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AbstractHow can software developers be provided with multiple interacting views of the systemsthey create, debug, enhance, and maintain? That is the fundamental question I address inthis thesis.Related questions immediately suggest themselves. What is a \view" of a softwaresystem? Why might developers want to have more than one at a time? How can developerse�ectively interact with views? How can changes made in one view be propagated to otherviews? I address each of these questions in this dissertation, but my primary concern ismore fundamental: how should the information about a software system be represented ifmultiple views of that system are to be o�ered?My answer to this critical question of representation is a new graph structure calledSemantic Program Graphs (SPGs). Compared to the representations used in current de-velopment environments, SPGs are less biased towards textual depictions of programs, aremore expressive of the full range of semantics employed in software systems, and o�er moreconvenient support for the development of custom user-de�ned views of such systems.SPGs are the primary contribution of the research described in this thesis. However,there are important additional contributions as well. First, I analyze a number of di�erentapproaches to the problem of view integration in development environments, and I o�er acomprehensive survey of existing work that places prior research e�orts within the frame-work that grows out of my analysis. Second, I provide a new model for views of softwaresystems that re
ects much more realistically the true complexity of systems in practice,and I introduce SPGs as a representation that both supports this model and can act as ane�ective integration mechanism for multiple views. Finally, I provide an architecture for aninteractive multiple-view development environment built around SPGs.
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Chapter 1IntroductionHow can software developers be provided with multiple interacting views of the systemsthey create, debug, enhance, and maintain? That is the fundamental question I address inthis thesis.Related questions immediately suggest themselves. What is a \view" of a softwaresystem? Why might developers want to have more than one at a time? How can developerse�ectively interact with views? How can changes made in one view be propagated to otherviews? I address each of these questions in this dissertation, but my primary concern ismore fundamental: how should the information about a software system be represented ifmultiple views of that system are to be o�ered?My answer to this critical question of representation is a new graph structure calledSemantic Program Graphs (SPGs). Compared to the representations used in current de-velopment environments, SPGs are less biased towards textual depictions of programs, aremore expressive of the full range of semantics employed in software systems, and o�er moreconvenient support for the development of custom user-de�ned views of such systems.SPGs are the primary contribution of the research described in this thesis. However,there are important additional contributions as well. First, I analyze a number of di�erentapproaches to the problem of view integration in development environments, and I o�er acomprehensive survey of existing work that places prior research e�orts within the frame-work that grows out of my analysis. Second, I provide a new model for views of softwaresystems that re
ects much more realistically the true complexity of systems in practice,and I introduce SPGs as a representation that both supports this model and can act as ane�ective integration mechanism for multiple views. Finally, I provide an architecture foran interactive multiple-view development environment built around SPGs, and I describe apreliminary prototype implementation of the architecture.1.1 Views and PresentationsA software system is a generalized notion of a program, one that encompasses more thanjust executable information. For example, a software system might consist of both itsexecutable information (the \program") and its attendant comments and documentation. Asoftware system might also consist of more than one program, such as in a system consistingof multiple independent processes. However, a software system need not be a complete1



2 CHAPTER 1. INTRODUCTION
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Presentation
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DeveloperFigure 1-1: Relationship among an information source for a software system, a view ofthat system, presentations of the view, and software developers.program. A subroutine library, for example, is also a software system. In this thesis,I usually focus on executable information and on traditional program models that startwith a single 
ow of control, so I often use the terms \program" and \software system"interchangeably, but I tend to rely on the latter, more general, term to emphasize thefact that I am concerned with much more than just executable information about singleprocesses.Given a source of information about a software system, that is, a database or datastructure of some kind, a view of the software system is a set of mappings between the in-formation source and some virtual information source that is more appropriately structuredfor a particular use. For example, a call graph is one possible view of a program, one inwhich the only aspects of the software system that are important are routines and calls toroutines. In the case of a call graph, the set of mappings corresponding to the view is likelyto be equivalent to a database projection, but in general, views may be much more complexthan simple projections.Views may be static or dynamic, and so may the information sources from which they arederived. Static views of a software system are una�ected by execution of that system, whiledynamic views change in some way as the system runs. The dynamic aspects of a dynamicview may be simple and straightforward, such as highlighting the routine currently beingexecuted in a graphical call graph, or may be arbitrarily complex, such as a hand-craftedalgorithmic animation [30, 194, 191]. Some views, such as source code, may be editable.Other views, such as the output from a program pro�ler, may be inherently read-only. Thisde�nition of a view is consistent with that of updatable views in the database world [105].Software developers interact with a view through one or more presentations of that view.A presentation is a pair of mappings, one from a view to operations on some set of outputdevices, and one from operations on some set of input devices to operations on a view.Presentations may manifest themselves textually (e.g., traditional source code), graphically(e.g., a traditional call graph), through unconventional media (e.g., aurally [96, 63, 125]), or,frequently, some combination of these. The relationships among an information source for asoftware system, a view of that system, presentations of that view, and software developersis summarized in Figure 1-1. As shown in the �gure, it is entirely possible for a singledeveloper to simultaneously use more than one presentation or for a single presentation tobe simultaneously employed by more than one developer.It is often useful to think of a view as an abstract syntax for a language describing theunderlying software system, and of a presentation as a concrete syntax for the language. In



1.2. MULTIPLE VIEWS 3fact, this is the basic approach of the Visual Programmer's Workbench [72], which supportsthe creation of language-speci�c development environments for visual languages.In practice, researchers tend to ignore the di�erences between views and presentations,generally referring only to \views" unless context forces them to draw an explicit distinc-tion. While there is almost universal agreement among researchers in the �eld of relationaldatabases that a view is equivalent to a query [213],1 there is no corresponding agreementfor the term in the �eld of programming environments.2 As a result, there is an advantageto speaking informally: most everyone agrees on roughly what a view is, even though noteveryone may agree on precisely what it is. In this thesis, then, I tend to follow the con-vention of blurring the distinction between views and presentations, as the looser usage isre
ective of the way people usually speak and write about these terms.1.2 Multiple ViewsSoftware systems are complicated. Because they are complicated, they are di�cult toexplain to others, and they are di�cult to comprehend. Developers invariably use visualmeans to convey information about how a system works, but no single visual depiction canhope to capture the intricacy of a large system. As Brooks has noted,The reality of software is not inherently embedded in space. . . . As soon as weattempt to diagram software structure, we �nd it to constitute not one, butseveral, general directed graphs superimposed one upon another. The severalgraphs may represent the 
ow of control, the 
ow of data, patterns of depen-dency, time sequence, name-space relationships. These graphs are usually noteven planar, much less hierarchical [28, p. 12].In recognition of this inherently multi-faceted nature of software, many researchers inthe area of software development environments have argued that environments that sup-port only a single view | usually textual source code | are inadequate [121, 113, 124].In fact, software developers already routinely employ multiple views of the systems theywork on. One need only note the plethora of more or less \standard" views to understandthat multiple-view software development is already the rule in practice. Common viewsinclude source code, 
owcharts, call graphs, program pro�les, class hierarchies, Petri nets ,statecharts, data
ow diagrams, state transition networks, object graphs [23], module in-terconnection diagrams, algorithm animations, test coverage analyses, dependency graphs,debuggers, program slices, and many others.Environment support for program development has traditionally focused on textualdepictions of programs | usually source code | but it's important to note the increasinginterest in nonlinear programming languages. Examples of this less conventional approach tosoftware development include structured analysis [177], Fabrik [97], statecharts, grids [149,150], and graphical interfaces to conventional languages [55]. Further examples can befound in the surveys by Raeder [160], Myers [138], and Davis [47]; the introductory books1The question is still open in the �eld of object-oriented databases, however [184, 86].2For the purposes of this thesis, the terms \programming environments," \software development envi-ronments," \software engineering environments," etc., are all synonyms. I am concerned with issues thata�ect both single-developer endeavors (programming-in-the-small) as well as projects arising from teams ofdevelopers (programming-in-the-large).



4 CHAPTER 1. INTRODUCTIONby Shu [185] and Chang [37]; and the proceedings of the IEEE workshops on visual languages(held in 1984 and annually since 1986). The result of this interest is that the number andtypes of views available to software developers is continually increasing.Certainly, then, multiple views are natural. Perhaps less obvious is the notion that theset of views available to developers should be open-ended, that developers should themselvesbe able to de�ne new types of views. The basic argument is straightforward: it is unrealisticto expect the designer of a development environment to correctly anticipate all views thatdevelopers might want, so any �xed set of views must prove too limiting for some users of theenvironment. In fact, Lehman argues that for E-type software [115] (which encompassesdevelopment environments), this problem is inherent , a consequence of \Heisenberg-likeuncertainty" that cannot be overcome [116, 114]. It is therefore essential for users to beable to de�ne their own views if the environment is to remain satisfactory.The researchers who developed Voyeur, a system for generating views of the state ofparallel computations, make a less formal, but similar argument:3The Voyeur prototype simpli�es the task of building views. If these costs are toogreat, programmers will be discouraged from constructing views appropriate fora given program. . . . Since each parallel program might require its own view orviews, it must be feasible for all parallel programmers, not just specially trainedexperts, to construct views e�ectively [191, p. 1].In sum, multiple-view software development emerges naturally from the intrinsicallymulti-faceted nature of software systems, is already embraced by programmers as a mat-ter of current practice, and can be theoretically defended. Yet few current developmentenvironments o�er explicit support for multiple views, and almost none have as a primaryconcern the ability of developers to easily de�ne custom views. (The sole exceptions areVoyeur and Garden [164].) The research described in this thesis directly addresses theseshortcomings of current programming environments.1.3 Integrating ViewsIt is useful to have multiple views available, but it is equally useful to work with morethan one view at a time. For example, a developer might want to work with a high-levelabstract view (such as a call graph) to get an overall feel for a system's structure, whilesimultaneously using a more detailed view (perhaps source code) for particular parts ofthat system. Similarly, given a large system being worked on by a team of developers, eachdeveloper may wish to employ a unique view that best suits the activities in which she orhe is engaged.This leads to the problem of view integration. If, through one view, a programmermakes a change to the system being worked on (e.g., adds a statement, deletes a function,reformats a comment), how | if at all | should that change be re
ected in other views?In other words, how should di�erent views of the same system be kept consistent?3One might be inclined to dismiss the Voyeur experience as inapplicable to conventional, serial, programs,but the authors note that \Voyeur, while motivated by the complexity of debugging parallel . . . programs,is attractive for debugging complex sequential programs as well."



1.3. INTEGRATING VIEWS 5This integration problem is a prime concern for designers of multiple-view developmentenvironments (MVDEs). I examine it in detail in Chapter 2, but it's worth outlining thebasic options here:� Don't worry about integration. Di�erent views are o�ered by di�erent tools, andthese tools run independently, unaware of the presence of other tools that may beo�ering alternative views of the same system. This approach, characteristic of looselycoupled toolbox-based environments like Unix, is by far the most common one inpractice.� Make all views orthogonal. Di�erent views are carefully designed to show onlyorthogonal information, so the integration problem simply vanishes: it is impossiblefor a change made in one view to manifest itself in any other view. In practice, softwaresystems are so laden with interdependent features that this approach is unworkable;truly orthogonal views su�er from so many restrictions that they aren't worth thetrouble.� Use only a single view, but multiple presentations. The more similar theviews, the less daunting the integration problem. Given that a view can be consideredanalogous to abstract syntax and a presentation analogous to concrete syntax, oneapproach to integration is to allow only one view, but multiple presentations of thatview. For example, a call graph might be depicted both graphically and in a tabularwho-calls-who form. This reduces the view integration problem to that of mappingbetween abstract and concrete syntaxes (i.e., parsing and unparsing), but limits therange of views that can be integrated.� Find someway for views to communicate with one another. When a developerchanges a system through a view, other views are somehow told about the change, andthese views do whatever is necessary to make themselves consistent with the modi�edsystem. This simple idea turns out to be di�cult to implement, but a consensusis forming in the research community that this is the \right" way to achieve viewintegration.The problem of view integration in the presence of editable views is hardly con�ned toprogramming environments. Database researchers have grappled with it for years. Funda-mentally, the di�culty boils down to underspeci�cation. Keller o�ers this example:Consider an Employee relation with Employee and Department attributes, anda Department view with Department and Number of Employees attributes. Theview update request to increment the number of employees in the Computer de-partment would result in the need to add an unknown employee to the Employeerelation. A request to decrement the number of employees in the Toy depart-ment would require the computer to choose an employee to �re { a decision bestdone by some person [105, p. 64{5].Although some researchers have investigated semantics-based view updates [105], themost common way to deal with this problem is to keep it from happening in the �rstplace. This is typically achieved by restricting the kinds of modi�cations that can be madethrough database views. As a general mechanism for MVDEs, however, this strategy is too
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exible, because limiting view-based changes to a system to those that are unambiguousmay well lead to editable views with no more utility than read-only views. For example, ifan edge is added to a call graph view of a system, the location of the newly added call inthe code of the calling node is underspeci�ed, but it is still an editing operation that makessense. Support for such permissive editing was an important factor in my design of SPGsand the MVDEs that use them.There are other important aspects of view integration that must also be taken intoconsideration when coming up with an architecture for a development environment; theappropriate granularity for propagating changes, for instance. I investigate these additionalconsiderations in Chapter 6.1.4 Scenario for an Ideal EnvironmentWhat would it be like to create and maintain software in an ideal MVDE? Consider adeveloper working in an environment with two integrated views. One view takes the formof a conventional text-based program editor. This view is called TE (\Text Editor"). Theother view o�ers a depiction of the system as a call graph. Unlike most call graph displayers,however, this one is a full-
edged editor, meaning that routines and calls can be addedand/or removed from the system through its interface. It is called CGE (\Call GraphEditor"). Both TE and CGE o�er views of a single underlying software system, S (seeFigure 1-2). As I noted earlier, the di�erence between views and presentations tends tobe ignored in informal parlance, and Figure 1-2 follows this convention: the TE view andpresentation and the CGE view and presentation have been merged into single elements.TE and CGE both support dynamic views of S by highlighting portions of what theydisplay. TE highlights the line of source code currently executing, while CGE highlightsthe routine in which that code is located. CGE also shows which routines are currently onthe stack by highlighting them in a di�erent color, behavior that can be found in the callgraph display tool of the FIELD programming environment [165]. If S exhibits parallelism,then both TE and CGE might highlight more than one thing at a time during execution ofS. In this idealized environment, software development might proceed as follows:1. A software developer examines S through TE, and the developer notices that two ofthe routines in S, R1 and R2, have common code. The developer decides to turn thiscommon code into a more general routine, R3, then have R1 and R2 each call R3.



1.4. SCENARIO FOR AN IDEAL ENVIRONMENT 72. The developer uses CGE to add R3 to S. The new routine immediately shows up inTE.This conceptually simple operation entails dealing with a large number of details. Forexample, if TE is displaying a strongly typed language like Ada, how | if at all | arethe parameter types and return type of R3 determined for display in TE? Similarly,where in the textual view of the program displayed in TE should R3 be placed?There are a number of approaches to these questions. CGE might prompt the devel-oper for the signature of R3 when it is added; CGE might use default values (e.g., anempty parameter list, a null return type); or it might leave the information unspec-i�ed, leading to an incomplete entry for R3 in TE.4 Similarly, the location of R3 inTE might be user-speci�ed through CGE, or it might default to the top or bottom ofthe �le that TE is displaying.TE is likely to be passive during this operation, because only the developer using CGEunderstands the purpose of adding R3 to S. If the same developer is also using TE,then that developer might choose to add the routine to S via CGE and then specifythe full signature via TE, but it is unreasonable for TE itself to provide any defaultinformation about R3, because the developer using TE might well be di�erent fromthe developer adding R3. It would be unreasonable, for example, for TE to promptits user for information about the newly appearing routine R3, because that developermight have no idea why some other developer was adding R3 in the �rst place.3. Still using CGE, the developer modi�es R1 and R2 so that they both call R3. Thenew call sites are automatically added to the �le being edited by TE.Again, important questions surround this seemingly straightforward modi�cation. Inthe TE view of R1 and R2, where do the calls get added? What values are used asactual parameters in the calls? How many calls from R1 and R2 to R3 are added?As before, the answers to these questions are likely to be provided by CGE or thedeveloper using it, because there is no way for TE itself to supply the answers, andusers of TE may not be in a position to provide the necessary information.4. Using TE, the developer copies code from R1 and R2 to R3, making whatever adjust-ments are necessary. Suppose it turns out that part of the code common to R1 andR2 is a call to a routine R4. Then the call to R4 is moved from R1 and R2 to R3.During this operation, the CGE view of S is automatically updated: edges from R1and R2 to R3 disappear, and a new edge appears between R3 and R4.In this case, communication between TE and CGE is as straightforward as it sounds.Because the CGE view of S depicts a proper subset of the information present in a TEview of S, there is no ambiguity about the changes to be made to CGE in response tochanges made to S via TE.4Most current environments allow programs to be syntactically invalid while they are being edited,because experience with structure editors demonstrated that forcing users to maintain syntactically validprograms during editing was an unacceptable restriction [218]. The COPE environment [44], however, wasa novel experiment in that the responsibility for ensuring that a program was always grammatically validfell on the environment , not the user.
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ViewFigure 1-3: Development environment augmented with stack display presentation andwith the call graph and stack view explicitly shown.5. Having made the changes just described, the developer reexecutes the system. How-ever, the developer is unhappy with the implicit view of the runtime stack(s) shownin CGE. Although it is easy to see which routines are on a stack, it is di�cult to knowtheir relative ordering, and it is impossible to tell if a routine is on a stack more thanonce or is on more than one stack. The developer decides to write a new dynamicview of S to display the runtime stack(s) in a more comprehensible format.This new view | call it SD (\stack displayer") | is likely to be implemented as a newpresentation of the information already in the view used by CGE. This is indicatedin Figure 1-3, in which the view shared by the presentations CGE and SD is madeexplicit. In the �gure, the unidirectionality of the arrows around SD indicate that itis a read-only presentation; it is impossible to modify S through SD.6. The developer creates SD, which displays a textual stack of routine names (or, forparallel applications, a set of stacks), the topmost name on each stack being the nameof the routine currently being executed. When the developer reexecutes S, the newstack view is automatically integrated into the environment. This is due to the factthat SD is really just a di�erent way of presenting the information in the CGE view.Because the CGE view already \knows" when routines are added to or removed froma stack, that information is readily available to SD.How does the developer come up with the code for SD? Perhaps the developer writesit from scratch. More likely, as suggested above, the developer bases it on the code fora preexisting view or presentation. If the environment is implemented using object-oriented technology, the developer may derive new classes from existing classes andthen specialize the behavior of inherited functions (see Section 6.7). If the environmentis implemented using more conventional technology, the developer may simply copysome existing code and then make the necessary modi�cations.For the purposes of this thesis, the mechanism employed for the creation of SD isirrelevant. What is relevant is that new views can be easily created only if the ap-propriate information about the system | in this case, S | is readily available andif there is an integration mechanism in place that coordinates the actions of di�erentviews. My research, therefore, concentrates on addressing these more fundamental



1.5. CONTRIBUTIONS OF THIS RESEARCH 9issues, rather than on the physical act of writing views. This is in contrast to theVoyeur system [191], for example, which presupposes the existence of a suitable infor-mation source and integration mechanism; it is primarily concerned with facilitatingthe physical production of views.This scenario provides a sense of what it might be like to develop software throughmultiple interacting views. At the same time, it glosses over a host of interesting andimportant questions. For example, when should a change made in one view be propagatedto other views? What will happen if more than one view at a time modi�es a softwaresystem? I consider these questions again in Chapter 6, where I discuss the pragmatics ofan SPG-centered MVDE.1.5 Contributions of this ResearchThe technical issues confronting the designer of an MVDE are numerous, di�cult, andintertwined. It is worth recapping the primary challenges here:� Multiple views, multiple presentations, and multiple developers.� Views and presentations that may be static or dynamic, read-only or read-write.� Both prede�ned and user-de�ned views and presentations.� Automatic consistency maintenance between views during editing.I can hardly claim to have fully resolved each of these issues, but the results of myresearch increase our understanding of them, and it buttresses our ability to design andimplement software development environments that approach the behavior of the idealizedenvironment described in Section 1.4. My contributions are summarized below and aremore fully described in the sections that follow.� An analysis of the suitability of di�erent approaches to view integration for MVDEs,including a comprehensive categorization of existing systems.� A model for views that directly supports a much wider variety of semantic featuresthan do existing development environments.� A novel representation for software systems that supports the view model and thatis designed speci�cally for use as the core of an MVDE.� An architecture for interactive multiple-view development environments based onmy representation, including a simple prototype implementation.An Analysis of Approaches to View IntegrationWithin the research community there is general agreement that view integration is a goalworth striving to attain, but there is no consensus regarding how this integration shouldbe accomplished. Over the course of the last decade, dozens of systems have been designedand/or created that o�er greater or lesser degrees of integration, and this integration hasbeen achieved through any number of technical devices. Such devices include shared �le



10 CHAPTER 1. INTRODUCTIONsystems, explicit bidirectional mappings between views, traditional (typically relational)databases, special databases designed speci�cally to support multiple views, message passingbetween separate processes, and more. Each of these integration mechanisms o�ers a uniqueset of advantages and disadvantages, both in terms of the issues discussed in this chapter,as well as ancillary issues such as the ability of an environment to gracefully evolve overtime.What has been missing from this experimental extravaganza, and what I provide inthis thesis, is an analysis of the di�erent approaches to view integration. Though thereare scores of implementations, most are variations on a small number of recurring themes,and I identify and describe the �ve fundamental integration mechanisms employed to date.I also examine each of these integration mechanisms in terms of its suitability for use inan environment dedicated to supporting multiple interacting views, and I explain why acanonical program representation is the integration mechanism of choice. Finally, I cate-gorize 74 systems in terms of their primary integration mechanism. My analysis providesa framework in which to evaluate the strengths and weaknesses of integration mechanismsfor MVDEs, as well as a map of the conceptual terrain already explored by the collectivee�orts of the research community.A Model For ViewsTaken as a group, programming languages support an enormous variety of syntactic andsemantic features. However, mainstream languages like FORTRAN, COBOL, Pascal, C| even Lisp | support only a fraction of these features. Their concrete syntax is al-ways textual, and their underlying model of computation is invariably serial, deterministic,control-driven, synchronous, and strict.5 Such languages are a poor re
ection of the truerange of executable systems, which may employ a nontextual, nonlinear concrete syntaxand which may contain constructs supporting concurrent, nondeterministic, data-driven,asynchronous, and/or nonstrict semantics.Unfortunately, nearly all the work on programming environments has implicitly adoptedthe restricted syntactic and semantic model of these mainstream programming languagesand has been designed to support views built atop this model. In this thesis, I present a newmodel for views, one in which there is no presupposition that the concrete syntax is textualand linear, and one in which semantic support for concurrency, nondeterminism, asynchrony,and other \uncommon" features is assumed from the start. This model dictates a set ofdesign constraints for a representation for software systems in an MVDE, because any suchrepresentation must be able to support the model for views I present. These constraintsin turn ensure that my research is applicable to a wide range of programming languages,including visual languages and parallel, nondeterministic, and data-driven systems.A Novel Representation for Software SystemsMost work on MVDEs has been based on supporting development in mainstream languages,so the syntactic and semantic features supported by such environments almost always cor-respond to the restricted model of executable systems those languages imply. As a result,5Informally, a strict language is one in which the expressions passed to a called routine (i.e., the actualparameters) are evaluated even if their values are not needed. A formal de�nition of strictness is presentedin Section 3.3.



1.6. ORGANIZATION OF THIS THESIS 11the representations for software systems used in existing MVDEs are unable to support theview model I introduce in this thesis. This is not surprising: my work on extending themodel naturally leads to a need to redesign a representation for systems compliant withthat model.The representation I developed | the Semantic Program Graph | has a number ofimportant features that make it appropriate for representing software systems in MVDEs.First, in comparison to traditional program representations like abstract syntax trees, it ismuch less biased toward linear concrete syntaxes. This makes it more suitable for represent-ing visual and other untraditional languages. Second, it is semantically richer, providingexplicit support for both control- and data-driven execution, both serial and parallel 
owsof control, and both deterministic and nondeterministic execution. Its model of routinecalls allows for multiple return values as well as both strict and nonstrict parameter pass-ing. Third, it identi�es and enforces a division between view-dependent semantics andview-independent semantics in an MVDE, a natural division that corresponds to the divi-sion between stores and environments in the denotational semantics of programming lan-guages [208]. Fourth, it allows for a more 
exible block and scoping structure than is o�eredin traditional languages. For example, it is possible for a portion of a program to be nestedinside two or more di�erent scopes, none of which have any nesting relationship with theothers. Finally, it explicitly provides for the representation of unexecutable information,such as program commentary and view-speci�c information, and it allows this ancillaryinformation to be associated with arbitrary and 
exibly-de�ned subgraphs of an SPG. Forexample, a comment that indicates a relationship between two or more components of aprogram can be easily associated with each of the components, rather than being forced toexist in only one place in the program.An Architecture for Multiple-View Development EnvironmentsMy �nal contribution is a general software architecture for MVDEs based on SPGs. Thisarchitecture explicitly incorporates an SPG as an abstract data type, an SPG Manager asthe interface of the abstract data type, views as virtual data structures, and presentationsfor interacting with developers. Automatic view integration is achieved through the useof a shared data structure between views (the SPG), and communication between viewsis ensured by having a single agent managing changes to the shared data structure (theSPG Manager). The creation of custom views is facilitated by the �xed and well-de�nedinterface to SPGs (the SPG Manager), and new views are automatically integrated withexisting views because the SPG Manger noti�es all views of changes to an SPG wheneversuch a change occurs.In addition to developing this architecture and analyzing its strengths and weaknesses,I also implemented a simple prototype MVDE based on SPGs. This prototype served as asimple testing ground for my ideas about SPGs, and it also led to a number of interestingobservations about object-oriented programming and C++ software development.1.6 Organization of this ThesisIn Chapter 2, I examine a number of approaches to the problem of integrating multipleinteracting views in a single development environment. I describe the issues an integration



12 CHAPTER 1. INTRODUCTIONmechanism must address, and I summarize the advantages and disadvantages of variousapproaches to integration. I provide a comprehensive survey of work in the area of MVDEs,categorizing 74 systems on the basis of the primary integration mechanism they employ.Finally, I justify my decision to focus on a canonical representation as the most appropriateintegration mechanism for interactive multiple-view development environments.Chapter 3 examines the issues confronting the designer of a canonical representation, andI develop a new model for views of software systems that is derived from three fundamentalcomputational paradigms: sequential control 
ow, data
ow, and parallel control 
ow. Inthis chapter I also introduce four problems that are representative of those that must behandled by a canonical representation, and I describe a general approach to determiningthe features a canonical representation should o�er.I formally de�ne SPGs in Chapter 4. There I describe each structural component of anSPG, de�ne its semantics, justify its existence, and give simple examples of its use. Thischapter also provides the algorithm for executing SPGs.Chapter 5 ties SPGs back to the view model of Chapter 3. First, I show how SPGsful�ll the expressiveness criterion dictated by the view model. Second, I demonstrate howSPGs can be used to deal with the four problems introduced in Chapter 3 as representativeof those that a canonical representation must be able to handle.The topic of Chapter 6 is how SPGs could be used as the linchpin of a multiple-viewdevelopment environment. There I provide a detailed description of the SPG Manager andhow it is used to bring about change propagation from view to view. I also examine howview writers might cope with problems arising from mismatches between SPG semanticsand view semantics. I conclude the chapter with a description of the prototype system Ideveloped, and I summarize how this prototype led to interesting research results in thearea of object-oriented programming.Chapter 7 reports on a paper experiment I undertook to better assess how e�ective SPGsare likely to be in practice. The experiment consisted of developing complete view-SPG andSPG-view mappings for two di�erent views (Deterministic FSAs and a subset of Pascal), aswell as the creation of an additional mapping from SPGs to a dynamic view of the runtimestack of a software system as it executes. The experiment also included a componentwhereby I employed a multiparadigm development methodology to create a single programusing more than one view. My experiences during the course of this experiment contributedto series of preliminary conclusions regarding the strengths and weaknesses of SPGs as apractical method to achieve integrated development environments o�ering multiple views.Chapter 8 outlines some directions in which my research on SPGs could be extended.It also discusses other research topics that, though not speci�cally related to SPGs, addressimportant issues in the area of multiple-view software developmentThere are three appendices. Appendix A gives an informal treatment of the issues in-volved in developing an SPG-based mapping between Petri nets and Ada tasking constructs;Appendix B contains the complete source (pseudo)code for the mappings I developed forthe experiment I describe in Chapter 7; and Appendix C summarizes the publications thathave grown out of my work on SPGs and multiple-view software development.I conclude this dissertation with an extensive bibliography.



Chapter 2Approaches to View IntegrationIn this chapter I explore the demands that are made on the integration mechanism in aMVDE, I identify �ve fundamental approaches to integration, and I examine how well these�ve approaches meet the demands. I also provide a comprehensive survey of work in thearea of MVDE integration, categorizing 74 systems on the basis of the primary integrationmechanism they employ.2.1 Integrating Multiple ViewsWhat does it mean for an environment to be integrated? An integrated environment mightbe one in which all programs have the same kind of user interface, i.e., the same \look andfeel." A very di�erent kind of integration would be achieved if all views in an environmentworked with data �les in a common format. For the purposes of this thesis, an integratedenvironment is one in which a dynamic collection of views can work together on a singlesoftware system so that changes made to the system by one view can be seen by other views.Designing an e�ective integration mechanism for environments of this type is a di�cult task,because the demands made on the mechanism are stringent and varied. Some of the mostimportant considerations are:� Writing New Views: It should be easy to write new views for use in an integratedMVDE. In particular, there should be no need for the authors of a new view tounderstand the inner workings of each of the other views already in the environment.Similarly, there should be no need for the authors of a new view to be familiar withall the data manipulated by the other views; it should su�ce for the authors to knowabout the data that the new view will manipulate.� Adding New Views: Once a new view is written, it should be easy for its authors toadd the view to an MVDE. Ideally, there should be no need to change any of the otherviews in the environment when the new view is added, but if changes are required,making them should be a well-de�ned and localized task. In addition, it should bepossible to add views to an environment that is already in use | there should be noneed to \shut down" the system and/or regenerate the environment from scratch.� Editing Multiple Views: It should be possible for di�erent views, possibly used bydi�erent people, to be active at the same time. Except in cases where the views are13



14 CHAPTER 2. APPROACHES TO VIEW INTEGRATIONinherently read-only (e.g., pro�ler output), the data presented by those views shouldbe editable. Read-only views are useful, but read-write views are substantially morepowerful.� Maintaining Consistency: Views that manipulate the same data should maintain aconsistent view of that data.1 If the data is changed in one view, all other views of thedata should be updated without undue delay. (The noti�cation may not be immediate,because it may make more sense to bundle a series of low-level changes into a singlehigher-level modi�cation. For example, a deletion followed by an insertion in oneview may be communicated to other views as a replacement.) Important implicationsof changes to data should be uniformly handled by all views. For example, in anMVDE that supports data
ow analysis, all views should uniformly handle changes ina program that a�ect the data
ow behavior.� Avoiding Duplicated E�ort: There should be no need for di�erent views to per-form the same task; common operations should be directly supported by the inte-gration mechanism. For example, in an MVDE dedicated to a particular language(e.g. C or FORTRAN), there should be no need for more than one view to parse thelanguage. Eliminating redundancy not only reduces the amount of work needed tocreate a new view, it also helps maintain consistency within an MVDE by ensuringthat any given task is only performed by a single agent.A second aspect of redundancy elimination is to stress the importance of incrementalalgorithms. If a view has already expended the e�ort to build a particular datastructure, it shouldn't have to rebuild the entire structure in the face of a smallchange to the data. For designers of integration mechanisms in MVDEs, this meansthat the mechanisms should be designed to mesh well with and to take advantage ofknown incremental algorithms (e.g., incremental parsing and linking).This is not an exhaustive list of the considerations that must go into the design of anintegration mechanism. The mechanism should also be robust in the face of hardware orsoftware malfunctions, it should provide concurrency control so that no data item is modi�edby more than one person at a time, it should be portable across a wide class of machinesand operating systems, etc. Nonetheless, the factors outlined here are of fundamentalimportance. Their resolution may not be su�cient conditions for successful integration,but they are certainly necessary.An additional concern is an environment's robustness in the face of evolution [130].According to Lehman, an inherent property of E-type software (which includes developmentenvironments) is that it must evolve over time if it is to maintain the satisfaction of itsusers [115]. Therefore, the ability of an integration mechanism to gracefully accommodateenvironment evolution is an important concern. Several researchers have designed systemsthat speci�cally deal with this problem [200, 189], but in this thesis I disregard this aspectof integration. Instead, I focus my e�orts on the equally compelling problems associatedwith integrating divergent views.1Not everyone agrees with this sentiment. Finkelstein and his colleagues, for example, argue that main-taining consistency during software development is sometimes neither possible nor desirable [59].



2.2. FIVE APPROACHES TO INTEGRATION 152.2 Five Approaches to IntegrationIn the sections that follow, I examine �ve approaches to MVDE integration. The �rstapproach represents very loose integration and corresponds to common state-of-the-practicetoday. I introduce it primarily as a baseline against which to measure the other, moreadvanced, approaches. None of the approaches is ideal, but it is illuminating to examinethe tradeo�s involved as one progresses from a toolkit-based environment to one foundedon a single, shared representation of the software system being developed.Each of the approaches I describe is based on real systems, rather than being derivedfrom abstract models of integration. Real systems, however, are only rarely a pure man-ifestation of a single approach (see Section 2.3). Instead, they tend to embody di�erentfeatures from di�erent approaches to greater or lesser degrees. In assigning systems to cate-gories, then, I have focused on the mechanism used to achieve environment integration, i.e.,on the means of communication between tools, and I have generalized in novel ways whenthat seemed appropriate. For example, my examination of message-passing systems encom-passes not only systems employing traditional message-passing mechanisms like sockets, italso includes monolithic single-process programming environments where di�erent moduleswithin the system communicate through function calls. In this case, I have generalized thenotion of message-passing to subsume all point-to-point communication mechanisms, evenif the implementation of such communication is a simple function call.For each of the prototypical approaches to integration, I generally discuss it in termsof only a single representative implementation. Most of the approaches have been imple-mented in di�erent ways by di�erent researchers, and I provide a comprehensive survey ofimplementations in Section 2.4.2.2.1 Shared File SystemA traditional development environment consists of a set of independent tools, each of whichtypically reads and writes �les and interacts with users. This organization is exempli�ed bymost operating systems and is depicted in Figure 2-1. As shown, each tool contains its owninternal representation of the data it uses, and the only way tools communicate is throughthe �le system. For all practical purposes, the �le system is the integration mechanism.This simple organization exhibits some important features:� It is easy to write new tools for this kind of environment, because there are fewconstraints on how the tools behave. In particular, there is no requirement that toolsread and write �les in a consistent manner, nor that they deal with data in a uniformway.� It is easy to add tools to the environment, because they are completely independent.� Many tools have already been written for this kind of environment, so traditionalenvironments usually o�er a much more sophisticated level of functionality than doenvironments based on other integration mechanisms. This feature is frequently over-looked, but is an important practical consideration for users.On the other hand, this kind of integration is rife with disadvantages. There is no directcommunication between tools, nor is there any safeguarding against two tools attempting



16 CHAPTER 2. APPROACHES TO VIEW INTEGRATION
Software

Developers

Representation

Tool

Representation

Tool

Representation

Tool

Representation

Tool

File SystemFigure 2-1: Environment integration via a shared �le system.to modify the same data at the same time.2 As a result, it is di�cult to support multipleconcurrent views because it is infeasible for more than one person to work with the data ina single �le at one time. The traditional mechanism also su�ers in the areas of consistencyand redundancy. Because each tool creates its own representation, the likelihood is highthat di�erent tools will treat a piece of data in di�erent ways. (Even di�erent compilersfor the same programming language often contain subtle incompatibilities.) In addition,duplication of e�ort is common, especially in the areas of parsing and reading and writing�les.In short, integration based only on a shared �le system allows new tools to be easilycreated and added, but o�ers little in the way of consistency, inter-tool communication,support for multiple developers, or elimination of redundant e�ort.2.2.2 Message PassingThe FIELD environment [165] was motivated by a desire to overcome many of the drawbacksof traditional environments while still taking advantage of the plethora of tools that alreadyrun under Unix. The crux of the idea behind FIELD is that existing independent tools canbe made to communicate with one another if they are modi�ed to send and receive messages.These messages allow tools to coordinate their actions and to maintain the consistency ofdata that is common among them. Fundamental to FIELD is a new tool | a MessageServer | that regulates the message tra�c in the environment. The Message Server actsas a �lter on messages to ensure that each tool receives only those messages that are ofinterest to it. The FIELD approach to integration is shown in Figure 2-2.Writing new tools (or adapting existing tools) for use in FIELD is more complicatedthan it is for a traditional �le-based environment. The complication lies in the need to write2Most �le systems will prevent more than one program from opening the same �le for writing at one time,but this level of security fails to address the common convention whereby a program opens a �le for reading,modi�es the data, then writes out the modi�ed data. Some programs (e.g., GNU Emacs [192]) attempt toprevent more than one person at a time from editing a single �le, but my contention is that this is a dutyfor the integration mechanism, not something that should be left to individual tools in the environment.
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18 CHAPTER 2. APPROACHES TO VIEW INTEGRATIONof program counters, etc. Given tools with such varied perspectives, it is di�cult to imaginehow the simple exchange of messages can fully integrate their actions.When adding a new tool to FIELD, it may be necessary to modify existing tools to takeadvantage of the information in the messages the new tool provides. If the information isnot needed by any tool, the new messages can safely be ignored | no decrease in integrationoccurs (although a possibility for increased integration is left unexploited). However, if theinformation is currently generated internally by an existing tool, it is important to updatethe existing tool to use the new messages; otherwise there is redundant computation in theenvironment, and the specter of inconsistency arises.Like the tools in a traditional environment, tools in FIELD maintain their own represen-tation of the data they manipulate. Hence they tend to exhibit the same types of redundantcomputations and inconsistent data manipulations that are found in traditional tools. Forexample, both a program pretty-printer and a compiler would have to expend the e�ortto parse a source �le, and it is unlikely that the results of the parse would be completelyconsistent with one another. It is possible to employ messages to mitigate problems of thisnature, but the problems cannot be eliminated using that mechanism alone.In spite of these limitations, experiments with FIELD have proven remarkably success-ful. Using selective broadcasting as an integration mechanism, FIELD has been expandedto encompass interfaces to over a dozen di�erent tools, including an editor, compilers, de-buggers, an interactive program for displaying and modifying dynamic data structures,a program pro�ler, and many others. The FIELD approach to systems integration is alsonoteworthy for its openness. Compared to the integration mechanisms discussed in the nextthree sections, it is relatively easy to modify existing Unix tools to participate in FIELD.FIELD o�ers clear advantages over traditional environments, and it has been shownto be a practical approach to integration, but important open questions remain. Steven P.Reiss, the creator of FIELD, has so far authored almost all the tools in the environment, andit is still unclear how well an integration mechanism that works well for a single developerwill scale to work well with multiple developers. This concern is especially signi�cant inview of FIELD's lack of a formal management scheme for message names, content, andformat.3It is possible to manage the complexity of arbitrary messages, senders, and receiversby eliminating much of the 
exibility of that approach. In fact, it is possible to eliminateall the runtime 
exibility by �xing at compile-time which messages are sent from whichtools to which other tools. Communication between pairs of tools is then achieved not bydynamically processed messages, but by mutual function calls, as is shown in Figure 2-3.This restricted (static) form of message passing has certain advantages. For example,when writing a function to map data between two tools, the author of the function needonly understand the two views in isolation | other tools in the environment are una�ected.Because only two tools need be considered, custom tool-speci�c data structures can beeasily accommodated. As a result, for a small, �xed set of tools, this approach | pairwise3Several commercial development environments employing the FIELD approach to integration are nowavailable, and an IEEE technical committee (X3H6, \CASE Tool Integration Models") has been establishedto try to standardize the syntax and semantics of the most common messages used in such environments.Independent of this committee, two di�erent message standards have been published [42, 36]. The proponentsof these documents are working with X3H6, but it is di�cult to avoid recalling the maxim that the nicething about standards is that there are so many to choose from.



2.2. FIVE APPROACHES TO INTEGRATION 19
Software

Developers

Representation

Tool

Representation

Tool

Representation

Tool

Representation

Tool

File

Software
Developers

System

File
System

File
System

File
SystemFigure 2-3: Environment integration via pairwise mappings.mappings between tools | may actually be the easiest approach to integration.Nonetheless, there are serious disadvantages to pairwise mappings. First the number ofmappings grows quadratically with the total number of tools, so maintaining a high level ofintegration becomes impossibly di�cult as the number of tools increases. Second, a changeto a single tool may well necessitate updating all the other tools in the environment. Finally,there is still no guarantee that a tool will communicate with other tools when it makes asigni�cant change to the system under development. Like FIELD-based message passing,an environment built on pairwise mappings is still hostage to the voluntary cooperation ofthe tools in the environment.2.2.3 Simple DatabaseOne way to increase the integration in a traditional environment is to move the data froma simple �le system into a more formal database. Within a typically rigid framework(e.g., relations), databases provide great 
exibility in the data that can be stored, andtheir support for locking and transactions provides a �rm foundation on which to buildan environment in which data can be safely manipulated by multiple developers workingconcurrently. A number of environments have been built around databases (see Table 2-3).A database-centered architecture for an environment is shown in Figure 2-4.Although tools may share a common database, the data structures supported by thedatabase are generally not sophisticated enough to be directly used by the tools in theenvironment. Even in databases supporting complex data structures, tools tend to operateby �rst retrieving all the data they need from the database; then building a custom-tailoredinternal representation, which they manipulate as the program runs; and �nally writingout the modi�ed data all at once. Because of this convention, communication betweentools sharing a database is often no better than in traditional environments; a tool thatis running usually has no idea what is being done by the other tools that are running atthe same time. Exacerbating this problem is the fact that tools in an environment oftenlock data for fairly long periods of time, thus preventing other tools from seeing the dataduring the course of the transaction. Finding ways to cope with the implications of such
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DatabaseFigure 2-4: Environment integration via a simple database.long-duration transactions is an active area of database research [228].Some databases allow users to de�ne triggers , i.e., events in a database that cause certainactions to take place, and this could form the basis for some communication between tools.However, because most events of interest occur in a tool's internal data representationinstead of in the database, this facility is of limited utility. Furthermore, databases areoften updated in relatively course-grained increments (e.g., a complete function might bethe unit of incremental update), and this limits the resolution of the modi�cations to datathat can be communicated.Databases o�er good opportunities for the automatic maintenance of data consistency,not only because of their support for locking, but because they may allow for the speci-�cation of global constraints that are automatically satis�ed by the DBMS. For example,database constraints could be used to perform a function similar to the Unix make program,thus ensuring that the executable version of a system is constructed from the most recentsources. This is in fact the underlying basis for Odin's Derivative Forest [41], which is ageneralized mechanism for indicating how objects are produced from one another.Writing tools for use in an environment founded on a database is complicated by the factthat it is often necessary to understand all of the data in a database in order to write thetool. In particular, authors of new tools must take care to ensure that they do not createany new database structures that duplicate data that is stored elsewhere. Alternatively,they may choose to deliberately duplicate data, but then they must carefully arrange forthe di�erent copies of the data to be maintained consistently. Either way, they must have adeep understanding of the database in its entirety. Unfortunately, the addition to, removalfrom, and modi�cation of tools in the environment conspire to keep the database in a stateof 
ux, so it is a di�cult task to retain one's understanding of it. This problem becomesespecially acute as the database grows larger through the addition of new tools. It eventuallybecomes di�cult to modify the database at all, simply because it is so complex that it de�escomprehension by most potential users.
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View View View ViewFigure 2-5: Environment integration via a view-oriented database.2.2.4 View-Oriented DatabaseSimple databases allow tools to create custom representations of system data, but they failto facilitate communication between tools. This communication problem would be solved ifall tools used the database representation for system data, but then tools might be forced touse data structures that were not well suited to the operations they had to perform. DavidGarlan studied this problem, and his solution to the impasse was to design a mechanismwhereby di�erent tools use di�erent representations (\views") for data in the database,but data shared between views is automatically kept consistent by the DBMS [65, 66]. InGarlan's words, \a view is a virtual description of the common database, de�ned in sucha way that objects can be shared among a collection of tools, each tool accessing objectsthrough the views it de�nes. The common database then becomes the synthesis of all ofthe views de�ned by the tools in the environment." The view-oriented approach is depictedin Figure 2-5.Tools in an environment typically use more than one data structure, so tools using aview-oriented database bundle sets of associated views into features . Features are similarto Ada packages and Modula-2 modules in that they explicitly import the features theyuse, and they construct and explicitly export the views they implement. They are alsothe primary mechanism for sharing data structures between tools. One of the fundamentaltasks in developing tools for this kind of environment, then, is to identify the relevant viewsand features that have already been developed so that these views and features may bereused (and the data in them shared). In this respect, creating tools for a database withviews is not dissimilar to creating them for a simple database system. The aggregation ofviews into features eases the problem of �nding out which data already exists, but as thenumber of views and features increases, it becomes more and more di�cult to comprehendthe database as a whole.At the core of the view-oriented database is the mechanism that allows data to be sharedbetween views: the compatibility map. Compatibility maps describe how operations on datain one view translate into operations on the same data in another view. For example, a



22 CHAPTER 2. APPROACHES TO VIEW INTEGRATIONcollection of objects might be viewed as a set or as an ordered list. Appending two orderedlists would map to a set union, and reordering a list would map to a null set operation. Byde�ning compatibility maps between arbitrary types, users can achieve arbitrary degrees ofdata sharing, with the system automatically maintaining consistency between views of thedata.4 Unfortunately, it can be di�cult to create compatibility maps, especially for viewsthat are dissimilar. As a result, writing the compatibility maps necessary to add a new toolto an existing environment can be an arduous, time-consuming task.As designed by Garlan, a set of views, features, and compatibility maps collectivelyde�ne an environment database system, and each system is custom-generated for the envi-ronment it is to support. When new views, features, or maps are to be added, the databasesystem must be regenerated. Since adding a tool to an environment virtually always meansadding a new view, Garlan's implementation calls for the environment to be regeneratedeach time a new tool is added. It would probably be possible to eliminate this database com-pilation step by interpreting the compatibility maps and the dynamic views (i.e., databaseconstraints), but that strategy would exact a performance cost at runtime.A view-oriented database o�ers a number of advantages. It has all of the strengths of asimple database, it o�ers tools the ability to manipulate data using the data structures they�nd most convenient, and it automatically maintains shared data in a consistent state. Itsprimary drawbacks are that it can be di�cult to construct tools for this kind of environment,and it can also be complicated to add tools to an environment centered around a databasewith views.2.2.5 Canonical RepresentationMany problems with the database approaches described in the previous sections would besolved if all the tools in an environment shared a single representation that was storedin the database. Unfortunately, no representation has yet been identi�ed that is suitablefor all possible tools. Nonetheless, the idea of having all tools operate on the same datastructures is an attractive one, and a number of environments have been built aroundcanonical program representations. Figure 2-6 depicts this organization.The allure of a canonical representation | in some sense the Holy Grail of environmentintegration | is a result of the many advantages that would accrue from its use. With onlya single representation for system data, tools communicate directly and with arbitrarily �neresolution. The integration mechanism itself can assume the responsibility for common op-erations, including, signi�cantly, that of change noti�cation. Like view-oriented databases,then, and unlike the other integration mechanisms discussed in this thesis, an environmentbased on a canonical representation is not dependent on its constituent tools' voluntarycooperation in notifying other tools of changes.Because the primary data structure is shared in a canonical representation, data con-sistency is not an issue. The task of creating new tools is simpli�ed by the fact that only asingle (albeit complex) data structure need be understood, and adding tools to the environ-ment is streamlined by the fact that all tools interact with the data and with one anotherin a uniform manner. A suitably chosen representation can allow the environment to take4Garlan's original compatibility maps were actually somewhat more restrictive, but followup work byHabermann and his colleagues [77] has extended them to this level of generality.
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ow analysis, andthe like [82].Designers of canonical representations typically choose some fundamental data structurefor the \core" data, and then allow tool-speci�c data to be added to the structure insome manner. For example, almost all language-speci�c programming environments employan abstract syntax tree (AST) as the core data structure, and then allow tool-speci�c\decorations" of the tree, e.g., annotations or attribute equations. (I use the generic term\annotation" to refer to such tool-speci�c data that is somehow attached to the core data.)One of the advantages of this organization is that the fundamental data structure (e.g., theAST) bounds the amount of information that must be mastered by the potential creatorof a new tool. This is in contrast to the database-centered environments I have alreadyexamined, where there is no structural di�erentiation between core data and tool-speci�cdata. As a result, it is easier to write tools for environments with canonical representationsthan for environments employing more general-purpose databases. On the other hand,fully integrating a new tool with existing tools still requires that the authors of the newtool understand both the core structure as well as the annotations, since there may be datain the annotations that should be shared.Experience with AST-based environments has revealed that ASTs are not a 
exibleenough representation to support a su�ciently wide class of tools. In fact, Garlan's work onview-oriented databases was motivated by di�culties encountered when trying to expand theAST-based Gandalf environment [78]. Similarly, Reiss' experience with PECAN [163] ledhim to conclude that ASTs are particularly poorly suited for nonlinear views of programs,especially graphical views. I suspect that any representation based on syntax will prove tobe too limiting, including those based on abstract syntax graphs.In some sense, a canonical representation is a simple database pushed to the limit | tothe point where the data structures are rich enough to be used directly by tools. In thatcase, the description of the canonical representation becomes the schema for the database.Finding ways to specify such schemata and to e�ciently implement them is an active areaof database research, and is one of the primary motivational forces behind research intoobject-oriented databases [91, 56].



24 CHAPTER 2. APPROACHES TO VIEW INTEGRATIONCriterion SharedFileSystem MessagePassing SimpleDB View-OrientedDB CanonicalRep.WritingNew Tools Good Fair Poor Poor FairAddingNew Tools Good Fair Poor Poor FairSimultaneousViews Poor Fair Poor Good GoodConsistencyMaintenance Poor Fair Good Good GoodRedundancyAvoidance Poor Poor Fair Good GoodTable 2-1: A comparison of the �ve approaches to environment integration.2.3 DiscussionThese are not the only ways to approach environment integration, of course, nor are thesemechanisms necessarily exclusive. Most real systems are in fact hybrid approaches, in whichtwo or more \pure" approaches are combined in an attempt to develop a system with theadvantages of all of its components, but with fewer disadvantages. For example, FIELD canbe considered a combination of a pure shared �le system with a message passing system. ForFIELD, selective broadcasting enables direct communication between applications, while theshared �le system facilitates the use of existing applications. For tools designed to workwith a common database, similar leverage of that tool base could be achieved by combiningmessage passing with a simple database.Table 2-1 provides a very coarse-grained summary of the relative strengths and weak-nesses of the �ve approaches discussed in this chapter. The table lists how much supportthe di�erent approaches provide for the �ve factors I introduced earlier: writing new tools;adding new tools; using multiple simultaneous views; maintaining consistency in the envi-ronment; and avoiding redundant code and computation.The contrast between the characteristics of the shared �le system environment and thoseof the view-oriented database environment is striking. It suggests a fundamental tradeo� inintegration mechanisms: one can either have an environment in which it is easy to developnew tools, or one can have an environment in which the tools communicate well with oneanother, but it seems to be quite di�cult to achieve both. It is not surprising that it requiresless e�ort to develop standalone tools than tools that cooperate closely with other tools,but it is disheartening that so much additional e�ort seems to be required.A signi�cant contributor to this additional complexity is the fact that authors of cooper-ating tools must devote themselves to understanding what data the other tools manipulateand how they manipulate it. At present, we appear to lack adequate mechanisms for e�ec-tively managing this complexity. Garlan's strategy of grouping related views into featureswas an important step toward imposing useful abstraction on a database, but the di�cultyinvolved in creating new compatibility maps for his view-oriented databases detracts fromthe overall practicality of his approach.FIELD achieves an impressive level of integration within what is e�ectively a traditional



2.4. A CATEGORIZATION OF EXISTING SYSTEMS 25development environment. Its success in this arena is a consequence of the fact that FIELDdirectly confronts the problem of traditional tools' not communicating with one another.By providing support for such communication, FIELD allows tools to share the results ofcomputations at runtime. Shared computations allow tools to avoid redundant e�ort, andalso allow them to maintain consistency in the data they share.Fundamentally, however, FIELD is nothing more than a message clearinghouse, andthis limits the services that it can perform. It can never ensure that tools send out themessages needed by other tools, nor can it guarantee that tools will react consistentlyto messages they receive. In short, FIELD is a success only as long as the tools in theenvironment voluntarily cooperate, but it cannot coerce recalcitrant tools (or tool writers)into participating in the integration of an environment. This is a very di�erent situationfrom environments based on a view-oriented database or canonical representation. In thoseenvironments, the integration mechanism can guarantee a certain amount of cohesivenessbetween tools simply because the database or representation maintains control over the datamanipulated by the tools. Like it or not, tools in these environments make their actionspublic every time they modify the common data structure, and the integration mechanismhas the authority to react accordingly. Systems based on message passing simply don't havethat kind of power.2.4 A Categorization of Existing SystemsOne of the contributions of this thesis is the insight that virtually all existing work onMVDEs employs as its primary approach to integration one of the mechanisms describedin the foregoing sections. A related contribution is my categorization of environmentsdescribed in the research literature on the basis of the primary integration mechanism eachuses. This categorization is summarized in Tables 2-2, 2-3, and 2-4. Each entry in thesetables is the name of the system, if available; the name of the speci�c integration mechanism,if no system was named in the published report(s); or the names of the researchers, if neithera system name nor an integration mechanism name was published. Within a category,environments are listed in alphabetical order by system name, integration mechanism name,or researchers' names.5Table 2-2 lists multiparadigm environments (see below), Table 2-3 lists MVDEs thatuse an integration mechanism other than a canonical representation, while Table 2-4 listsMVDEs that do use a canonical representation. It should be noted that many environmentstake a particular data structure and put this data structure in a database to provide persis-tence and/or concurrency control. Such environments are listed as using the particular datastructure rather than as using a database, because the data structure has more to do withsupporting integration than does the database. As noted earlier, most environments arehybrid architectures, but the organization of the tables re
ects the important underlyingsimilarities for the environments that are grouped together.5It might have been more interesting and useful to organize environments within a category chrono-logically, but there is often a discrepancy between the date of �rst appearance of a system and the dateof publication of a good reference, and I have tried to limit my citations to accessible and comprehensivereferences.
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LanguageFigure 2-7: A common architecture for multiparadigm environments.2.4.1 Multiparadigm Development EnvironmentsMy de�nition of an MVDE requires that views of a system be able to communicate withone another in some way as the system is edited. This de�nition excludes an interestingclass of environments, namely multiparadigm environments. It is worth a brief digressionto discuss such environments now.Multiparadigm environments can be considered MVDEs in which the views do notinteract during editing. In such an environment, di�erent parts of a single system may bedeveloped using di�erent languages or language paradigms, and the system as a whole issimply the union of its constituent parts.The implementation of a multiparadigm development environment almost always em-ploys one of two general architectures. The most common architecture is for each view tobe mapped into some common underlying base language. When such a multiparadigm pro-gram is run, it is the common base language which is actually executed. This architectureis shown in Figure 2-7. There is typically no back-mapping from the common language tothe \source code" which generated it, or, at best, each portion of the common languagecan only be mapped back into the paradigm from which it was generated. Multiparadigmsoftware development based on this architecture is thus akin to composing a program fromroutines written in, say, FORTRAN, C, and Ada, and then compiling everything into acommon assembly language. Each language is in some sense a view, but the views do notoverlap.An alternative architecture is to work with each paradigm independently, ultimatelygenerating a separate executable version of each part of the system. At runtime, the di�erentparts of the system execute as separate processes, communicating via remote procedure calls,sockets, or some other mechanism for interprocess communication. Using this architecture,there never is a common representation of the system as a whole. Like the architecturefounded on a common base language, there is typically no way to map from one paradigmto another. Integration across views is achieved only at runtime.The research into multiparadigm environments is summarized in Table 2-2. TheDraco system [140, 141], Ipser's subsequent work on multi-formalism speci�cation environ-ments [98, 99], and Wile's research into \local formalisms" [221] explicitly provides supportfor (textual) user-de�ned languages that translate into a common base language, whileGarden [164] and the Visual Programmer's WorkBench [179] concentrate on the creation of



2.4. A CATEGORIZATION OF EXISTING SYSTEMS 27Approach to Integration System(Researchers)Underlying Base Language (Agha [1])CIP-L [17]Daisy II [62]Draco [141, 140]G-2 [157]Garden [164](Golin and Reiss [71])(Ipser [98, 99])Leda [33]Loops [22, 195]PLEASE [209]V [188]Visual Programmer's WorkBench [179](Wile [221])(Zave and Jackson [227])Communicating Processes CODE [32](Koschmann and Evens [111])(Zave [226])Table 2-2: Multiparadigm environments.multiparadigm visual languages. Other multiparadigm work includes Zave's research intocomposing di�erent independent paradigms [226]; the explicitly multiparadigm languagesLoops [22, 195], Daisy II [62], Leda [33], and G-2 [157]; Koschmann's and Evens' researchon mixing object-oriented and logic programming [111]; Agha's proposal to use Actors asa basis for concurrent programming [1]; the CODE system for developing parallel applica-tions [32]; the wide-spectrum languages V [188], CIP-L [17], and PLEASE [209]; and thework by Zave and Jackson on formally composing partial speci�cations [227].2.4.2 MVDEs Not Using a Canonical RepresentationTable 2-3 summarizes research into MVDEs that achieve integration by a mechanism otherthan a shared canonical representation. The table excludes traditional environments basedon a shared �le system (e.g., Unix), as these traditional environments are, as I remarkedearlier, the baseline against which all other work is measured.Environments based on message passing fall into two basic camps. Environmentsfollowing the FIELD model of Section 2.2.2 include, in addition to FIELD itself,the commercial implementations SOFTBENCH [34], FUSE [51], ToolTalk [202], andCASEVision/Workshop,6 as well as the research e�orts Forest [67], ISM [176], and the workon Mediators [200]. Forest extends the FIELD model by adding support for policies , whicho�er 
exible user-de�ned control over the conditions under which messages are passed. ISMemploys a message-based approach to integration, but it has more of an AI perspective toits application. Signi�cantly, ISM doesn't seem to consider the possibility that one messagemight have multiple recipients. Sullivan's and Notkin's goal in their work on Mediators is ageneralization of message-based integration that is designed to better support environment6CASEVision/Workshop is a commercial product from Silicon Graphics, Incorporated.



28 CHAPTER 2. APPROACHES TO VIEW INTEGRATIONApproach to Integration System[Mechanism](Researchers)Message Passing CASEVision/WorkshopCedar [205]FIELD [165]Forest [67]FUSE [51]Interlisp [206]ISM [176][Mediators [200]]MLP [85, 84][PCTE IPC [25, 57]]Prisma [142]Smalltalk [210]SOFTBENCH [34][ToolTalk [202]][ViewPoints [145, 60]]Simple Database Amadeus [21]CIA [39]CIA++ [73]COPE [7]Faust [76]MicroScope [6]Odin [41]OMEGA [121][PCTE OMS [64]]PDS [38]RPDE3 [81]Trellis [147]XREFDB [118]View-Oriented Database (Garlan [65, 66])Janus [77]Table 2-3: MVDEs not based on a canonical representation.evolution. Evolution is an important topic, but, as noted in Section 2.1, one not directlyaddressed by my work in this thesis.The common feature of FIELD-like environments is the loose coupling between theviews generating messages and the recipient(s) of those messages. Message senders neednot explicitly state who is to receive a message, and in fact the set of recipients is typicallydetermined dynamically. A very di�erent message-based architecture is predicated on setsof hardwired mappings between views. Examples of such systems include Prisma [142]and ViewPoints [145, 60]. Each of these systems supports multiple independent views,but each also relies on environment developers to write bidirectional mappings betweenviews that are to be kept consistent. A more familiar example of such a tightly coupledarchitecture is exhibited by closed, monolithic (typically everything is in a single addressspace), tightly-integrated, single-language environments like Interlisp [206], Cedar [205],and Smalltalk [210]. In these environments, seemingly independent views are not reallyindependent, because they are inextricably dependent on the other views in the system. For



2.4. A CATEGORIZATION OF EXISTING SYSTEMS 29example, the Interlisp File package added a capability to notice when data was changedby de�ning a new function, MarkAsChanged, and then inserting calls to MarkAsChanged \inall of the parts of the Interlisp system that changed objects | the editor, the DEFINEfunction, the facility for (re)declaring records, and DWIM" [206, p. 27].Another message-based architecture that may seem to support multiple views is em-braced by algorithm animation systems based on \interesting events." Some of the bestknown of such systems are Balsa [29, 30], TANGO [193, 194], and Voyeur [191], but thereis a fundamental di�erence between these kinds of systems and the MVDEs that are thesubject of my work: systems based on interesting events cannot provide views of a programuntil the program is instrumented to produce the interesting events. For my work, a viewof a system is of no interest unless it can be generated without requiring modi�cations tothe system being worked on.7;8Several environments have been developed that store information about programs ina relational database, e.g., OMEGA [121], CIA and CIA++ [39, 73], and XREFDB [118].In each case, however, the goal of the e�ort has been to answer queries about static pro-grams, not to provide communication between views of dynamically changing systems. Forexample, each of the above systems uses a batch process to load the database; the abilityto make incremental changes was not a primary design consideration. In addition, none ofthese systems supports the execution of a program in its representational form.Environments based on simple databases typically break systems under developmentdown into \natural" syntactic chunks (such as modules, functions, and variables) and \nat-ural" semantic chunks (such as symbol tables and cross-reference listings). These chunks arethen stored in whatever form the database supports, e.g., relations in the case of OMEGA,objects in the case of MicroScope [6]. Some database-centered environments, such as Trel-lis [147] and Odin [41], use larger-grained chunks, possibly as large as entire �les of sourceand object code.With the exception of minor extensions to compatibility maps by his erstwhile col-leagues [77], Garlan's work on view-oriented databases has attracted little follow-up workby the research community.2.4.3 MVDEs Using a Canonical RepresentationTable 2-4 summarizes MVDEs that achieve integration by means of a shared canonicalrepresentation. As noted in Section 2.2.5, the most common representation investigated hasbeen the abstract syntax tree (AST). ASTs are at the core of many well-known programmingenvironments, including the Cornell Program Synthesizer [168], Gandalf [78], Pecan [163],Rn [89], MENTOR [53], and CENTAUR [24]. The centerpiece of these environments isa language-based editor, which usually o�ers incremental syntactic and semantic analysisof the program being edited, plus incremental code generation. An AST is an excellent7If interesting events could be automatically generated for a program, animation views would quiteinteresting indeed. Whether it is possible for interesting events to be automatically inserted in programs,however, is still an open question. To date, there are no systems that do it.8A di�erent outlook on the matter leads to the conclusion that MVDEs and systems for algorithmanimation are actually close cousins. Systems that animate algorithms generally help users visualize data,whereas MVDEs generally help users visualize programs. These are simply two sides of the same coin,because programs are the data visualized by MVDEs. Nonetheless, the practical problem of coming up withthe interesting events that drive an animation should not be underestimated.



30 CHAPTER 2. APPROACHES TO VIEW INTEGRATIONCanonical Representation System[Mechanism](Researchers)Abstract Syntax Tree Centaur [24]Cornell Program Synthesizer [204]Fortran Programming Environment [89]Gandalf [78]Magpie [49]MENTOR [53]MultiView [5]Pan [11]PECAN [163]Poe [61]Syned [90]Synthesizer Generator [169, 168](Tenma et al. [207])Abstract Syntax Graph IPSEN [139, 120]Maintainer's Assistant [158]TEAM [40]Plan Calculus Cobbler [220]KBEmacs [219]Recognizer [174]Satch [220]Miscellaneous [Attributed Graph Speci�cations [3]][General Design Representation [123]](Lea [112])[Program Dependence Graph [151]][Typed Hypermedia [43, 14]][Uni�ed Interprocedural Graph [82]]Table 2-4: MVDEs based on a canonical representation.representation for these syntax-based views. However, ASTs are not well suited for viewsthat are unrelated to the syntax of a textual language, and are in general not 
exible enoughfor programmers who wish to de�ne arbitrary new views during program development. Infact, none of the environments mentioned above allows programmers to de�ne new views.Similar di�culties arise with program representations based on abstract syntax graphs, suchas those used in IPSEN [139], the Maintainer's Assistant [158] and TEAM [40].The Programmer's Apprentice project [172, 173] has employed the Plan Calculus [170]for a variety of systems. The Plan Calculus is a graph-based representation for programsthat incorporates both control- and data
ow information. It has been successfully incorpo-rated into the KBEmacs system for partial program synthesis [219], into Satch and Cobblerfor automatic program translation [220], and into the Recognizer [174], a program thatidenti�es design features in existing programs. Rich and Waters, the primary architects ofthe Programmer's Apprentice project, suggest that the Plan Calculus would be well-suitedto supporting multiple interacting views, but they have so far chosen not to pursue thisavenue of research [172].Program dependence graphs [58] were originally developed as a way to facilitate codeoptimization and/or parallelization, but since then they have found favor in a variety of



2.5. CONCLUSIONS 31applications, including interactive code restructuring [74] and integration of program vari-ants [93]. Ottenstein and Ottenstein have proposed that PDGs could be used as a basis foran integrated development environment [151], but the form of a PDG is very di�erent fromthe views that programmers typically use, and it would be an arduous task to write transla-tors that would map between views and a PDG. For an environment in which de�ning newviews is a common operation, this is a serious drawback. In addition, PDGs so far lack e�-cient incremental algorithms for common operations in an interactive environment, such asadding a statement to a program under construction. There are many derivatives of PDGs,including program representation graphs [224], program dependence webs [12], system de-pendence graphs for interprocedural slicing [94], and uni�ed interprocedural graphs [82].Research into hypermedia representations of system information has resulted in mech-anisms for storing data that is similar to SPGs. For example, the Hypertext AbstractMachine (HAM) [35] used in Neptune [50] has a resemblance to SPGs. The HAM o�ersgraphs, contexts, nodes, links, and attributes; contexts are used to partition data in graphs,and their functionality can be realized using node/link attributes and �ltering predicates.Signi�cantly | and unlike SPGs | the hypergraph itself has no semantics. Instead, at-tributes are used to assign semantics to the nodes and links. Neptune is designed for useas a CASE environment, and as such tends to deal with things at a fairly high level of ab-straction. For example, in discussions of source code, it refers to a single canonical textualrepresentation (e.g., Modula-2) and the �nest granularity it seems to consider is that offunction de�nitions.A variety of other canonical representations has been proposed or implemented for soft-ware development environments. Lubar's General Design Representation [123] is used inthe ROSE-2 [124] environment, but the GDR is primarily designed to represent static designdata, and has not addressed issues concerning the executability of the resulting represen-tation. Lea has proposed an internal representation for C++ and other object-orientedlanguages [112], but, much like assembly language output from compilers, his representa-tion is not designed to support back-mapping to a \source" view once the representation isconstructed.2.5 ConclusionsAt the outset of this chapter, I de�ned �ve important criteria for view integration in anMVDE, and in Table 2-1 I compared the e�ectiveness of �ve fundamental integration mech-anisms in terms of these criteria. Although none of the mechanisms was found to be ideal,the most promising mechanism was the canonical representation. Among its most attractivestrengths are:� Adding new tools to an environment typically does not require changesto existing tools. Because tools base their activities only on a (controlled) shareddata structure, adding a new tool to an environment has an e�ect on other tools onlyindirectly (through changes the tool makes to the canonical representation).� Change noti�cation can be handled directly by the integration mechanism;toolsmust make visible to the integration mechanism the changes they make to shareddata. Similarly, the integration mechanism is a natural location for the implementa-tion of other tool-independent functionality in the environment.



32 CHAPTER 2. APPROACHES TO VIEW INTEGRATIONIt is these strengths that have drawn so many researchers to the canonical representation,a level of interest that is manifested by the entries in Table 2-4.Unfortunately, the research to date on canonical representations has not had as its goalthe support of MVDEs with widely varying and interacting views, much less user-de�nableviews. Instead, canonical representations have been developed primarily to support envi-ronments centered around a single primary view and some �xed set of subsidiary views.Within such environments, the primary view is the program source code, so only that viewmay be edited. Interactions between views is unidirectional: changes 
ow from the primaryview to the subsidiary views. The representation itself is carefully crafted to support theviews that are known to exist; no consideration is given to the possibility that developersmay wish to create new views. In short, the research on canonical representations has fo-cused on closed environments with a single distinguished \source code" view and some �xedset of read-only subsidiary views.It is hardly surprising, then, that existing representations fall short of what is neededfor truly e�ective MVDEs. What is called for is a new form of canonical representation,one that is custom-tailored for the particular needs of an MVDE. In Chapter 3, I examinethese particular needs in detail, and in Chapter 4, I introduce a representation that meetsthese requirements: Semantic Program Graphs.



Chapter 3Designing a RepresentationI established in Chapter 2 that the most appropriate integration mechanism for an inter-active MVDE is a canonical representation (CR) of the system under development. I nowturn my attention to the factors that constrain the design of a suitable canonical structure.A good CR must be able to support the entire range of views that one wishes to o�erin an MVDE. Ideally, this range would be unconstrained { one would like to allow allconceivable views | but, as I show in Section 3.1, that is impossible, even in principle.One must therefore settle on support for some subset of the universe of imaginable views.But how is this subset to be speci�ed?I am interested in MVDEs o�ering an open-ended set of views, so it is not possible tosimply list the languages (views) that are worthy of support. Instead, I describe the di�erentparadigms of computing I wish to support, and I identify the characteristic features of eachparadigm. The union of these features comprises a constraint on the expressiveness ofa canonical representation, because a candidate CR that cannot express these essentialfeatures is a priori unacceptable.The set of features that make up this expressiveness constraint constitute what is inessence a model of views of software systems. If the features of a particular view V arepresent in the model, V can be fully supported in an MVDE built around a CR correspond-ing to the model. If not, then only those features of V that are also present in the modelcan be guaranteed support. Thus, the model provides a yardstick by which to measure howwell a particular view �ts into the MVDEs with which I concern myself in this thesis. Idevelop this model in Section 3.3.The expressiveness constraint is a re
ection of the need to be able to map from views tothe CR without losing essential information. It is a necessary constraint, but its satisfactionis not su�cient to ensure that a CR is appropriate for an interactive MVDE. The inversemapping | from the CR to views | is equally important, and it gives rise to its ownconstraint: that of generalized invertibility.An invertible mapping is just one that can be reversed, so if a view V can be mappedinto a CR, the mapping is invertible if it is possible to recover V from the CR. If we thinkof the mapping from V to CR as analogous to that that performed on source code by acompiler or an assembler, the inverse mapping process is analogous to that performed onobject code by a decompiler or a disassembler.In an MVDE, however, this particular kind of invertibility | from V to a CR andthen back to V | is not generally the primary challenge. Rather, the concern is with the33
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View 1
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View 3Figure 3-1: A general architecture for an MVDE based on a canonical representation.Views 1, 2, and 3 are read-write; view 4 is read-only.ability to generate some view V2 from the information in a CR when that information wasgenerated from some other view V1, and to do it in such a way that V2 appears more orless as it would had the software system represented by CR been developed using V2 in the�rst place. This is a very strong constraint. Among other things, it calls for the ability to(more or less) translate common idiomatic expressions in one language into their idiomaticcounterparts in other languages.Accomplishing that feat calls for great care in the design of the features of a CR, andin Section 3.5 I describe my approach to this design problem. Fundamentally, the processconsists of identifying common pan-language programming concepts and then �nding a wayto represent them such that essentially similar concepts are represented in the same way,while essentially dissimilar concepts are not represented in the same way. As examples, Idescribe four representation problems in detail: iterative looping constructs, subprogramsand calls, scopes and name bindings, and mechanisms for interprocess communication.I conclude this chapter by revisiting the canonical representations I described at the endof Chapter 2. My decision to develop a new CR for MVDEs can scarcely be defended unlessexisting representations have been shown to be inadequate for the task, and in Section 3.7I examine existing CRs in view of the criteria of expressiveness and generalized invertibilitythat constrain the design of a canonical representation.3.1 The Limits of Mapping Between ViewsA general architecture for an MVDE based on a canonical representation is shown inFigure 3-1; a much more detailed model is provided in Chapter 6. As shown in the �g-ure, mappings between views and the representation are bidirectional, so a software systemcan be seen and edited through any view, and edits through one view are propagated toother views through changes in the CR. This is the most general case. It is also possiblethat some of the mappings are unidirectional; this yields read-only views. For example, themapping between the CR and View 4 in Figure 3-1 indicates that View 4 is a read-onlyview. In any case, it is likely that many of the mappings from the representation to theviews will be partial, because most views show only a proper subset of the informationavailable about the software system under development.Signi�cantly, it is impossible to support all conceivable views. This is because, in themost general case, mapping between arbitrary pairs of views requires being able to solvethe Halting Problem. Consider a software system S and a view V1 of S that is someconventional programming language, say, Pascal. That is, V1 is S as a Pascal program.



3.2. PARADIGMS FOR SOFTWARE DEVELOPMENT 35Consider then a second view V2 of S that manifests itself as either the word \Halts" or thewords \Doesn't Halt," where the manifestation of V2 indicates whether S will halt whengiven some speci�ed input data. An MVDE that fully supported these two views wouldhave to be able to solve the Halting Problem for an arbitrary Pascal program, and it wouldhave to be able to update this solution as the Pascal program was edited. It would alsohave to be able to make the appropriate modi�cations to the Pascal view as the HaltingProblem view was edited. Clearly, such an MVDE cannot exist.3.2 Paradigms For Software DevelopmentGiven that an MVDE cannot support all possible views, a critical question arises: whatclass of views should an MVDE support? The answer to this question is determined more bypragmatic considerations than by technical constraints. Because the most commonly usedlanguages for large-scale software development are high-level, \third generation" languageslike FORTRAN, C, and Ada,1 the most commonly used views in practice are these languagesthemselves or are views derived from them, including call graphs, module interconnectiondiagrams, high-level data
ow diagrams based on functional decomposition, etc. It is mostworthwhile, then, to focus on designing a representation to support this broad class of views.Of course, this is but an informal description of the views of software systems that anMVDE should support. Making the description more rigorous requires a detailed exami-nation of the kinds of views that should be supported. I do this in terms of paradigms ofsoftware development, which group together broad classes of views based on their approachto specifying the behavior of software systems.The space of software development paradigms may be envisioned as shown in Figure 3-2,where di�erent paradigms are depicted as regions on a plane of language features. (Thefeatures themselves are not shown in the �gure.) The vertical placement of a feature inthe plane is determined by its level of abstraction: very low-level features, such as thosethat might be found in a machine or assembly language, are located well below higher-levelfeatures, such as might be found in a language like Prolog.The �gure is intended to show that there are a number of software developmentparadigms available, that they tend to consist of language features at roughly the samelevel of abstraction, that they may or may not contain features in common with otherparadigms, and that the paradigms themselves may have di�erent relative levels of ab-straction, i.e., some paradigms are higher-level than others. The shaded area in the �gureindicates the focus of my research for this thesis: relatively high-level language features froma number of di�erent paradigms. For view features within this shaded area, my goal is to1It can certainly be argued that FORTRAN is fundamentally di�erent from C and Ada, but the factremains that, for better or for worse, the same kinds of tools (views) that are applied to C and Ada aretypically applied to FORTRAN, too. In that important sense, the three languages are largely similar.(Further clouding the matter is the fact that FORTRAN undergoes a rather drastic metamorphosis everydecade or so, so it's not entirely clear what language is meant by the simple name \FORTRAN." As GeneCordell has remarked, \I don't know what language they'll be using in the year 2000, but I do know it willbe called FORTRAN.")
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Figure 3-2: Figurative depiction of software development paradigms and their relativescopes and levels of abstraction. The shaded area suggests the breadth ofmy model of system views.develop a CR-based MVDE with behavior like that I described in Chapter 1 (Section 1.4).2Although the shaded area tends to encompass features at an \above-average" level ofabstraction, it makes a couple of noticeable forays into areas that are comparatively low-level. It is an unfortunate fact of life that some low-level features are present in manycommon \`high-level" views, and to exclude these popular (but primitive) features wouldlimit the expressiveness and the invertibility of view-CR mappings. Two examples of suchlow-level features are gotos (for control 
ow programming paradigms) and semaphores (forparallel programming paradigms).Figure 3-2 is an informal depiction of the kinds of language features I am interested insupporting, i.e., of my model for views. In the next section, I make this intuitive descriptionmore precise.3.3 A Model for Views of Software SystemsMy model for views is based on three general paradigms:� The �rst is the sequential control 
ow paradigm, which is the most commonlyused paradigm in computing today. It encompasses programming language views2This �gure should not be taken too literally. For example, there is no reason why paradigms must beconvex or why they cannot be nested. The �gure is intended only to indicate the existence of di�erent levelsof abstraction, of a variety of features in programming languages, of various paradigms of programming, andof how my model of views relates to these things.



3.3. A MODEL FOR VIEWS OF SOFTWARE SYSTEMS 37such as FORTRAN, Algol, Lisp, BASIC, Pascal, C, etc. It also encompasses thehigher-level views often derived from these languages, including call graphs, functionaldecompositions, program pro�les,3 and test coverage measures.� The second paradigm is that of data
ow-based computation, which is of increasinginterest as a method for achieving high-performance �ne-grain parallel computing.Views within this paradigm frequently have concrete syntaxes that are similar tothose of sequential control 
ow views, but the underlying semantics of the views arequite di�erent. In particular, parallel execution of subexpressions is limited only bydata dependencies, and subprogram calls are non-strict. Examples of this approach tocomputation include the languages Id [9], Haskell [83], and Lucid [10, 215]. Data
owis also the basis of a number of high-level design methodologies, e.g., StructuredAnalysis [177, 178].� The �nal paradigm is parallel control 
ow computing, which o�ers software devel-opers explicit control over the creation of multiple processes and the communicationbetween those processes as they run. Views that correspond to this paradigm fre-quently contain all of the features of sequential control 
ow views, plus additional fea-tures for the expression of parallelism and interprocess communication.4 Such viewsinclude the programming languages CSP [87], Ada, Concurrent Pascal [27], and Oc-cam [20], as well as the more abstract languages of Statecharts [79], nondeterministicFSAs, and Petri nets.I selected these paradigms as the basis for my view model for two reasons. First,they collectively encompass a great number of views that are currently in widespread use.Such views include conventional programming languages, call graphs, high-level data
owdiagrams, and Petri nets. Second, they contain the necessary features to support new classesof languages (i.e., views) that are not yet widely employed, but that may well form thefoundation for common views in the future. Among such features are explicit parallelism,data-driven computation, and non-strict subprogram invocation. These features are likelyto assume greater importance as the use of multiprocessors becomes increasingly common.The following sections identify the characteristic features of these paradigms that to-gether form a constraint on the minimal expressiveness of a CR for an MVDE.3.3.1 The Sequential Control Flow ParadigmLanguages (views) based on sequential control 
ow depend on the following semanticfeatures:53This refers to pro�les based on how frequently a statement is executed or how many times a subprogramis invoked. Lower-level pro�les, such as those based on how much CPU time is spent in particular statements,fall outside the bounds of the model because of their low level of abstraction.4One might be tempted to say that my model is based on only two di�erent computational paradigms,because the parallel control 
ow paradigm subsumes the sequential control 
ow paradigm. It is convenientto examine these paradigms separately, however, because a sequential approach to a problem is frequentlyquite di�erent than a parallel approach to the same problem.5Each feature listed in this section has a corresponding tag, which I use when I refer back to thesefeatures. The tags are all of the form Sn, where S is a short string indicating which language type gives riseto the requirement for the semantic feature, and n is the number of the requirement within that languagetype. Hence, SCF1 is the �rst requirement from the group of sequential control 
ow languages.



38 CHAPTER 3. DESIGNING A REPRESENTATIONSCF1 Sequential, deterministic control 
ow constructs: sequential statement order-ing, conditional branching, iterative loops, gotos, and subprogram calls. Conditionalbranches may be two-way (if-then, if-then-else) or multiway (e.g. Pascal's case state-ment, C's switch statement). Iterative loops have a single entry point, an arbitrarynumber of return-to-top or exit points (e.g., C's break and continue statements),and a single loop-termination test that may be located at the top of the loop, atthe bottom of the loop, or anywhere within the loop. Gotos are restricted only inthat they are not allowed to transfer control across subprogram or task boundaries.Subprograms are called synchronously, return zero or more values, and may employrecursion.SCF2 Identi�ers and scopes. Identi�er names are statically scoped, may be declaredexplicitly or implicitly, and need not be unique. Identi�ers used as variables refer tovalues in memory; the details of the values and the memory are explicitly unde�nedby the model | see Section 3.4. Subprograms may declare local variables; theseexist only for the duration of a particular subprogram invocation. Scopes may bedisjoint or may overlap. If two scopes overlap, it need not be the case that one iscontained inside the other.SCF3 Operators: assignment, arithmetic, and relational; and expressions employingvariables, these operators, and parentheses (to allow users to specify the order ofevaluation of subexpressions). Multiple simultaneous assignments are allowed (as inCSP6).SCF4 Files. There are no semantics associated with a �le in and of itself, but the modeldoes contain the restriction that the intersection of the contents of any collection ofdistinct �les must be empty. That is, no component of a system is contained insidemore than one �le.SCF5 Relationships between system components. The model explicitly recognizesthat there may be important relationships between components in the model, rela-tionships that are otherwise inexpressible. For example, there may be a compilationdependency relationship between a C source �le and the header �les it includes.Such relationships are directly expressible in the model, but there are no semanticsassociated with such relationships. Relationships may be n-ary.SCF6 Unexecutable ancillary information, which encompasses program comments,external documentation, project management information, etc. This informationcan be characterized as being \about" the executable part of a software system, butnot really part \of" it. It di�ers from the features above in that its removal from asoftware system cannot a�ect the execution of that system. For the purposes of themodel, this ancillary information is simply arbitrary text. This restriction results inno loss of generality, because arbitrary information (e.g., images, sounds, etc.) canbe encoded textually. The model assigns no semantics to this auxiliary information.6Throughout this thesis, any mention of CSP refers to that language described by Hoare in his 1978CACM paper [87], not to the language described by his 1985 book of the same name [88].



3.3. A MODEL FOR VIEWS OF SOFTWARE SYSTEMS 393.3.2 The Data
ow ParadigmData
ow languages include Lucid, Id, and Haskell,7 and although data
ow languages o�era di�erent approach to computation than do control 
ow languages | typically a moredeclarative approach | they still tend to o�er software developers a set of semantic conceptsthat is at roughly the same level of abstraction as those o�ered by control 
ow languages.This conceptual kinship reinforces the notion that an MVDE should support both types ofviews.The important semantic features o�ered by these languages (in addition to those theyshare with control-
ow languages) are the following:D1 Data-driven execution. This is the hallmark of a data
ow language, which allowscomputations to proceed in any order consistent with the (dynamic) availability ofthe necessary operands. An inherent consequence of data-driven execution is implicitparallelism, because two or more operations are allowed to proceed in parallel ifthe operands for each operation are simultaneously available. Separate 
ows ofcontrol are created anonymously, nondeterministically, and opportunistically and arebeyond the control of the data
ow language programmer. As such, there is neitherneed nor provision for synchronization of parallel execution beyond that a�ordedby the requirement that an operation's operands be available before that operationmay proceed. In short, the only parallelism supported is fork-join parallelism.D2 Non-strict subprogram calls. A call to a subprogram S with parameter p isstrict if S(p) = ? whenever p = ?. If it is possible that S(p) 6= ? when p = ?,the call to S is non-strict. In particular, if evaluation of S may terminate even ifevaluation of p does not, the call to S is non-strict.8 Data
ow computation typically7Haskell is viewed by its designers as a pure functional language, but its non-strict semantics, its allowancefor implicit parallelism, and its absence of support for side-e�ects puts it in the same league as data
owlanguages. In fact, because of these similarities, research on data
ow languages and functional languagesfrequently overlaps (see, for example, the motivation behind Lucid [215, p. ix{xii] and the collection ofpapers edited by Thakkar [211]).8Procedural languages typically use strict calls, while data
ow languages usually employ non-strict calls.For example, subprogram calls in C are strict, so this program will never terminate:int f(int x) f return 1; g /* always returns 1 */int g(void) f return g(); g /* infinite recursion */main() f return f(g()); g /* never terminates */In this program, there is really no need to evaluate f's argument | f never even looks at it | but becauseC has strict subprogram calls, evaluation of f cannot proceed until evaluation of f's argument is complete.Thus, main will never terminate.In a non-strict language like Lucid, however, this seemingly equivalent program behaves quite di�erently:main wheref(x) = 1; // always returns 1g = g; // infinite recursion (conceptually)main = f(g); // returns 1 immediatelyend;Conceptually, the de�nition of g in this program, too, exhibits in�nite recursion, but because subprogramcalls in Lucid are non-strict, this program produces the value 1 immediately. (Technically, Lucid programsmap in�nite streams of input data into in�nite streams of output data, so this program really produces nota single 1, but an in�nite stream of 1s.)



40 CHAPTER 3. DESIGNING A REPRESENTATIONemploys non-strict subprogram calls.3.3.3 The Parallel Control Flow ParadigmLanguages like CSP, Ada, and Petri nets allow programmers to work with concurrencyexplicitly. Given that the model for software systems must provide support for implicitparallelism, it is only reasonable that it also provide support for explicit parallelism. Theneed for such support motivates the addition of the following features to the model:PCF1 Dynamic process creation. Many parallel programming systems (e.g., Ada, theUnix shells sh and csh) begin execution with a single sequential process that mayspawn new sequential processes that may themselves spawn new processes. Othersystems (e.g., CSP) may execute multiple processes from the outset. The set ofprocesses that may be created is statically limited in some views (e.g., CSP, Petrinets, Statecharts), while in other views an unlimited number of processes may becreated at runtime (e.g., in Ada). My model for views supports the most generalof these possibilities: any number of independent processes may start up when thesoftware system is invoked, and each process may spawn new processes withoutlimit.PCF2 Interprocess communication. The model allows for interprocess communication(IPC) for the purposes of mutual exclusion, synchronization, and client-server in-teractions (e.g., remote procedure calls).9 The model contains \generalized tasks,"which are based on Ada tasks. A generalized task is a process (possibly createddynamically) with a well-de�ned set of messages that it can receive (entry points)and, optionally, data that only it can access. Only generalized tasks can receivemessages.The model supports rendezvous: bidirectional message passing where the messagesender blocks until the message recipient replies; if no reply is expected, the senderblocks only until the recipient has received the sent message. Messages may be ofunlimited length. The sender of a message must know the name of the receiver, butthe message recipient need not know the name of the sender. Process names maybe passed back and forth as part of a message.All messages for a task are automatically queued for the recipient in bu�ers ofunlimited size; there is a single queue for each task. When a task is ready toreceive a particular message (i.e., an entry call), it receives the next instance ofthat particular message that is waiting in the queue. If a task expects to receive amessage and none is available, it blocks until one is available.PCF3 Nondeterministic execution. Nondeterministic execution arises naturally in par-allel systems, particularly when a task can service more than one entry call, but itsuse in views is actually more general than this: consider Petri nets (which supportonly fork-join parallelism) and nondeterministic FSAs (which typically contain onlya single 
ow of execution at a time), both of which o�er nondeterministic branching.9It is also expressive enough to implement coroutines.



3.4. THE VIEW MODEL AND DATA STRUCTURES 41Tag FeatureSCF1 Sequential, deterministic, control 
ow constructsSCF2 Identi�ers and scopesSCF3 Operators and expressionsSCF4 FilesSCF5 Relationships between system componentsSCF6 Unexecutable ancillary informationD1 Data-driven executionD2 Non-strict subprogram callsPCF1 Dynamic process creationPCF2 Interprocess communicationPCF3 Nondeterminism in executionTable 3-1: Summary of semantic features in the model for software systems.My view model supports guarded nondeterminism in the style of CSP and Ada,whereby nondeterminism can be used to determine which of a set of competingstatements will be executed at a particular point in a program. Each competingstatement may be controlled by a guard (a boolean expression), and at runtimewhen a nondeterministic choice must be made, only those statements with a trueguard are eligible for execution. My model is more general than the CSP and Adamodel, however, because the model allows any number of statements with trueguards to be executed. Hence a nondeterministic construct can be used to initiatefork-join parallelism.3.3.4 SummaryTable 3-1 summarizes the basic features of the view model for software systems. Thismodel allows for the existence of di�erent computational paradigms, and it includes bothcontrol- and data-driven execution, both serial and parallel execution, both deterministicand nondeterministic execution, both synchronous and asynchronous subprogram calls, bothstrict and non-strict subprogram calls, as well as traditional control 
ow constructs. It alsorecognizes the existence of unexecutable information, such as arbitrary n-ary relationshipsbetween system components and ancillary (textual) information.3.4 The View Model and Data StructuresThis model of software systems is in many ways substantially more expressive than are theimplicit models employed by current development environments. Nonetheless, there areimportant aspects of software systems that are not included in this model.The most important such aspect is support for data structures. In fact, beyond theexplicit recognition of the existence of data values and variables that can hold them, thismodel includes no mention of data at all. Within the model, data values are simple integers,and variables are either global or local to a subprogram. Pointers, static variables, anddynamically allocated data (other than local variables for subprogram invocations) do notexist.



42 CHAPTER 3. DESIGNING A REPRESENTATIONIt may seem counterintuitive, but support for data structures in a CR is largely or-thogonal to support for program structures and executable semantics. That is, issues ofsubprograms, scopes, determinism/nondeterminism, strictness/non-strictness, etc. | theissues that this model does address | are largely independent of the data structures thatare manipulated. Similarly, much work has been done on translating between di�erent viewsof data structures without much regard for how those structures are manipulated by theprograms in which they �nd themselves [85, 69, 102, 126, 217, 201, 31, 222]. Thus, a modelof how a program is structured and how it executes can be largely divorced from the datastructures it manipulates. Modeling data structures is certainly important, and support fordata structures could be added to the model I propose here, but that is an aspect of viewsI have chosen not to address in this thesis. This is analogous to research on systems foralgorithm animation [29, 193]. Such systems focus entirely on what happens to the data inan application, completely ignoring the control structures within the application that areresponsible for generating and manipulating the data.A consequence of this decision is that the model is silent with respect to object-orientedlanguages like Smalltalk and C++. It makes little sense to discuss support for such essentialobject-oriented features as dynamic binding if there is no way to distinguish data typesin the model. I revisit this topic in Chapter 8, where I discuss possible extensions to thismodel of views.3.5 Implementing the View ModelI noted at the outset of this chapter that the view model I developed provides a constrainton the minimal expressiveness of a CR for an MVDE. The relationship between a CR andthe model is more direct than that, however: a CR is an implementation of the model.Conformance with the view model is but one of a number of requirements that a CRmust satisfy, however. Another is that it be free of biases toward particular kinds of concretesyntax, because views that �t the model range from graphical views like Petri nets to textualviews like Ada. A third is that it be executable, because the MVDEs in which I am interestedmust support dynamic views of a software system. (As I noted in Chapter 1, most dynamicviews are based on existing static views, so satisfying the requirement for executability istantamount to satisfying the need to support dynamic views.)A �nal constraint on the design of a CR is that the CR must facilitate the developmentof bidirectional mappings between the CR and the views that use it. This requires that agood representation have the right set of semantic primitives, a set that is well matched tothe abstraction level(s) of the class of views that it is designed to support (cf. Section 3.2).Primitives that do not correspond to this set of semantic notions may be safely eliminated,and in fact doing so considerably simpli�es both the representation and the mappings fromit. For example, the designer of a representation need not provide support for unusuallyhigh level languages like Prolog or SETL [183], nor for unusually low level programminglanguages like assembler.This does not imply that a representation need not cater to high level views at all.Far from it. High level views that are abstractions of languages like FORTRAN, C, andAda | for example, Petri nets, call graphs, and functional decompositions | are perfectlyreasonable and are entirely worthy of support. This is far di�erent from providing support



3.5. IMPLEMENTING THE VIEW MODEL 43for Prolog, however, which would require that a representation understand unusually highlevel semantic primitives like uni�cation and depth-�rst search.A good representation must be able to directly and accurately re
ect \what is going on"in a software system, and it must do this in a way that is relatively easy for views to map intoand map out of. The forward-mapping problem is simple and has been solved for decades.Virtually all computer systems allow the creation of an executable image that is composedof binaries generated from di�erent source languages: the di�erent source languages arethe views, the di�erent compilers are the mapping functions, and the machine languageis the common representation. This same organization, albeit usually at a higher level ofabstraction, is also the one on which multiparadigm languages are founded.The back-mapping problem is considerably more di�cult, and making back-mappingstractable is the primary challenge in the design of a suitable CR. To facilitate mappingfrom the representation to views, the abstraction level of the semantic primitives must beroughly the same in both. This match between levels of abstraction is the reason why usinga low-level representation such as a Turing Machine or assembly language is unsatisfactory| the back-mapping problem becomes too di�cult.3.5.1 Choosing Semantic PrimitivesHow, then, does one choose the appropriate set of semantic primitives to put into a CR?One possible approach is to examine a large set of views from the class one wishes tosupport, then simply have the CR embody the union of the semantic primitives in thatset of views. The 
aw in this union-of-features strategy is that back-mapping becomescomplicated by the need to distinguish between a possibly large set of semantically similarconstructs. For example, iterative loops typically come in a variety of 
avors (test-at-the-top, test-at-the-bottom, test-in-the-middle), but in essence there is only one concept thatneeds to be expressed, that of an iterative loop. Explicitly representing each minor variationon the theme makes the CR unnecessarily di�cult to understand and obscures the essenceof \what is going on."The antithesis of the union-of-features approach is to put into the CR only those se-mantic features that fall in the intersection of the set of features exhibited by the set ofviews examined. This approach avoids the proliferation of similar semantic primitives, butit also prevents writers of view-to-representation mappings from expressing critical distinc-tions between fundamentally dissimilar concepts. For example, it is di�cult to determinewhat form of subprogram call should be included in an intersection-of-features representa-tion that must support views with strict calls (only) as well as views with non-strict calls(only).My approach is a middle ground between these two extremes. Regrettably, this impliesthat there is no simple test to determine whether a particular semantic feature should beincorporated unchanged into a CR or whether it should be conceptually merged with othersimilar features and expressed in some \neutral" fashion. Retaining the feature in its originalform simpli�es mappings from views to the representation, but runs the risk of complicatingback-mapping in the same way as does the union-of-features approach. Merging the featurewith similar constructs simpli�es the representation, but it may complicate back-mappingsin the same way that the intersection-of-features approach does.The decision as to which semantic features should be in the canonical representation



44 CHAPTER 3. DESIGNING A REPRESENTATIONand which should not must therefore be made on a case-by-case basis. If a view feature isat the appropriate level of abstraction and is not more or less directly expressible in theCR, and if it would be di�cult to recognize the feature in the CR in some approximateform, then it is a good candidate for inclusion in the CR (though possibly in a modi�edform so that other, similar, features can be merged with it). On the other hand, if a viewfeature can be mapped into an existing CR structure (or recognizable set of structures) ina more or less straightforward fashion, and if back-mapping from this CR structure or setof structures to the original feature is not too di�cult, then there is no need to augmentthe CR, and the view feature should not be added to the CR.In the ensuing sections, I discuss four speci�c representation problems, and I sketchhow each is handled in SPGs. An examination of these particular problems is enlightening,because the issues they address | looping constructs, subprogram calls, scopes and namebindings, and interprocess communication | are conceptual mainstays of programming;no CR that fails to resolve these problems can possibly be acceptable as the basis for anMVDE. Furthermore, the solutions to these problems are interesting in their own right,demonstrating as they do one case in which a set of language features should be merged, asecond case in which they should not be merged, a case in which a language feature shouldbe omitted from the CR entirely, and a case in which a special provision should be madefor a language feature that is conceptually primitive, yet is too prevalent to ignore.In the material that follows, I o�er only outlines of how I approach these representa-tion matters using SPGs. A detailed solution to each problem is featured in Chapter 5,Sections 5.2.1{5.2.4.3.5.2 Representing Iterative LoopsConsider the three iterative looping constructs in C: for loops, while loops, and do loops.Rather than have a separate structure in a CR to represent each of these kinds of loop, itis better to generalize the notion of an iterative loop to that of a looping construct withan exit test. This more general construct can then be added to the CR, and each form ofloop in C can be mapped into this general construct directly. For back-mapping, the writerof the C view would have to examine the structure of the general loop in the CR to seewhere the exit test was located, and would then have to determine how to best express thatin C using one of the available choices. This is not an onerous burden for the writer ofthe C view, and it has the critical advantage that other views will also be able to recognizethe loop and its semantics , even if they have no notion of for, while, or do loops at all!Fundamentally, \what is going on" is a loop, and that is what the CR must accuratelyrepresent; the particular variant of loop is of little concern.Some languages, early versions of BASIC and FORTRAN among them, have only onekind of built-in loop, the for loop. Yet the concepts of a test-at-the-top loop and a test-at-the-bottom loop still exist in these languages; they must be implemented using gotos.Nonetheless, programmers in these languages have no di�culty in recognizing these loopvariants when they see them in source code. There is no di�culty in mapping a gotoimplementation of a test-at-the-top or test-at-the-bottom loop to a generic iterative loopingconstruct in a CR, and once in the CR, \what is going on" becomes immediately apparentto other views that, perhaps, have no notion of a goto. In this sense a carefully chosen setof semantic primitives in the CR can function as e�ective intermediaries between views that



3.5. IMPLEMENTING THE VIEW MODEL 45seem to di�er radically, e.g., between views with loops but no gotos and views with gotosbut no loops.3.5.3 Representing Subprograms and CallsRepresenting subprograms is rendered fairly straightforward by the fact that there is wideagreement about their structure: a subprogram is an instantiable code segment customizablewith zero or more data values (parameters) that computes and returns to the caller zero ormore values. What complicates matters somewhat is the way in which actual parametersare passed in and results are returned.Because the view model deliberately avoids discussion of most of the issues surroundingdata structures, it su�ces for a representation to choose an arbitrary technique for passingvalues in to subprograms and returning results from them. That is, rather than strugglingwith the problems of trying to unify by-value and by-reference parameter passing schemes,10a representation can simply choose to pass everything by value;11 re�nements on this ap-proach can be safely deferred until the view model is expanded to deal with data in a morecomprehensive manner. Note, however, that the view model does provide support for thepassing of subprograms themselves as parameters, so this must be allowed by the represen-tation. Fortunately, this can be easily achieved by assigning to each subprogram a uniqueidenti�er; the identi�er can then be passed (by value) as data to and from subprograms.This is equivalent to the approach adopted in C, where functions per se may not be passedto and from other functions, but the addresses of functions may be.Passing arguments and results by value puts to rest one semantic point of contentionfor subprograms, but it fails to address an issue more central to the view model: thatof strictness. In Section 3.3.2 I pointed out that languages centered around control 
oware generally strict with respect to their subprogram calls, while data
ow languages aregenerally non-strict. There is no way to unify these fundamentally di�erent concepts |before evaluating the body of a subprogram you either evaluate its actual parameters oryou don't. A good CR must therefore support both kinds of calls. However, it is possibleto generalize the notion of strictness by allowing it to be speci�ed on a per-parameterbasis, rather than a per-call basis. By doing so, a CR can o�er support for views in whichcalls to subprograms may contain a mixture of strictly and non-strictly passed parameters.Provided that the CR clearly distinguishes between parameters passed strictly and thosepassed non-strictly, this generalization increases the expressiveness of the representationwithout decreasing the ability of a view to determine \what is going on."3.5.4 Representing Scopes and Name BindingsA fundamental concept in programming languages is that of scopes and their use for bindingnames to values. Program representations that lack support for scopes su�er from important10The omission of by-name parameter passing is not incidental. Although such parameters can be repre-sented as thunks in the usual manner [159] and a special annotation can be associated with them so thatviews can easily identify the role they play, in the general case | in particular, in conjunction with recursionin the calling routine | thunks act like continuations, and continuations are not part of my view model.11This choice is motivated by the fact that by-value is the fundamental parameter passing techniqueemployed by data
ow programming languages. For control-based languages, there is no \obvious" choice,because by-value and by-reference are in some sense equally natural.



46 CHAPTER 3. DESIGNING A REPRESENTATIONdrawbacks, as noted by researchers on the Ergo project:Terms (one may think of them as abstract syntax trees) have a crucial weak-ness, namely that they do not carry information about the name-binding rulesof the object-language. This makes it impossible to write, for example, onefunction for substitution that is syntactically correct for all object-languages.. . . From this and other examples it is clear that one would like to includeinformation about the binding properties of object-language constructs in therepresentation of programs. [113, p. 28].Scopes themselves present no particular di�culties. A scope is just a region of a pro-gram and may be directly represented as such. The matter of name-binding, however, issubstantially thornier.In my early work on SPGs, I proposed that each scope have associated with it a set ofname-binding rules that collectively de�ned how names were bound in that scope [135].12This seemed like a natural and 
exible approach to an ubiquitous concept, but it turnedout to be untenable. There were two reasons for this:� Name-binding rules vary too much across views. Some views scope nameslexically, some do not. Some views allow overloading of names, some do not. Someviews allow names to be implicitly imported and exported across scope boundaries,others require that such movement be explicit. Coming up with a simple set of rulesfor such a wide variety of conventions would have been di�cult, and providing enough
exibility to allow for the creation of new scoping rules to satisfy as-yet-unimaginedviews would have been harder still. The only solution seemed to be creation of a new\name-binding behavior speci�cation language," but the existence of such a languagewithin a CR would have made mapping from the CR to views substantially moredi�cult. Practically speaking, it would have made it too di�cult. (An example of thecomplexity of such a language can be found in Reiss' work on the automatic generationof symbol table routines for use in compilers [162].)� De�ning the name-binding rules for a scope created in one view and thenmodi�ed in another view was problematic. Suppose a scope S is created in viewV1. Naturally, it assumes the name-binding conventions of V1. Now suppose that S isedited using some other view V2. What name-binding behavior should S now exhibit?Should it continue to bind names as in V1, should it henceforth behave like a scope inV2, or should it exhibit some combined behavior that re
ects its multiple-view editingheritage? Regardless of the solution chosen, it is di�cult to justify it as the single\correct" solution.Based on these considerations, I came to the conclusion that a CR should deal only withunambiguous names. In e�ect, all identi�ers within a CR must be unique, but provisionmust be made for views to easily map the unique names employed in the CR back to theprogrammer-de�ned names in each view. The result is that name-binding within the CRis trivial, and views are responsible for mapping between view-speci�c name binding rulesand the unambiguous references used in the CR.12These rules were more speci�c than those de�ned by Pratt for identi�er associations [159, p. 185], butthey were similar in spirit.



3.5. IMPLEMENTING THE VIEW MODEL 47It may seem unnatural to place the responsibility for name-binding entirely on the viewsin an MVDE, but in fact this separation of name-binding concerns between the CR and theviews is precisely the same as that between environments and stores in the denotationalsemantics of programming languages [208, 154]. That is, in terms of denotational semantics,the CR handles stores (values in memory), while views handle environments (name-binding).In fact, the Ergo project adopted an equivalent approach by deciding to rely on thesimply typed �-calculus as a representation language. In the �-calculus, there is only asingle name-binding rule (abstraction), and view implementors are responsible for mappingbetween view-speci�c semantics and that of the �-calculus.For any particular view, mapping view names into CR names is not di�cult, becausethe view can always identify the point of declaration of any name used in the view (even ifthe declaration is implicit). Therefore, the use of globally unique names inside a CR doesnot complicate the mapping from views to the CR. The back-mapping problem, however,is not so simple. The representation can be designed such that it is trivial to map from ause of a CR identi�er to the CR declaration site for that identi�er, but this does not solvethe problem of mapping from the use of a CR identi�er to its view-speci�c name in thatcontext. The reason for this is that the view may not have a scoping rule that correspondsto the mapping from the use site to the declaration site. This would be the situation if,for example, a view with lexical scoping attempted to display a program that was createdusing a view where scopes need not adhere to the lexical structure of the program.In general, mapping from a CR to a view will require that the view try to �nd a view-speci�c scoping rule that can account for the relationship between the observed use anddeclaration. The view must determine which rule was used, because it may a�ect thepresentation of the view. For example, consider this (silly) C++ program:int one = 1;main(){ int one = 1;int two = one + ::one;}In the CR for this program, there are three identi�ers, two of which are named \one" in theview. It is not su�cient for the view to map back from the uses of the (CR) identi�ers to theirview-speci�c names, because both names are the same, \one." Instead, the presentationmust show them di�erently (as \one" and \::one") in the de�nition of two. To do this, itmust know that di�erent scope rules were applied to resolve the names: local scope for the�rst occurrence, global scope for the second one. In general, a view is faced with a particularscoping relationship between a use and a declaration, and it must determine which | ifany | of its applicable scoping rules should be used to explain that relationship.Although the CR proper cannot assist in this task, is is certainly possible to build alibrary of routines that understand commonly used scoping rules (e.g., local scope, lexicallynested scope, �le scope, global scope, etc.) and to make this library of routines available towriters of views. Views that use common name-binding conventions (e.g., most languagesof the Algol family) can employ the library routines to resolve scoping questions, but viewsusing novel scoping models are free to write view-speci�c routines that behave as theydesire. This approach is as powerful and 
exible as the design I originally proposed (the



48 CHAPTER 3. DESIGNING A REPRESENTATIONone based on a set of rules for scoping behavior built in to a CR), but is substantially more
exible, because it can be easily extended by views. Furthermore, this design requires thatviews know only about their own scoping models, whereas the original proposal requiredthat views be able to cope with any scoping model de�ned using the rules available in theCR.3.5.5 Representing Interprocess CommunicationParallel programming languages o�er a number of di�erent mechanisms for achieving inter-process communication. An examination of \what is going on" in such languages, however,reveals that IPC is almost always employed for one of the following purposes:� Maintenance of mutual exclusion to shared resources;� Synchronization of relative rates of progress;� Client/server relationships, whereby client processes request services of serverprocesses and server processes return the results of such service requests to clients.The client/server relationship subsumes mechanisms for remote procedure calls.13Unfortunately, these fundamental uses are often obscured by the details of the pre-cise mechanism available in a given language, which can range from semaphores (in Algol68 [203]) to monitors (in Concurrent Pascal) to unidirectional message passing (in CSP)to bidirectional message passing (in Ada and Occam). These primitives vary both in theirlevel of abstraction (semaphores are the assembly language of IPC, while Ada's tasks hideall low-level details of interprocess communication) and in their precise semantics (monitorsrequire FIFO message queuing, while semaphores, CSP messages, and Ada tasks specifyonly that queuing be \fair"). How, then, should IPC be incorporated into a CR?Setting aside semaphores for moment, there are important similarities behind monitors,CSP messages, and Ada tasks. In each case mutual exclusion is achieved by encapsulatingshared resources | typically data | such that only a single sequential process can accessit. In each case the runtime environment is responsible for scheduling access requests suchthat mutual exclusion is maintained. In each case there is a �xed and well-de�ned set ofentry points (monitor procedures, CSP message names, Ada task entries) to the sequentialprocess that can access the shared resources. Support in a CR for IPC can be based on thisgeneral view-independent foundation.Furthermore, the design of a CR can take advantage of the observation that parallelprogramming languages almost invariably o�er only one form of IPC. This is in strikingcontrast to the situation with loops, where it is not at all uncommon for a language toprovide three rather similar structured looping forms, in addition to the unstructured formsthat can be built using gotos. Because most languages provide only one form of IPC, writersof CR-to-view mappings need only be able to detect the general notion that IPC is takingplace; from that point forward they know what language structure they must map it into.As a result, the CR need not specify in excruciating detail the form of the IPC, becausethe view writer is compelled to use whatever is available. For example, the CR need not go13\Remote" in this case merely means \in a di�erent process," not necessarily \on a di�erent processor."



3.6. SUMMARY OF CONSTRAINTS 49to great lengths to specify the scheduling strategy,14 because a view is likely to have onlyone scheduling strategy to map the IPC into. In short, developing a mapping from a CRmanifestation of IPC to a view manifestation of IPC is simpli�ed by the dearth of choicesthat the view writer is likely to have in the syntax and semantics of the view.15Semaphores present a special di�culty, because they are unstructured, low-level con-currency primitives that have little in common with the higher-level constructs (above)that their shortcomings historically motivated. Because they are so primitive, it is tempt-ing to omit them from consideration when designing the IPC mechanisms for a CR, butunfortunately, semaphores continue to be widely used, even in languages of contemporarydesign [148, 100, 75]. As a result, ignoring semaphores is simply unrealistic | they are justtoo prevalent to pretend that they don't exist. This is an example of a situation in whichthe CR must provide explicit support for a language feature that is otherwise too primitivefor inclusion simply because the feature is widely used.Fortunately, it is a simple matter to simulate semaphore behavior using monitors [20, p.65-66], so semantic support for semaphore behavior calls for no special provision in the CR.To facilitate mapping from the CR to views, however, it is prudent to speci�cally provide aspecial tag for emulated semaphores so that view writers can quickly recognize them; thisis the approach I take with SPGs.3.6 Summary of ConstraintsThe considerations raised in Sections 3.3 and 3.5 dictate the following constraints on a CRfor an MVDE:� The semantic primitives o�ered by the CR must be at roughly the level of abstractionof current high-level programming languages. They must be expressive enough to rep-resent the semantics of the characteristic features of sequential control 
ow computing,data
ow programming, and parallel control 
ow computation.� These primitives must be carefully designed so that essentially similar view featuresmap to a single CR feature and essentially dissimilar view features map to di�erentCR features.These are the criteria against which all candidate CRs must be measured. Before ex-pending the e�ort to develop a novel representation, it is important to examine existingrepresentations to see if they could serve as the CR for an MVDE.14For execution purposes, however, the strategy that it employs must be consistent with the semanticsof many di�erent IPC mechanisms. If it is not, then mapping view IPC semantics into CR IPC semanticsbecomes di�cult, and the CR fails to meet the expressiveness criterion.15I imply here that when a view writer maps from a semantic concept in the CR to its manifestation inthe view, the writer is likely to approximate the semantics if they cannot be expressed exactly. For example,a generalized task in a CR is likely to be mapped into a task in an Ada view, even though the schedulingstrategies have slightly di�erent semantics. Semantics approximation is not the only recourse, however, andI discuss this issue further | along with its alternatives | in Chapter 6.



50 CHAPTER 3. DESIGNING A REPRESENTATION3.7 An Evaluation of Existing Canonical RepresentationsDuring their design of the Plan Calculus [170], Rich and Waters identi�ed \four key prop-erties essential to a knowledge representation" for software systems. These are \canonicalform, language independence, convenience of manipulation, and expressiveness" [173, p.23]. Their concerns mirror my own, although their interest in convenience of manipulation,which is founded on their desire to perform sophisticated program analyses, is focused dif-ferently than mine, which concentrates on the representation's suitability as both sourceand target of mappings to and from views. In this chapter I considered each of these factors,except that of a canonical form. I address that topic in Chapter 8.16In Chapter 2 (Section 2.4.3) I discussed a plethora of existing canonical representations,dividing them into the general categories of abstract syntax trees, abstract syntax graphs,the Plan Calculus, and a variety of miscellaneous representations. None of these existingrepresentations meets the twin requirements of (1) being expressive enough to support theview model outlined in Section 3.3, and (2) facilitating the development of bidirectionalmappings between the CR and views that are consistent with the model.Abstract syntax trees and graphs, as their names suggest, are inherently biased towardsa particular abstract syntax In an MVDE, however, it is to be expected that di�erent viewsmay have wildly di�erent syntaxes, both concrete and abstract (requirement S1). Syntax-based representations, then, are inappropriate for the CR in an MVDE, because they aretoo limiting in the range of views they adequately support.The Plan Calculus su�ers from no syntactic bias, but its approach to representing \whatis going on" is at a higher level of abstraction than is the view model (and hence theparadigms from which that model was derived). For example, its representation of control-and data
ow depicts only the partial ordering necessary to preserve the correct executablesemantics, even if a view itself chooses to include unnecessary dependencies (e.g., gratuitousstatement sequencing). In this respect the Plan Calculus is similar to Program DependenceGraphs, which abstract away too much information and thus complicate mapping from CRsto views. As another example, iterative loops in the Plan Calculus must be represented asrecursive subprogram calls. Although this faithfully preserves the executable semantics, itcomplicates the process of recognizing \what is going on" from a view writer's perspective.If a programmer writes a loop as an iterative construct, that programmer will be quitesurprised if the view chooses to display it as a recursive call! Iteration may be semanticallyequivalent to tail recursion, but to most programmers, these concepts are distinct, and agood representation must not obscure that distinction.I described the shortcomings of the miscellaneous canonical representations at the end ofSection 2.4.3. Each representation either lacks adequate support for the creation of tractablemappings to and from views (e.g., Program Dependence Graphs and their derivatives),provides insu�cient prede�ned semantics (e.g., typed hypermedia), or fails to allow dynamicviews (e.g., Lubar's General Design Representation).Given that general-purpose multiple-view editing of software systems through user-de�nable views has never really been attempted, it is not unsurprising that none of theexisting CRs is well suited to supporting the view model I developed in this chapter. It16In brief, a CR o�ers a canonical form for a semantic concept if there is only one way to express thatconcept in the CR. This property is highly desirable, because it immensely simpli�es the problem of mappingfrom the CR to views. Unfortunately, it is also extremely di�cult to achieve.



3.7. AN EVALUATION OF EXISTING CANONICAL REPRESENTATIONS 51is possible to design a representation to better meet the unique challenges of an MVDE,however, and in the following chapters I describe Semantic Program Graphs and how theyprovide an improved basis for multiple-view software development.
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Chapter 4Semantic Program GraphsA Semantic Program Graph (SPG) is a graph structure for representing information aboutsoftware systems. SPGs are so named to emphasize the fact that they are designed toe�ectively represent the semantics of a software system | to clearly indicate \what isgoing on." In this way SPGs di�erentiate themselves from other graph-based programrepresentations, including abstract syntax graphs (which focus, naturally enough, on syntax)and program dependence graphs (which are designed to e�ectively represent control anddata dependencies).The information embodied by an SPG falls into three general categories:� Structural components of the system, including �les, scopes, subprograms, param-eters, statements, etc.� Executable information, which speci�es how the system being represented behaveswhen it is executed. Examples of executable information include which assignmentsto perform, which subprograms to call, and which data values to propagate.� Unexecutable information, primarily documentation.In designing the executable aspects of SPGs, I was in
uenced by existing work in graph-based program representations. In particular, I was impressed by the the Combined modelof computation advanced by Treleaven and his colleagues in their work on an architecturethat supports both control- and data-driven execution [212]. I also took ideas from theTagged-Token Data
ow Architecture [9], most notably in the area of support for non-strict subprogram calls. My approach to unexecutable information is based on conceptsunderlying hypermedia systems [43], and my use of hypergraphs instead of conventionalgraphs is a direct re
ection of how my thinking was shaped by ideas from the hypermediacommunity.In this chapter, I provide a comprehensive description of the syntax and semantics ofSPGs, and I provide background information on the design decisions I made during theirdevelopment. The resulting narrative is quite long, and it contains a large portion ofvery technical material, much of it of the kind generally found only in language referencemanuals. Readers uninterested in the details of SPGs may wish to read section 4.1 only,which provides a high-level overview of the primary features o�ered by SPGs.Lest the overall structure of the thesis become obscured by the many details in thesections that follow, it is worth reviewing how the material in this chapter relates to that in53



54 CHAPTER 4. SEMANTIC PROGRAM GRAPHS
Figure 4-1: A hyperedge with two source nodes and three destination nodes.Chapters 3, 5, and 7. Chapter 3 de�ned a model for views and laid down a set of criteria thata CR for an MVDE must satisfy if it is to be an acceptable implementation of the model.This chapter de�nes SPGs. Chapter 5 ties the two previous chapters together by providingan analytical treatment of how SPGs satisfy the expressiveness criterion introduced inChapter 3. Chapter 7, on the other hand, provides a preliminary empirical assessmentof how well SPGS meet the criteria described in Chapter 3.4.1 OverviewThe purpose of this section is to provide a high-level overview of the components that makeup an SPG, to outline how these components are used to represent the static structure ofsoftware systems, and to explain how an SPG can be used to simulate the execution ofthe software system the SPG represents. Being an overview, this section describes someaspects of SPGs in terms that are incomplete and or imprecise. The sections that followthis overview provide a complete, precise, formal de�nition of the structure and semanticsof an SPG.An SPG is a form of directed hypergraph. A hypergraph di�ers from a conventionalgraph in that any edge in a hypergraph may have multiple source nodes and/or multipledestination nodes; see Figure 4-1. Such edges are correctly termed hyperedges , but in thisthesis I am concerned primarily with hypergraphs, so I usually just refer to them as edges .In cases where I need to distinguish between conventional single-source single-sink edgesand hyperedges, I refer to the former as simple edges and the latter as hyperedges.Edges are useful for modeling the many directed n-ary relationships that naturally arisein software systems. For example, a conditional construct (if-then-else) can be directly rep-resented as an edge with one source and two destinations: the source corresponds to thestatement preceding the conditional, and each destination represents the next statement tobe executed, depending on which branch of the conditional is taken. Similarly, the relation-ship between a use site and the de�nitions that might reach that use can be represented asan edge with each de�nition site as a source and the use site as its destination.Each SPG edge contains branches , and it is the branches that actually connect the edgebody to its sources and destinations. A branch running from a source to an edge body is asource branch, while a branch running from an edge body to a destination is a destinationbranch. The edge in Figure 4-1 contains two source branches and three destination branches.Branches connect to nodes at ports . There are two kinds of ports, input ports and outputports . An edge in an SPG connects to each of its sources at an output port (because tokens
ow out of the source onto the edge) and connects to each of its destinations at an inputport (where tokens 
ow into a destination). An input port may be the terminus of any



4.1. OVERVIEW 55Component RepresentsNode Locus of computation; unexecutable informationEdge Directed n-ary relationshipBranch Single input or output part of an edgePort Connection between a branch and another SPG componentGrouping Undirected n-ary relationshipAnnotation Unary relationshipToken Dynamic 
ow of computationTable 4-1: Components of an SPG.number of destination branches, but only a single source branch may originate at an outputport. This restriction is not as limiting as it may initially seem, because a single sourcebranch may lead to an edge with any number of destination branches.Nodes in an SPG are where computation takes place. They are used to represent, amongother things, expressions, statements, and subprogram calls. In this sense they are similar tothe nodes in traditional 
ow graphs. They may also represent unexecutable information ofvirtually any kind. In this sense they are similar to nodes in untyped hypermedia systems.In addition to nodes and edges, SPGs contain two components not found in most graphstructures: groupings and annotations. Groupings are arbitrary sets of other SPG compo-nents. They are used to model undirected n-ary relationships between elements in an SPG.For example, they can be used to represent regions of programs, and as such they can beused to model concepts such as subprograms, scopes, and �les. They can also be used torepresent less traditional relationships, such as all the functions written by programmer X,or the set of nodes left uncovered by a particular test suite. Groupings may be nested, sothey naturally lend themselves to the modeling of nested scopes, hierarchical �le systems,and similar structures.Annotations are used to express unary relationships. For example, a grouping repre-senting a subprogram can be annotated with the name of the subprogram, and an edgecan be annotated with its role in a looping construct. Any SPG component (includingannotations) can be annotated.During execution of the software system represented by an SPG, tokens 
ow throughthe graph. There are two kinds of tokens: control tokens and data tokens. Control tokensare used to represent control-driven execution, while data tokens represent data-drivenexecution. This distinction between control and data is also re
ected in the edges and portsof an SPG: there are disjoint sets of control and data edges, and disjoint sets of control anddata ports. SPGs enforce \strong typing" with respect to control and data: control tokensmay only 
ow through control ports and along control edges, and data tokens may only
ow through data ports and along data edges.These are all the components of an SPG. Table 4-1 lists these components and summa-rizes what each represents. In the remainder of this chapter, I discuss these componentsformally and in detail, but it is useful to examine a simple example now to see how the dif-ferent parts of an SPG work together to represent a program and to simulate its execution.Figure 4-2 shows a Pascal program that reads in a series of numbers and then printsout their average. Figure 4-3 shows a \pseudo-SPG" that represents this program. Thepseudo-SPG bears the same relationship to a real SPG that pseudocode bears to a real



56 CHAPTER 4. SEMANTIC PROGRAM GRAPHS{ Program to print out the average of a set of input numbers. }{ Input terminates when the sentinel -1 is seen. }program average(input, output);var sum: integer;n: integer;x: integer;beginn := 0;sum := 0;read(x);while x <> -1 dobeginn := n + 1;sum := sum + x;read(x);end;write('Average is ', sum / n);end.Figure 4-2: Pascal program to compute the average of a set of numbers.program. It is fundamentally accurate, but some details have been omitted.It is apparent from Figure 4-3 that an SPG looks much like a conventional 
ow graph.There are, however, some important di�erences. One di�erence is the use of hyperedges intwo places in the graph. One hyperedge is used to represent the two possible paths intothe loop, one path from above the loop, the other from the end of the loop itself. Theother hyperedge is used to represent the test at the top of the loop, one destination branchentering the loop (if x 6= �1), the other leading to the write statement following the loop. Asecond di�erence between an SPG and a conventional 
ow graph is that the condition forloop termination (whether x 6= �1) is part of the branch to be taken if the condition is true.This is in contrast to 
ow graphs, which would typically contain a node for the purpose ofcomputing the relationship between x and �1.Each destination branch in an SPG may contain a condition that controls whethertokens are allowed to 
ow along that branch. Figure 4-3 shows two such conditions. Onecorresponds to the explicit condition x 6= �1, the other corresponds to the implicit conditionthat is true whenever the explicit condition is false. That is, the Pascal program explicitlycontains the test of whether x 6= �1, but it also implicitly contains a test of whether it isnot true that x 6= �1. This is not the same as checking to see if x = �1, because the testperformed by the implicit condition is dependent on the explicit condition. If the explicitcondition (i.e., the loop termination condition) is altered, the test performed by the implicitcondition must also change, but the implicit condition itself is unchanged : it is still truei� the explicit condition is false. Within an SPG, this kind of implicit condition is made
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declare sum, n, x

n := 0

sum := 0

read x

(Start)

(Stop)

n := n + 1

sum := sum + x

read x

write “Average is ”

d1 := sum / n

write d2

x ≠ -1default

d1
d2

(Statement)

(Scope)Figure 4-3: Pseudo-SPG for the averaging program of Figure 4-2.explicit by use of the special condition default, which is de�ned to be true i� the conditionscontrolling the other destination branches of the edge are false.This brief discussion of the topology of an SPG su�ces to bring out some of the featuresthat make an SPG uniquely suited for the faithful representation of \what is going on"in a software system. In the program average, control can be transferred to the top ofthe loop from two di�erent locations, and the dual-source single-sink hyperedge representsthat fact directly. Similarly, the single-source dual-sink hyperedge directly models the factthat control entering the top of the loop may proceed to either the body of the loop or tothe statements following the loop. Furthermore, the SPG directly associates the conditioncontrolling the 
ow of tokens along a branch with the branch that is a�ected. In most othergraph representations, data
ow analysis is required to reveal the relationship between acondition and the path it controls.The dashed boxes in Figure 4-3 depict groupings. The larger grouping represents theglobal scope of the program. The smaller grouping is used to indicate that the subgraphinside that grouping should be displayed in views as a single statement. This mechanism isused to compensate for the fact that statement granularity in an SPG may not match thestatement granularity of a view displaying the system being represented. In this case, anSPG is unable to print a literal string, compute the value of an expression, and then printthe value of that expression all in a single SPG node, so the statement has been brokendown into its three constituent pieces, and the subgraph comprising those pieces has been



58 CHAPTER 4. SEMANTIC PROGRAM GRAPHSplaced in a Statement grouping.All but one of the edges in the SPG are control edges. The exception is the edge thatruns from the node computing the value of sum=n to the node that writes out the value of d2.d2 is not a variable name, it is the name of an input port on the node. The node computingsum=n also has a named port (d1), but d1 is an output port. The data edge running fromd1 to d2 indicates that tokens placed on d1 should be moved to d2. The value of the datato be placed on d1 is speci�ed by making d1 the target of an assignment. Similarly, theuse of the name d2 in the write statement indicates that the value to be written is the onecarried by the token on that port.This use of a data edge for moving a value from where it is computed to where it is usedhighlights another advantage of SPGs in comparison to the kinds of 
ow graphs usuallyused for Pascal-like languages. Conventional 
ow graphs typically employ an implicitlygenerated temporary variable to hold the result of a computation until that result is used,but such a strategy introduces an artifact into the underlying program representation: therepresentation contains a variable that does not exist in the original program. There is noneed to introduce such spurious variables in an SPG, because an SPG can use data edgesto directly express the fact that the result of a computation in one node is to be used inanother node.Annotations are depicted in Figure 4-3 as words in parentheses next to the SPG com-ponent to which they apply. For example, the node declaring the variables sum, n, andx contains the Start annotation, which indicates that execution of the SPG is to begin atthat node. Similarly, the Stop annotation on the node that writes the value of d2 indicatesthat execution of the SPG should stop after that node has been executed. As the �gureindicates, annotations are also used to specify the purpose for groupings.The average program contains comments, and these can be easily represented in an SPG,but in order to simplify the presentation, I have omitted them from Figure 4-3. I providea full description of how SPGs represent comments and other unexecutable information inSection 4.2.Execution of an SPG is controlled by the 
ow of tokens through the graph. In general,tokens 
ow between nodes along edges, and nodes both consume and produce tokens. Nodesare eligible for execution whenever they have a token on each of their input ports, andduring execution a node places tokens on its output ports. SPG execution is thus similarto execution of a variety of other graph structures, including Petri nets, 
ow graphs fordata
ow languages [9, 8], and the Plan Calculus.The topology of an SPG is essentially static during program execution, but the presenceof conditions on destination branches means that the set of branches along which tokensmay 
ow is determined dynamically. A token may only 
ow along a branch if the conditioncontrolling that branch is true at the time the token arrives at the branch.Simulated execution of the software system represented by an SPG is achieved by exe-cuting an interpreter that uses the SPG as its input. This interpreter is part of the SPGManager (SPGM). I defer a full description of the SPGM until Chapter 6. For the purposesof this chapter, the SPGM can be thought of as interpreter for an SPG.Interpretation of the SPG for the average program would proceed as follows:1. The SPGM would search the SPG for the nodes with the Start annotation and wouldenable execution of those nodes. In this case, this would cause the node declaring the



4.1. OVERVIEW 59variables sum, n, and x to be executed. A control token would then 
ow along theedge leading from that node to the node containing the assignment n := 0.2. The assignment to n would be performed, and a token would 
ow to the node contain-ing the assignment to sum. That assignment would be performed, and a token would
ow to the node containing the read statement. The read into x would be performed,and a control token would 
ow to the empty node.3. The empty node (essentially a null statement) would be executed, and a token wouldbe placed on the edge emanating from the node.4. The branch condition x 6= �1 would be evaluated, and if it were true, the tokenwould follow that branch and arrive at the node incrementing n. Execution wouldthen continue at Step 5, below. If the condition were false, the token would follow theother branch and would arrive at the node writing \Average is ". Execution wouldthen continue at Step 6, below.5. In a manner analogous to the straight-line code sequence at the beginning of theprogram, the assignment to n would be performed, then the assignment to sum, thenanother read into x would be performed. A token would then 
ow along the edgefrom the node performing the read to the empty node. Execution of the SPG wouldcontinue at Step 3, above.6. The write would be performed, and a token would be placed on each of the edgesemanating from the node. This would enable execution of the node with the assign-ment to d1, but would not enable execution of the node performing the second write,because that node would not be eligible for execution until it also received a tokenfrom the node performing the assignment to d1.7. The assignment to d1 would be made by creating a new data token with the valuesum=n and placing this token on the port named d1. The token would 
ow alongthe edge to the node containing the port d2. That node would then be eligible forexecution, because it would have a token on each of its input ports.8. The node performing the write of d2 would execute, causing the value of the tokenon port d2 to be written. The SPGM would notice that this node contained theannotation Stop, and interpretation of the SPG would cease.As the remaining sections in this chapter will show, Semantic Program Graphs o�ermany more features than are apparent from this simple example. I defer a discussion ofmost of these features until they are formally introduced in the sections that describe them,but the SPG tasking mechanism crops up often enough to warrant a brief description here.The SPG approach to tasking, i.e., to the simultaneous execution of multiple processes,each with its own program and data, is closely modeled on Ada tasks. SPG tasks arecalled STasks (simpli�ed tasks | \S Tasks"), and STasks are implemented as a kind ofSPG grouping, the STask grouping. Each STask may contain entries (modeled after Adaentries), and STask entries may be invoked by other STasks, just like subprograms may beinvoked from di�erent locations in a program. The statements making up an STask entrycomprise an SPG subgraph, so entries, like subprograms, are also represented by groupings.



60 CHAPTER 4. SEMANTIC PROGRAM GRAPHSSTasks and entries are used in the representation of software systems that deal with issuesof mutual exclusion and interprocess synchronization and communication.4.2 Unexecutable ComponentsSPG nodes, edges, and groupings may be either executable or unexecutable. Executablecomponents have semantics associated with them that are �xed by the de�nition of anSPG. Unexecutable components have no such semantics. In this section I describe theunexecutable components of an SPG.The unexecutable portion of an SPG is in some ways similar to an untyped hypermediasystem: unexecutable nodes are connected to one another by unexecutable edges. Edges arenot restricted to connecting to nodes; they may also connect to edges and groupings. Thisis useful when representing relationships involving edges and groupings. For example, anunexecutable grouping representing a �le might be the source for an edge leading to a nodethat contains a comment describing the contents of the �le. If a comment applied to morethan one �le, that relationship could be directly expressed by making each �le groupinga source for the edge. This kind of n-to-1 relationship is much easier to express via SPGhyperedges than via the simple edges found in other graph-based program representations,because all the entities involved in the relationship are connected to the same edge.Arbitrary annotations may be associated with nodes, edges, groupings, and annotations.An annotation is just a (name, value) pair, where both the name and the value are case-sensitive strings. The value of an annotation may be null. Annotations are thus similar inform to Unix and DOS environment variables, resources in the X window system, associativearrays in awk [2] and Perl [216], etc.An unexecutable node with an annotation named Comment represents a program com-ment; the node contains the text of the comment. (The value of a Comment annotation isignored.) Similarly, an unexecutable grouping with an annotation named File represents a�le; the value of the annotation is the name of the �le. The edge from the SPG componentsbeing commented on to the comment nodes is given an annotation named Has Comment,and the edge from the comment nodes to the SPG components being commented on is givenan annotation named Comments On. Figure 4-4 depicts the unexecutable SPG componentsfor a software system consisting of two �les and a comment that applies to both of them.It should be noted that this is not a canonical form for such a system. An alternativerepresentation would be to replace each hyperedge with two simple edges. For a furtherdiscussion of the issue of a canonical form, see Section 8.1.Program comments are but one form of unexecutable information about software sys-tems that can be expressed in SPGs. However, the annotation-based approach I have justdescribed extends well to many di�erent types of information. It is easy to imagine therepresentation of modi�cation histories, project scheduling data, justi�cations for designand implementation decisions, etc. However, researchers into hypertext systems have ex-pended considerable e�ort into the representation of this kind of information, and I wasnot interested in duplicating the e�orts of that community in my development of SPGs.Instead, I focused my e�orts on addressing the speci�c requirements of a representation forexecutable software systems in an environment supporting multiple editable views.An example of such a requirement is the need to represent statement orderings withina program. In views based on the sequential control-
ow paradigm, statement ordering
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(File, file1.txt)

(Comment, -)

(File, file2.txt)

(Has Comment, -)

(Comments On, -)Figure 4-4: An SPG consisting of two unexecutable groupings and a single unexecutablenode. Each grouping is annotated as a �le, the node is annotated as acomment, and the edges between the groupings and the node are annotatedas relationships between the comment and what is commented on. Nullannotation values are indicated by a dash.implies executable semantics: in the absence of explicit branching, the execution of state-ment n must immediately precede the execution of statement n + 1. For views arisingfrom the data
ow and parallel control-
ow paradigms, however, this is not necessarily thecase. Consider the following two Occam commands (based on sample code in Ben-Ari'sbook [20, p. 108]), each of which consists of two statements to be executed in parallel:PAR PARsouth ! x east ? sumeast ? sum south ! xThese two commands can be represented by the same SPG, because they have identicalsemantics. However, a programmer who writes the code on the left is unlikely to be satis�edwith a view that displays it as shown on the right. This is an example of a situation notinvolving program commentary in which it is important for an SPG to be able to representsemantically neutral information about the depiction of a software system (in this case thefact that south ! x should precede east ? sum in views). SPGs use annotations to deal withsuch situations. For example, to address the problem of statement ordering, SPGs providethe Precedes annotation, which is attached to unexecutable edges and which imparts toviews that the sources of the edge should be depicted prior to the destinations of the edge.(It is up to each view to determine what it means for one thing to \precede" another inthe view. For conventional textual views, it almost certainly means that one thing appearsearlier than another in the one-dimensional stream of text. For other views, especiallytwo- and three-dimensional graphical views, the meaning of \precedes" is not necessarilyas obvious.) A more complete discussion of how annotations can be used to representunexecutable information about software systems is provided in Section 4-3.



62 CHAPTER 4. SEMANTIC PROGRAM GRAPHSNode Type Purpose(s)Declaration Declare variablesMultiassignment Perform computation, I/O, and variable assignmentsCall Call a subprogram or STask entryParameter Pass parameter values non-strictly to a subprogram or STask entryAccept Accept a call to an STask entry if a call is pendingEpsilon Explicitly do nothing; keep an SPG topologically validTable 4-2: Di�erent types of executable nodes.Perform the node's type-speci�c behavior.(Remove input tokens)For each executable input port on the node:Remove the token from the port and discard it.(Put tokens on unused output ports)For each executable output port on the node that did not receive a token duringperformance of the node's type-speci�c behavior:If the port is a control portCreate a new control token and place it on the port.Else (The port must be a data port)Create a new data token with the value undefined and place it on the port.Figure 4-5: Approximate execution algorithm for nodes.4.3 Executable Components4.3.1 NodesThere are six types of executable nodes in SPGs. Their functions are summarized inFigure 4-2.Each executable node must contain at least one executable input port. A node becomeseligible for execution when it has tokens on each such port. An approximate executionalgorithm for nodes is described in pseudocode in Figure 4-5. An exact algorithm is moreelaborate and is given in Figure 4-39, but this simpler version su�ces for the discussionthat follows. Comments in the pseudocode are in parentheses and are italicized. The valueundefined in Figure 4-5 has the computational properties of?.1 Some of a node's behaviorduring execution is type-speci�c; a description of this type-speci�c behavior is described inthe sections that follow for each type of node.It is an error for more than one token to be placed on any output port of a node duringan execution of that node.1Thus, x+ undefined = undefined for all x, and similarly for the other binary arithmetic operators.undefined is equal only to itself, so x is equal to undefined i� x has the value undefined.
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x minimum, maximum a, b, aFigure 4-6: Example Declaration nodes.Declaration NodesDeclaration nodes are used to declare variables. The contents of a declaration node isa comma-separated list of identi�ers, each identi�er being the name of a variable beingdeclared. The list may be empty. The list may also contain duplicate entries, becausereferences to a variable within an SPG are not in terms of the variable's name, but in termsof a unique integer identi�er assigned to each variable by the SPGM. This integer is knownas the variable identi�er (VID) for the variable. As discussed in Section 3.5.4, uses of avariable within the SPG are in terms of its VID, not its name, and views are responsible formapping from a VID to the appropriate name when generating presentations. Figure 4-6shows some examples of Declaration nodes.Because my research for this thesis did not encompass the modeling of data structures insoftware systems, all variables in an SPG represent integers and take on only integer values.The single exception is the value undefined, which may also be the value of a variable.There is no type-speci�c execution behavior for Declaration nodes.Multiassignment NodesMultiassignment nodes are where computation, input and output takes place. Each Mul-tiassignment node contains a single multiassignment, the grammar for which is shown inFigure 4-7. This grammar o�ers a very restricted set of operators, but that is consistentwith my limited concern for data manipulation in this thesis. Extending the grammar tosupport a wider variety of operators would be straightforward.Each multiassignment consists of a comma-separated list of simple assignments. As-signment targets may be VIDs or the names of output ports. When a data output port isthe target of an expression, a data token is created containing the value of the evaluatedexpression, and that token is placed on the output port. A control output port may onlybe the target of a null expression. In this case, a control token is placed on the port, but,because the SPGM places a token on any output port that does not receive one during thenode's execution, it is rarely necessary to explicitly place a token on a control output port.In fact, the ability to explicitly place control tokens on Multiassignment output ports isprovided only for compatibility with the capabilities of Call and Accept nodes, where thepractice is both useful and necessary.Expressions on the right-hand side of assignments may reference VIDs, the names of datainput ports, or literal integer values. As shown in the grammar, VIDs are distinguished fromliteral values by preceding literal values with a \#" sign. When an input port is referencedin an expression, the value of the data token on that port is used in place of the reference.If there is no expression on the right-hand side of an assignment to a variable or a dataport, the value of that expression is undefined.Multiassignments support two distinct forms of parentheses. One form, syntactically in-dicated by conventional parentheses, is used only to preserve correct semantics: removal ofsuch parentheses would change the meaning of an expression. Such parentheses are inserted



64 CHAPTER 4. SEMANTIC PROGRAM GRAPHS%token INTEGER IDENTIFIER STRING%left '+' '-'%left '*' '/'%%MultiAssignment: Assignments | Nothing;Assignments: Assignment| Assignments ',' Assignment;Assignment: Target ':=' Expression| 'OUTPUT' ':=' STRING| Target ':=' Nothing;Nothing: ;Target: Portname | VariableID | 'OUTPUT' ;Portname: IDENTIFIER ;VariableID: INTEGER ;Expression: Term| Expression '+' Term| Expression '-' Term| 'INPUT';Term: Factor| Term '*' Factor| Term '/' Factor;Factor: Portname| VariableID| '#' INTEGER| '(' Expression ')'| '$(' Expression ')$';Figure 4-7: A yacc grammar for Multiassignment nodes.



4.3. EXECUTABLE COMPONENTS 65by views as they translate view-speci�c expressions into SPG representations of those ex-pressions. These parentheses are absent in a view and should be suppressed by views whengenerating presentations for users. For example, in most languages, the expression a*b+cis equivalent to (a*b)+c, and this is how a*b+c would be evaluated in a Multiassignmentnode, too. However, in APL [70], operators are always evaluated right to left, so the APLexpression a�b+c is evaluated as a�(b+c).2 To ensure that the SPGM employs the cor-rect semantics when evaluating this expression, the view translating from APL must insertparentheses, even though no parenthesis are present in the view.The second form of parentheses in Multiassignment nodes is used to represent paren-theses that are present in the original view, even if they are semantically unnecessary. Suchparentheses are syntactically denoted by the form $( . . . )$. Both kinds of parentheses aretreated the same when the SPGM evaluates expressions, but they are treated di�erentlyby views when mapping between program presentations and SPG representations of thoseprograms.Each Multiassignment node contains two implicit ports, a data input port called INPUTand a data output port called OUTPUT. These port names are reserved, so views may notcreate ports with these names. The INPUT port is considered to always contain a token,so that port can never limit the onset of execution of a Multiassignment node. Duringexecution of an SPG, however, each time the value of INPUT is referenced during evaluationof an assignment expression, a datum is read from standard input, and that value is usedas the value of the token on the INPUT port in that instance. If no data is available on thestandard input, execution of the Multiassignment node blocks until data is available.3When OUTPUT is the target of an assignment, the value of the expression being assignedis written to the standard output. If that value is undefined, the result of the write isunde�ned. If a Multiassignment node completes execution without assigning a value toOUTPUT, nothing is written to the standard output. As indicated by the grammar inFigure 4-7, strings may be written to the OUTPUT port. This provides a primitive facilityfor generating prompts, error messages, and the like. Strings in Multiassignment nodes,like the C strings after which they are loosely modeled, use the special sequence \nn" toindicate a newline.4Pseudocode for the type-speci�c execution behavior for Multiassignment nodes is shownin Figure 4-8. As indicated by the pseudocode, the right-hand sides of all simple assignmentsin a multiassignment are evaluated before any assignments are made to targets. The orderin which the di�erent right-hand sides are evaluated is unde�ned. In fact, any number ofthe expressions may be evaluated concurrently. In this sense, evaluation of the componentassignments making up a multiassignment is similar to the rules for evaluating assignmentsin CSP and function parameter lists in C.Figure 4-9 shows some examples of Multiassignment nodes. It also introduces someconventions I use when drawing pictures of SPGs. First, input ports are drawn as triangleslocated on the top or the left-hand side of nodes, while output ports are depicted as triangles2APL uses \�" for multiplication. The symbol \*" is used to indicate exponentiation in APL.3SPGs currently have no concept of \end of �le," but it would be easy to add this idea to SPGs. Themost direct approach would be to de�ne a distinguished data value, say, eof.4\nn" is the only special character sequence recognized | even \nn" and \n"" are unsupported. Thisis not because other special sequences are unimportant, but because they add no fundamental expressivepower to SPGs.



66 CHAPTER 4. SEMANTIC PROGRAM GRAPHS(Evaluate right-hand side expressions)For each right-hand side assignment expression:If (the expression refers to an invalid VID) or(the expression refers to the name of a control port) or(the expression refers to an input port name that doesn't exist)Signal an error.Else if the expression is nullSet its value to undefined.ElseEvaluate the expression.(Make assignments to targets)For each assignment target:If the target is a VIDIf the VID is invalidSignal an error.ElseAssign the value of the right-hand side expression to the variablecorresponding to the VID.Else (The target must be a port name)If there is no output port with that nameSignal an error.Else if the port is a control portIf the expression on the right-hand side is nullCreate a new control token and place it on the port.ElseSignal an error.Else if the port name is OUTPUTWrite the value of the right-hand side expression to the standard output.ElseCreate a new data token with the value of the right-hand side expressionand place the token on the port.Figure 4-8: Type-speci�c execution behavior for Multiassignment nodes.
[a] := [b], [b] := [a]

OUTPUT := “Enter your age: ”

age := INPUT
age

[n] := #2 * $( [x] + #1 )$

n := #2 * ( x + #1 )
x

n

[x] := #0Figure 4-9: Example Multiassignment nodes. Left column: setting x to 0 and swappingthe values of a and b. Middle column: two ways to set n to 2*(x+1), onebased on references to variables, one based on data tokens. Right column:writing to the standard output and reading from the standard input.



4.3. EXECUTABLE COMPONENTS 67located on the bottom or the right-hand side; the apex of input ports points up or left, whilethe apex of output ports points down or right. Ports for control tokens are un�lled, whileports for data tokens are �lled. For example, the bottom node in the middle column ofFigure 4-9 contains one data input port and one data output port. (An example of anSPG containing control ports can be found in Figure 4-43.) A second convention I employin SPG depictions is that I enclose variable names in square brackets instead of using thecorresponding VIDs. Although this is technically and syntactically incorrect, it makes itmuch easier to understand the examples.Call NodesCall nodes are used to make calls to subprograms and to entries of STasks. In the dis-cussion that follows, the distinction between a subprogram and an STask entry is usuallyunimportant, so I generally employ the neutral term routine, which should be understoodto subsume both.There are three components to a Call node: a speci�cation of which routine to call, aspeci�cation of what tokens (typically representing parameter values) to pass to the routine,and a speci�cation of what to do with tokens (typically representing results) returned fromthe routine. In most programming languages, routines are restricted to returning only asingle value, but routines in an SPG are under no such limitation. This facility is necessaryto support those languages which do allow multiple return values, e.g., Common Lisp. Thegrammars for the components of a Call node are shown in Figure 4-10.Like variables, subprograms and STasks are referred to not by name, but by uniqueidenti�ers that are assigned by the SPGM: routine identi�ers (RIDs) and task identi�ers(TIDs), respectively. RIDs and TIDs are integers, so they can be used as data values forvariables and tokens and can be passed around an SPG much as function pointers can bepassed to and returned from functions in many languages.The �rst part of a Call node speci�es the values of the TID and RID corresponding tothe routine to be invoked. The RID is mandatory, but the TID is optional. If a TID isspeci�ed, the called routine is an entry in the STask corresponding to the TID, and theRID identi�es which entry is to be called. If the TID is omitted, the called routine is asubprogram, and the RID identi�es which subprogram is to be called.This design | that of specifying routines in terms of (TID, RID) pairs | is attractivefor a number of reasons. First, it supports both subprogram and entry calls in a commonframework, and this mimics the model of many programming languages that support bothserial and parallel constructs. Such languages typically o�er little syntactic distinctionbetween intraprocess subprogram calls and interprocess communication;5 this tends to bethe case where callers of both subprograms and entries are anonymous, as in Ada, Occam,and systems featuring remote procedure calls [186].A more important advantage of my design for call sites is that SPGs explicitly re
ect thewidespread outlook among software developers that sequential programs are in some sensefundamentally di�erent from parallel programs. A Call node that omits the speci�cationof a TID is naturally viewed as being part of a sequential program, because it does not5This is often a deliberate design decision. Describing Ada, Ben-Ari notes that \Syntactically, an entryis exactly like a procedure declaration. This is done on purpose to allow substitution of a concurrent entryfor a sequential procedure without otherwise changing a program" [20, p. 89].



68 CHAPTER 4. SEMANTIC PROGRAM GRAPHSCall: TaskSpec RoutineSpec ;TaskSpec: 'T' ':=' TaskID ',' | Nothing ;RoutineSpec: 'R' ':=' RoutineID ;TaskID: PortName | VariableID | '#' INTEGER ;RoutineID: PortName | VariableID | '#' INTEGER ;ParamValues: ParamAssignments | Nothing ;ParamAssignments: ParamAssignment| ParamAssignments ',' ParamAssignment;ParamAssignment: ParamSpec ':=' Expression| ParamSpec ':=' Nothing;ParamSpec: 'R' '.' PortName| 'R' '.' '%' PortName;Expression: Term| Expression '+' Term| Expression '-' Term;ReturnValues: ReturnAssignments | Nothing ;ReturnAssignments: ReturnAssignment| ReturnAssignments ',' ReturnAssignment;ReturnAssignment: Target ':=' ParamSpec| Nothing ':=' ParamSpec| Target ':=' 'RIID';Target: Portname | VariableID ;Figure 4-10: A yacc grammar for Call nodes. The nonterminals Call, ParamValues, andReturnValues are the entry points for specifying which routine to call, whattokens to pass to the routine, and what to do with tokens returned from theroutine, respectively. Tokens and nonterminals not de�ned in this grammarare the same as for Multiassignment nodes (see Figure 4-7).



4.3. EXECUTABLE COMPONENTS 69even acknowledge the existence of other 
ows of control. An alternative design would havebeen to model sequential programs as degenerate concurrent programs with only a singleprocess. The disadvantage of such an approach is that it would have made it more di�cultfor views to determine \what is going on" in a serial program, because, syntactically, everyCall node might conceivably be invoking a routine in a di�erent process.STasks are groupings, so subprograms may exist both inside of and outside of STasks.Subprograms that are inside of an STask may only be invoked by Call nodes inside thesame STask. This restriction re
ects the fundamental need for encapsulation in higher-levelIPC mechanisms like tasks and monitors. The ability to provide controlled access to sharedresources (mutual exclusion) demands encapsulation, and the distinction between entriesand subprograms re
ects this demand: entries are visible outside an STask, subprogramsare not.Within a Call node, the routine to be invoked is known simply as R. As shown inFigure 4-10, this convention is part of the grammar. This simpli�es the syntactic processof specifying how tokens should be passed from a call site to a routine and how tokensreturned from a routine invocation should be processed at its call site.The second part of a Call node speci�es how information is to be conveyed from the callsite to the routine invocation, i.e., how actual parameters map to formal parameters. It issimilar to the body of a multiassignment, but the target of each assignment is a speci�cationof an input port on the called routine that is to receive a token containing the value of theexpression on the right-hand side of the assignment. Ports on the invoked routine arespeci�ed using the syntax R.portname.I explain in Section 4.3.3 that routine ports usually have two names, one explicitlyprovided by the programmer at the time the routine is created, the other implicitly providedby the view (at the same time). At this point, it su�ces to note the existence of the twodi�erent names and to remark that Call nodes may use either name when specifying portson routines. However, any time a routine port is referenced, the reference must indicatewhich name is being used. Implicit names are used most frequently, and an unadornedport name is interpreted as an implicit name. Explicit names are preceded by a \%" sign.Details are provided in Section 4.3.3.The �nal part of a Call node speci�es how information is to be returned from theroutine invocation to the call site, i.e., what happens to the routine's return values. It isa multiassignment-like construct where the right-hand side of each assignment is usually aspeci�cation of an output port on the called routine from which to extract the token whosevalue is to be assigned to the assignment target. It is also possible for the right-hand sideof an assignment to consist of the special grammatical token RIID. This construct is usedto facilitate non-strict parameter passing and is explained later when I describe Parameternodes.Figure 4-11 shows some example Call nodes. When drawing pictures of such nodes, Itreat RIDs and TIDs in a manner analogous with VIDs, showing grouping names in squarebrackets instead of their corresponding (and technically required) identi�ers.The pseudocode for the type-speci�c execution behavior of Call nodes is shown inFigure 4-12. This pseudocode paraphrases some of the detailed tests that are explicitlypresent in the pseudocode for Multiassignment nodes. For example, the grammar for Callnodes indicates that TIDs and RIDs may be expressed as VIDs, port names, or literal val-ues. The pseudocode in Figure 4-12 merely checks to see if a given TID or RID is \valid,"
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R := [max]

R.p1 := #10, R.p2 = #20

result := R.r1
result

R := [f]

r := R.r1
r

R.p1 := [x]

T := [Buffer], R := [insert]

R.p1 := [n]

[status] := R.r1Figure 4-11: Example Call nodes. Left: a call to f with the actual parameter x. Thevalue returned from f is placed on the Call node's output port r. Middle: arepresentation of the call, max(10,20). Right: a call to the entry insert in theSTask Bu�er, passing n as an actual parameter and receiving a status valuein return.but determining its validity requires establishing that a VID has a legitimate value; that aport name corresponds to one of the node's data input ports and that the value of the tokenon that port has a legitimate value; or that a literal value is a legitimate TID or RID. Thesedetails are omitted from the pseudocode. Also omitted are the tests to verify the validity ofthe right-hand side of expressions, but the same tests that apply to the right-hand sides ofmultiassignments also apply to the right-hand side of the multiassignment-like parts of Callnodes. Similarly, the pseudocode for Call nodes fails to rigidly distinguish between controland data ports, but the same \strong typing" restrictions apply for Call nodes as do forMultiassignment nodes (and indeed all nodes).The primary di�erence between subprogram invocation and entry invocation is that sub-program invocation causes a copy of the invoked Subprogram grouping to be instantiated,and it is this new instantiation that is actually executed. No such instantiation is neededfor STask entries, because it is illegal for an STask | itself the unit of mutual exclusion |to be executing more than one entry at a time.As shown in Figure 4-12, when a Call node invokes an STask entry, it is suspended on aqueue maintained by the SPGM for that STask. Execution of the Call node resumes whenit is removed from the queue by an Accept node (see below). Execution resumes at thepoint immediately following the suspension code, so the next action taken by the Call nodeis the passing of input tokens to the called entry.It is possible for a called routine to contain more output ports than are used in the thirdpart of the calling node. That is, a Call node may choose to ignore some or all of the tokensproduced by the called routine. (In terms of a concrete presentation, this is equivalent to acaller ignoring the return value of a routine it calls.) If a token is placed on an output portof a called routine and that port is not used on the right-hand side of any ReturnAssignmentexpression in the Call node making the call, the token is discarded.The algorithm shown in Figure 4-12 corresponds to the strict invocation of a routine,because a Call node cannot commence execution until it has received all the tokens it willneed to compute the actual parameter values to pass to the invoked routine. Non-strictroutine invocations are also possible, but they require Parameter nodes in addition to Callnodes, as I describe below.Parameter NodesParameter nodes exist to allow tokens to be passed non-strictly to routine invocations. Suchtokens typically carry data values representing actual parameters, but it is also possible to



4.3. EXECUTABLE COMPONENTS 71If the TID is speci�edEntryCall  TRUE. (This is an entry call)ElseEntryCall  FALSE. (This is a subprogram call)If (the TID is present but invalid) or (the RID is invalid)Signal an errorElseIf EntryCall = TRUEInsert a marker representing this Call node into the queue for the STaskcorresponding to the TID speci�ed in this Call node.Suspend execution of the Call node.Else (Instantiate a subprogram)Instantiate a new copy of the Subprogram grouping correspondingto the speci�ed RID.(Pass input tokens to the routine)For each assignment in the ParamValues part of the grammar:Evaluate the right-hand side expression and place an appropriately valued tokenon the input port of the routine grouping that is the target of the assignment.(Collect return tokens from the routine)For each assignment in the ReturnValues part of the grammar:If the right-hand side of the assignment is other than \RIID"Wait until a token is placed on the routine output port that is theright-hand side of the assignment.If the target of the assignment is a valid VIDAssign the value of the token to the variable corresponding to the VID anddiscard the token.Else if the target of the assignment is a valid output port namePlace the token on the port.Else if the target of the assignment is nullDiscard the token.ElseSignal an error.Else (The right-hand side of the assignment is \RIID")If the target of the assignment is a valid VIDAssign the value of the invoked routine's RIID to the variablecorresponding to the VID.Else if the target of the assignment is a valid data output port nameCreate a new data token with the invoked routine's RIID as its value andplace the token on the port.ElseSignal an error.Figure 4-12: Type-speci�c execution behavior for Call nodes.



72 CHAPTER 4. SEMANTIC PROGRAM GRAPHSInvocationSpec: 'R' ':=' InvocationID ;InvocationID: PortName | VariableID ;Figure 4-13: A yacc grammar for the �rst part of Parameter nodes. Nonterminals notde�ned in this grammar are the same as for Multiassignment nodes (seeFigure 4-7).pass control tokens to routine invocations.Parameter nodes have a form that is very similar to that for Call nodes. The �rst partof a Parameter node speci�es to which routine invocation the node applies. The secondpart is identical in form to the second part of a Call node, but for Parameter nodes, R refersto a particular routine invocation. The grammar for the �rst part of a Parameter node isshown in Figure 4-13.Because SPGs can model systems exhibiting recursion and parallelism, it is possible formultiple invocations of a subprogram to be simultaneously active. Under such conditions, itis critical that tokens produced during execution of a subprogram be delivered to the correctcall site. Similarly, for tokens that are delivered non-strictly to routine invocations, it iscrucial that such tokens arrive at the correct invocation of the SPG subgraph correspondingto the routine that was called. To ensure that these needs are met, the SPGM dynamicallyassigns to each routine invocation a unique Routine Invocation Identi�er (RIID). For Pa-rameter nodes, the right-hand side of the assignment in the �rst part of the node is a valuethat is interpreted by the SPGM as an RIID. In practice, this value is always received fromthe Call node corresponding to the call site to which the Parameter node applies. Call nodeshave access to the RIID for the current call through the special grammatical token RIID. Ifa Parameter node attempts to pass tokens to a routine invocation and that invocation nolonger exists (see Section 4.5), the tokens are discarded.The type-speci�c execution behavior for Parameter nodes is shown in Figure 4-14. Therequirement that the �nal conditional statement be executed atomically is necessary toensure that a routine invocation doesn't disappear between the time the conditional con�rmsits existence but before a token is placed on its input port.Section 5.2.2 of this thesis contains examples of SPGs employing Call and Parameternodes to implement strict, non-strict, and partially strict routine calls.Accept NodesAccept nodes are used to accept calls to STask entries; they may only occur inside STaskgroupings. They are analogous in function to the Ada accept statement, after which theyare named. The design of Accept nodes is complicated by the fact that although eachof CSP-style messages, monitors, and Ada tasks require a rendezvous between the callingprocess and the called process, the duration of the rendezvous di�ers in each of these IPCmodels.� For CSP, the caller and the callee rendezvous only long enough to e�ect a transfer ofinformation from the caller to the callee; no values are returned to the caller. Thisunidirectional message-passing mechanism yields the shortest possible rendezvous.



4.3. EXECUTABLE COMPONENTS 73If the RIID has never been issued by the SPGMSignal an error.Else(Pass input tokens to the routine)For each assignment in the ParamValues part of the grammar:Evaluate the right-hand side expression.(The following conditional statement must be executed atomically)If the routine invocation corresponding to the RIID still existsPlace an appropriately valued token on the input port of the routineinvocation that is the target of the assignment.Figure 4-14: Type-speci�c execution behavior for Parameter nodes.� For monitors, all entries are procedures, and caller and callee rendezvous for theduration of the call to the monitor procedure. This is the longest possible rendezvousduration: the caller is blocked for as long as it takes for the monitor to fully servicethe call.� For Ada tasks, the duration of the rendezvous is determined by the body of the acceptstatement handling the call. This may or may not contain all the code used to servicethe call, because code may follow the end of the accept body but still fall within thesame branch of the select statement containing the accept.As an example, consider the classic problem of controlling concurrent access to abounded bu�er. Two solutions to this problem are shown in Figures 4-15 and 4-16, eachusing a di�erent IPC mechanism. The Ada solution is based on tasks, while the ConcurrentPascal solution is based on on the use of monitors. Because SPGs do not support bu�er-likedata structures (e.g., arrays), I have omitted from the �gure the manipulations of the bu�eritself, focusing instead on the control of concurrent access to this data structure.In the Ada solution, the duration of the rendezvous is less than the full amount of timeneeded to service a call to insert or remove. This can be seen by the fact that count isincremented or decremented outside of the accept body but still inside the branch of theselect containing the accept. In the monitor solution, however, manipulation of count musttake place while the calling process is blocked, because code in a monitor (other than forinitialization purposes) must be inside a monitor procedure.In SPGs, the duration of a rendezvous is precisely the amount of time needed to fullyexecute the corresponding Accept node. The primary action of an Accept node is to executethe SPG subgraph contained inside a Rendezvous grouping . Structurally, a Rendezvousgrouping is identical to a grouping for a subprogram, but a Rendezvous grouping can only be\invoked" by an Accept node. A Rendezvous grouping contains precisely those instructionswhich must be executed while the caller is blocked. If a Rendezvous grouping containsall the instructions needed to service an entry call, it acts like a monitor procedure. If itcontains only some of the instructions needed to service a call, it acts like an Ada acceptblock. If the Rendezvous grouping is empty (in which case it may be omitted from theSPG), an entry call behaves like the sending of a CSP-style message.



74 CHAPTER 4. SEMANTIC PROGRAM GRAPHStask BBuffer isentry insert(item: in Integer);entry remove(item: out Integer);end BBuffer;task body BBuffer iscount: Integer := 0;beginloopselect when count < 10 =>accept insert(item: in Integer) do-- insert item into the bufferend insert;count := count + 1;or when count > 0 =>accept remove(item: out Integer) do-- remove an object from the buffer and assign it to itemend remove;count := count - 1;end select;end loop;end BBuffer;Figure 4-15: Solution to the Bounded Bu�er problem using Ada tasks. This solution isbased on one by Ben-Ari [20, pp. 89{92].There are four components to an Accept node: a speci�cation of the STask entry forwhich the node accepts calls; a speci�cation of the Rendezvous grouping that is to beexecuted when the entry is accepted; a speci�cation of how tokens passed to the acceptedentry should be used; and a speci�cation of how tokens to be returned from the entry callshould be produced. The grammars for these four components are shown in Figure 4-17.Execution of an Accept node proceeds as shown in Figure 4-18. In the same way thatCall nodes refer to the routine to be invoked as R, Accept nodes refer to the Entry groupingfor which calls are handled as E and to the Rendezvous grouping that determines rendezvousbehavior as Z. The �rst two parts of an Accept node provide de�nitions for E and for Z.Accept nodes (and, indeed, the SPG IPC machinery in general) would have a simplerstructure if it were not necessary to employ two di�erent groupings to handle entry calls,one to specify the interface to the entry (E), the other to specify the behavior of the entry(Z). Such a separation of concerns, however, is fundamental to IPC in Ada, where theinstructions to be executed upon receipt of an entry call are speci�ed on a per-select basisinstead of on a per-entry basis. SPG support for IPC mirrors this separation so as tobe able to accurately and directly represent Ada-style IPC (as well as other styles | seeSection 5.2.4).It is possible for an Accept node to omit the speci�cation for the Rendezvous grouping.This is useful when modeling CSP-like IPC, because such IPC is based on a rendezvousthat does nothing but transfer parameter values from caller to callee. These values can be



4.3. EXECUTABLE COMPONENTS 75type BBuffer = monitorvar inserter, remover: queue;count: integer;procedure entry insert(item: integer);beginif count = 10 then delay(inserter);{ insert item into the buffer }count := count + 1;continue(remover);end;procedure entry remove(var item: integer);beginif count = 0 then delay(remover);{ remove an object from the buffer and assign it to item }count := count - 1;continue(inserter);end;begin "initial statement"count := 0;endFigure 4-16: Solution to the Bounded Bu�er problem using Concurrent Pascal monitors.This solution is based on one by Brinch-Hansen [27, p. 307].saved in variables and/or passed onto output ports in the remaining two parts of the Acceptnode, so there is no need to delay the caller once the tokens have arrived at the Acceptnode. Hence, the instructions executed during the rendezvous are null, which is as it shouldbe for simple message-passing.The third part of an Accept node speci�es what should happen to tokens passed to theentry. An entry acts like a shell around a subprogram: it takes parameters as input andit produces results as output, but it has no body. The body for the shell is determined byAccept nodes through their speci�cation of which Rendezvous grouping should be executedwhen the entry call is accepted. For this reason, the most common action is to simply passthe tokens received by the entry onto the Rendezvous grouping actually handling the call.As noted above, however, it is also possible to store the values of tokens in variables and topass them out of the Accept node through output ports.The �nal part of an Accept node speci�es what should happen to tokens produced bythe Rendezvous grouping. As in the previous step, the most common course of action is tosimply pass them on to the entry that was called (from where they will be forwarded to thecaller), but they may also be stored in variables and placed on output ports of the Acceptnode.Figures 5-5 and 5-6, which depict SPGs for the Ada and Concurrent Pascal solutions tothe Bounded Bu�er problem, show examples of Accept nodes in use.



76 CHAPTER 4. SEMANTIC PROGRAM GRAPHSEntrySpec: 'E' ':=' GroupingID ;GroupingID: VariableID | '#' INTEGER ;RendezvousSpec: 'Z' ':=' GroupingID| Nothing;ParamTransfer: ParamAssignments | Nothing ;ParamAssignments: ParamAssignment| ParamAssignments ',' ParamAssignment;ParamAssignment: ZParamSpec ':=' EParamSpec| ZParamSpec ':=' Nothing| Target ':=' EParamSpec;ZParamSpec: 'Z' '.' PortName| 'Z' '.' '%' PortName;EParamSpec: 'E' '.' PortName| 'E' '.' '%' PortName;ReturnTransfer: ReturnAssignments | Nothing ;ReturnAssignments: ReturnAssignment| ReturnAssignments',' ReturnAssignment;ReturnAssignment: EParamSpec ':=' ZParamSpec| Nothing ':=' ZParamSpec| EParamSpec ':=' Target| EParamSpec ':=' Nothing;Figure 4-17: A yacc grammar for Accept nodes. The nonterminals EntrySpec, Ren-dezvousSpec, ParamTransfer, and ReturnTransfer are the entry points for spec-ifying which entry to accept a call for, what Rendezvous grouping should beexecuted when the call is accepted, what to do with tokens passed to theentry, and what tokens to place on the entry output ports, respectively. To-kens and nonterminals not de�ned in this grammar are the same as for Callnodes (see Figure 4-10).



4.3. EXECUTABLE COMPONENTS 77(Determine the entry (\E") being handled)If the RID for the entry handled by this Accept node is invalidSignal an errorElseE  the RID for the entry grouping.Remove from the queue for the STask containing this Accept node thefrontmost marker for a Call node invoking the entry E.Enable resumed execution of the Call node corresponding to the marker so removed.(Determine the rendezvous grouping (\Z") to be executed)If an RID for the rendezvous grouping is not speci�edZ  undefined.Else if the speci�ed RID doesn't exist within the STask containing this Accept nodeSignal an error.ElseZ  the RID for the rendezvous grouping.(Handle input tokens)For each assignment in the ParamTransfer part of the grammar:If (the right-hand side refers to an invalid port name) or(Z is undefined and is used on the left-hand side) or(the assignment target refers to an invalid port name or VID)Signal an error.Else if the target is a portMove the token from the right-hand side port to the target port.Else (The target is a VID)Assign to the variable corresponding to the target VID the value of the tokenon the right-hand side port.Discard the token on the right-hand side port.(Handle output tokens)For each assignment in the ReturnTransfer part of the grammar:If (the left-hand side refers to an invalid port name) or(the right-hand side refers to an invalid port name or VID) or(Z is undefined and is used on the right-hand side)Signal an error.Else if the right-hand side is a ZParamSpecWait until a token is placed on the output port that is the right-hand side of the assignment.If the target of the assignment is not nullMove the token from the right-hand side port to the target port.ElseRemove the token from the right-hand side port and discard it.Else if the right-hand side is nullCreate a new token and put it on the speci�ed target port.Else (The right-hand side must be a VID or a local port name)If the right-hand side speci�es a portMove the token from the right-hand side port to the target port.ElseCreate a new data token and give it the value of the variable corresponding tothe right-hand side VID.Place the token on the target port.Figure 4-18: Type-speci�c execution behavior for Accept nodes.
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List of variable names

Multiassignment

Task/Routine Specification

Parameter Values

Return Values

RIID Specification

Parameter Values

Unexecutable node

Declaration node

Multiassignment node

Call node
Parameter node

Epsilon node

Any type of node

Rendezvous Specification

Parameter Values

Return Values

Entry Specification

Accept node

Figure 4-19: Graphical depictions of SPG node types.
A

B

C

D

EFigure 4-20: An executable edge along which tokens 
ow from A and B to C, D, and/or E.Epsilon NodesEpsilon nodes are explicitly empty. Conceptually, they do nothing. Nonetheless, they can beextremely useful. First, they may be called upon to represent executable structures presentin views that have no behavior. For example, a null statement in a programming languageor a transition in a Petri net (see Appendix A) could be represented by an Epsilon node.Epsilon nodes can also be useful for synchronization purposes, as shown in Figure 4-21.The second primary use for Epsilon nodes is to maintain the topological integrity of anSPG. An example of this kind of use can be seen in Figure 4-34, where an Epsilon node hasbeen introduced to allow for the conceptual splitting of a single destination branch into twoseparate branches. By de�nition, Epsilon nodes that exist only to maintain the topologicalvalidity of an SPG do not correspond to any entity physically present in the software systembeing represented. As such, views are expected to elide them from presentations.There is no type-speci�c execution behavior for Epsilon nodes.Node DepictionsEach of these di�erent node types has a characteristic graphical depiction that I use in �guresfor the remainder of this thesis. These graphical depictions are shown in Figure 4-19.4.3.2 EdgesFigure 4-20 epitomizes an SPG edge. The semantics of this edge are determined by whathappens when tokens from A or B arrive at the edge and by what happens to a token whenit arrives at the point where the branches to C, D, and E depart. That is, the semantics of
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A

B

C

D

EFigure 4-21: Tokens must be produced at both A and B before a token can 
ow from theEpsilon node to C, D, and/or E.an edge are determined by the answers to the following questions:1. What are the semantics of the junction where the source branches meet the edgebody? (This junction is the source junction.)2. What are the semantics of the junction where the destination branches meet the edgebody? (This junction is the destination junction.)The answer to the �rst of these questions is simple: a token arriving at the sourcejunction simply proceeds to the destination junction. When an executable edge with morethan one source is added to an SPG, the view adding the edge must ensure that executionof the SPG will never yield a state in which both A and B attempt to put tokens on theedge at the same time, because it is an error if more than one token is on an edge at anygiven time. In e�ect, the semantics of the source junction are exclusive or : either a tokencomes from A or a token comes from B, but a token must never come from both of themat the same time.The exclusive or semantics for source junctions �nds a natural application in my viewmodel: it models the 
ow of computation coming to a common point after splitting at anearlier branch point. It implicitly asserts that a computation was carried out either at Aor at B, but not at both places. An example of this use can be seen in Figure 4-25, whichshows an SPG representation of a conditional construct.Sometimes it is important to express the fact not that A or B must occur before anedge is traversed by a token, but that A and B must occur before the edge is traversed bya token. This can be expressed in SPGs by adding a Epsilon node to the graph, as shownin Figure 4-21. Because a node must have a token on each of its input ports before it iseligible for execution, the Epsilon node cannot produce a token on its output port untilboth A and B have placed tokens on their output ports.This brings us to destination junctions. Of the possible semantics for a destinationjunction, these are three of the most useful:� The token can be replicated and a copy put on each outgoing branch, thus leadingto parallel 
ows of execution. Such behavior is necessary to meet my view model'srequirement for dynamic process creation.� One or more branches emanating from the junction can be nondeterministically chosento receive copies of the token.� The token can 
ow down a single branch that is deterministically selected on the basisof the program state. This behavior is needed to represent conditional branching.
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2 aFigure 4-22: NP1 edge (left), NP2 edge (middle), NPa edge (right).In SPGs, these seemingly dissimilar capabilities are brought together in a single type ofexecutable edge, the nondeterministic parallel (NP) edge.NP EdgesThe uni�cation of parallel 
ow, nondeterministic 
ow, and deterministic conditional 
owwithin an SPG is based on the generalization of nondeterminism from choosing 1 of npossibilities to that of choosing i of n (for i � n). If we call an NPi edge one that nonde-terministically chooses i of its n destination branches to receive copies of the token 
owingalong the edge, we can implement full parallelism through NPn edges and we can implementconventional single-choice nondeterminism through NP1 edges. Deterministic conditionalexecution can be represented by NP1 edges with mutually exclusive conditions on the des-tination branches (see below).It is often convenient to specify that an edge will put a copy of a token on each of itsdestination branches, regardless of the number of such branches. This is, for example, thesemantics of Dijkstra's parbegin/parend construct [52] and Occam's PAR directive [20]. Suchedges are called NPa (all) edges. NPa edges are more convenient for this purpose than areNPn edges (for some �xed n), because the number of destination branches emanating froman edge may change as an SPG is edited. NPn edges tightly couple the semantics of theedge with the current number of destination branches, but with NPa edges, the coupling isavoided.There is thus only one type of NP edge, the NPi edge, with the special case that NPameans that i has as its value the current number of destination branches. In those caseswhere i is unimportant, NPi edges are referred to as NP edges. In this thesis, NPi edgesare graphically depicted with the value of i near the destination junction. The case of NP1is so common that it is the default: a destination junction without a value of i explicitlyspeci�ed indicates that the edge containing the junction is an NP1 edge. Figure 4-22 givesexamples of these conventions.Associated with each destination branch of an NP edge is a condition that controlswhether that branch may be traversed by a token at that time. A condition is a booleanexpression based on the grammar for arithmetic expressions de�ned for Multiassignmentnodes. It di�ers only in its additional support for the standard logical and relational oper-ators, the syntax and semantics for which I borrowed from C. The grammar for conditionsis shown in Figure 4-23.There is some tension in the design of the grammar for branch conditions. If it is toorestrictive, it will not be possible for views to directly represent common conditionals suchas if x + y > z, and that limitation would obscure \what is going on." On the other hand,if it is too expressive, views will be forced to expend signi�cant e�ort to parse branchconditions on top of having to make sense of the SPG as a whole. I have therefore chosen amiddle ground, whereby the expressiveness of the grammar for branch conditions is tied to



4.3. EXECUTABLE COMPONENTS 81Condition: LogicalExp| LogicalExp '&&' LogicalExp| LogicalExp '||' LogicalExp| '!' LogicalExp| 'default'| Nothing;Expression: Term| Expression '+' Term| Expression '-' Term;Factor: Portname| VariableID| '#' INTEGER| '(' LogicalExp ')'| '$(' LogicalExp ')$';LogicalExp: Expression '<' Expression| Expression '<=' Expression| Expression '==' Expression| Expression '!=' Expression| Expression '>=' Expression| Expression '>' Expression;Figure 4-23: A yacc grammar for conditions on destination branches. Tokens and non-terminals not de�ned in this grammar are the same as for Multiassignmentnodes (see Figure 4-7).the expressiveness of Multiassignment nodes. Given that SPG views must contend with theexpressions inside Multiassignment nodes anyway, it is not an onerous burden to require thatthey also be able to cope with the three standard logical and the six standard relationaloperators. Note, however, that function calls are not part of the grammar for branchconditions, so conditions such as if f(x) � 0 must be expressed in terms of a call node (forthe call to f(x)) that delivers a data token representing the result of the call to the branchcondition dependent on that result.To represent conventional branching constructs, i.e., sequential conditional execution,views construct an SPG subgraph consisting of an NP1 edge with two or more destinationbranches. Each branch is controlled by a condition, and the conditions are designed suchthat exactly one is true any time a token is at the destination branch.There are two special conditions. First, a null condition is de�ned to be true, so brancheslacking explicit conditions are treated as branches with conditions that always evaluate totrue. In conjunction with the convention that unlabeled destination junctions are implicitlyof type NP1, this allows 
ow graphs for straight-line code to be drawn in the traditional
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Figure 4-24: SPG for straight-line code. Each edge has a single destination branch em-anating from a destination junction that is implicitly of type NP1. Thisdestination branch has a null condition, hence is controlled by an implicitcondition that always evaluates to true.

[max] := [x]

[max] := [y]

default

[x] > [y]Figure 4-25: SPG for a conditional statement.manner; see Figure 4-24. The other special condition is the distinguished expression default,which is de�ned to be true i� the conditions on all the other branches leaving the destinationjunction have already evaluated to false. The default condition is useful for modeling elsebranches of if-then-else constructs. It also naturally models the default label in C's switchstatement and the others label in Ada's case statement. No more than one destinationbranch on an edge may be controlled by the default condition.As an example of how NP edges can be used, Figure 4-25 shows an SPG representationof the following Pascal statement:if x > y then max := x else max := y;The SPG clearly indicates that one branch of the conditional is under control of the conditionx > y, while the other branch is under control of the special condition default.Conditions on destination branches are like Multiassignment nodes in that they maycontain input ports at which other destination branches terminate. Unlike Multiassignmentnodes, branch conditions may not contain executable output ports (although they maycontain unexecutable output ports). After evaluation, all tokens used in the evaluation ofa branch condition are discarded.An NP edge is eligible for execution when each of the following conditions is ful�lled:� A token is present at the edge's destination junction.� A token exists on each executable input port of each branch condition that is part ofthe edge.Execution of an NP edge proceeds according to the algorithm shown in Figure 4-26. Anexample of a branch condition that uses input tokens can be found in Figure 4-34.



4.3. EXECUTABLE COMPONENTS 83(Determine the set of branches with true conditions)EligibleBranches  ;.For each destination branch in the edge with a condition other than \default":If the branch's condition refers to an invalid port name or VIDSignal an error.Else if the branch has no conditionAdd the branch to EligibleBranches. (Implicit conditions are always true)ElseEvaluate the branch's condition.If the condition is trueAdd the branch to EligibleBranches.(See if the default branch should be taken)If (the edge contains a destination branch with the condition \default") and(EligibleBranches is the empty set)Add the \default" branch to EligibleBranches.(Move a copy of the token at the destination junction along some eligible branches)TrueBranches  cardinality of EligibleBranches.Randomly choose min(i, TrueBranches) of the branches in EligibleBranches.For each branch so chosen:Make a copy of the token at the edge's destination junction andplace it on the input port where the branch terminates.(Remove all tokens from the edge)Remove the token from the edge's destination junction and discard it.For each destination branch in the edge:For each executable input port on the branch condition:Remove the token from the port and discard it.Figure 4-26: Execution algorithm for NPi edges.In view of the similarity between branch conditions and Multiassignment nodes, it isreasonable to ask why a condition isn't simply a special type of node. The primary reason isthat nodes and branch conditions serve di�erent purposes. The main function of a node isto prepare for or to carry out a computation. The main function of a branch condition is tocontrol token 
ow. Nodes can produce tokens that 
ow to other nodes and are used in othercomputations. Conditions cannot. Conditions can prevent tokens from 
owing along anedge. Nodes cannot. Maintenance of this distinction between computation for its own sake(nodes) and computation for the purpose of controlling conditional execution (conditions)is crucial if a CR is to preserve a sense of \what is going on." Edges represent possiblepaths of computation 
ow, and branch conditions dynamically determine which paths canbe taken. As such, the condition controlling a path is an essential part of the path itself,and the SPG representation of branch conditions directly re
ects this.
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E := [insert]

E := [remove]Figure 4-27: NP edge leading to two Accept nodes. Branch conditions are irrelevant andhave been omitted.Select EdgesNP edges su�ce in most contexts, but they are inappropriate for use with Accept nodes,because an Accept node cannot sensibly execute unless a call to the entry it handles is pend-ing. For example, consider again the Ada task for managing a bounded bu�er (Figure 4-15).When the bu�er is neither full nor empty, the task will accept a call to either insert or re-move. Using an NP edge, that fact would be represented as shown in Figure 4-27. Theproblem with this representation is that when a token arrives at the destination junctionof the edge, the branch along which it 
ows is chosen nondeterministically without takinginto account whether a call is pending for the entry handled by the Accept node to which it
ows. As a result, it is possible that the token would 
ow to the Accept node handling theinsert entry when all pending calls were for remove (or vice versa). Similarly, if no calls werepending, the token might 
ow to the Accept for remove, but the next entry call might be toinsert. Such behavior is both inherently unreasonable and inconsistent with the semanticsof guarded nondeterminism in languages like Ada, Concurrent Pascal, and CSP.To handle this problem, SPGs o�er a second type of executable edge: Select edges. Liketheir Ada namesakes, Select edges and Accept nodes work together to implement a widerange of IPC mechanisms. Their interaction a�ects the structure and behavior of SPGs inthe following ways:� Like Accept nodes, Select edges may occur only inside STask groupings. Only Selectedges may contain destination branches leading to Accept nodes, and, with one excep-tion, destination branches in Select edges may lead only to Accept nodes. The singleexception is that a Select edge may contain at most one destination branch leading toa non-Accept node, but only if the condition on that branch is default. This provisionallows SPGs to represent software systems that do not block when some form of IPCis expected, but none is pending. This behavior is exhibited, for example, by Ada'sselect-else construct.� Each destination branch of a Select edge that leads to an Accept node has an implicitadditional conjunct as part of that branch's condition. The value of this conjunct istrue i� a call is pending to the entry handled by the Accept node at the time the



4.3. EXECUTABLE COMPONENTS 85branch condition is evaluated.6� If all destination branches of a Select edge lead to Accept nodes, all branch conditionsare false, and at least one branch condition would have been true at the time ofevaluation had one or more entries had calls pending, the token at the destinationjunction remains at the destination junction until a call is made to an entry handledby one of the Accept nodes to which the edge leads. When such a call is made, thetoken is moved from the destination junction to an appropriate Accept node.A Select edge is eligible for execution under the same conditions as an NP edge: when(1) a token is present at the destination junction of the edge, and (2) each of the edge'sbranch conditions can be evaluated. The execution behavior of Select edges is speci�ed inFigure 4-28.I considered leaving Select edges out of SPGs, because, in the common case where theSelect edge has a single source and where all destination branches of the edge lead to Acceptnodes, the behavior of the Select edge can be approximated by the use of an NP edge withan additional branch controlled by the condition default. This additional branch simplyleads back to the node from which the edge emanates, leading to an in�nite loop that canonly be escaped by passing control to an Accept node. This approximation is shown inFigure 4-29, which also demonstrates that in this thesis I use thick lines to depict Selectedges and thin lines to depict NP edges.The problem with this approximation is that it repeatedly tests the conditions control-ling token 
ow along the destination branches, and that is contrary to the semantics ofmost IPC guards. For example, consider again the code in Figure 4-15. The semantics ofAda dictate that the when conditions inside the select statement are to be evaluated onlyonce | when control enters the select statement. Even if the value of count changes as theselect statement awaits a call to insert or remove, the value of the when expressions will notbe recomputed. This kind of behavior cannot be faithfully represented using an NP edge.It is, however, directly expressible through the use of a Select edge.4.3.3 GroupingsThere are four di�erent kinds of executable groupings: Subprogram groupings (and theirinstantiations), STask groupings, Entry groupings, and Rendezvous groupings. In contrastto the situation with nodes and edges, however, it is not uncommon for a grouping to playmore than one role. For example, a monitor procedure may be represented by a groupingthat is both an entry and a rendezvous. Furthermore, there is often a tight coupling betweenone or more of these kinds of grouping and other (unexecutable) groupings that correspondto the same region of a program. For example, it is common for a subprogram to also be ascope, but this is not always the case (witness the original BASIC, where all variables areglobal). Similarly, in languages like C and C++, a grouping corresponding to a �le wouldcomprise a scope, but in languages like Pascal and Ada, a �le does not comprise a scope.6For Select edge branches leading to Accept nodes, then, it must always be possible to determine whichentry is being handled by the Accept node. If this were not the case | for example, if the RID of theentry could be passed into an Accept node through a data port | it might be impossible to determine thevalue of the condition on such a branch. It is to prevent such anomalies that GroupingIDs in the grammarof Figure 4-17 are restricted to being either variable values or literal values.



86 CHAPTER 4. SEMANTIC PROGRAM GRAPHS(Determine the set of branches with true conditions)EligibleBranches  ;.For each destination branch in the edge with a condition other than \default":If the branch's condition refers to an invalid port name or VIDSignal an error.Else if the branch has no conditionAdd the branch to EligibleBranches. (Implicit conditions are always true)ElseEvaluate the branch's condition.If the condition is trueAdd the branch to EligibleBranches.(Determine the set of branches waiting for a new entry call or for an existing call to terminate)WaitingBranches  ;.For each branch in EligibleBranches:If (the branch leads to an Accept node) and((no call is pending for the entry handled by that Accept node) or(a call is pending for that entry but the entry is already executing))Remove the branch from EligibleBranches and add it to WaitingBranches.(See if the default branch should be taken)If (the edge contains a destination branch with the condition \default") and(EligibleBranches is the empty set)Add the \default" branch to EligibleBranches.(If possible, move copies of the token on the edge along the eligible branches)If the cardinality of EligibleBranches > 0Randomly choose one of the branches in EligibleBranches.Make a copy of the token at the edge's destination junction andplace it on the input port where the chosen branch terminates.(If necessary, wait for an entry call)Elseif the cardinality of WaitingBranches > 0Wait until (a marker for a call to an entry handled by an Accept node led to bya branch in WaitingBranches is in the queue for the STaskcontaining this edge) and(the entry corresponding to that call marker is not currently being executed).Randomly choose one of the branches in WaitingBranches leading to an Accept nodehandling the entry corresponding to the call marker.Make a copy of the token at the edge's destination junction andplace it on the input port where the chosen branch terminates.(Remove all tokens from the edge)Remove the token from the edge's destination junction and discard it.For each destination branch in the edge:For each executable input port on the branch condition:Remove the token from the port and discard it.Figure 4-28: Execution algorithm for Select Edges. Any reference to a branch conditionin this pseudocode is to the explicit branch condition, i.e., to the branchcondition before augmentation with the implicit conjunct indicating whethera call is pending for the Accept node to which a branch may lead.
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defaultFigure 4-29: Emulating a Select edge (left) with an NP edge (right).This lack of uniformity in the world of programming languages makes it convenient totreat the characteristics corresponding to each kind of grouping as independent attributes.As a result, SPGs have but a single type of executable grouping. The attributes thatdetermine the precise semantics of an executable grouping are speci�ed using standard an-notations. Hence, subprograms are represented by executable groupings with an annotationnamed Subprogram, task entries by executable groupings with an annotation named Entry,monitor procedures by executable groupings with an annotation named Entry and a sepa-rate annotation named Rendezvous, etc. A complete list of these standard annotations canbe found in Table 4-3.An alternative design would have been to create four di�erent types of executable group-ings, one each for subprograms, tasks, entries, and rendezvous. Given such a design, thefact that an SPG subgraph represented more than one thing (e.g., both an entry and arendezvous) would be indicated by containing the subgraph inside more than one grouping.This approach is straightforward in concept, but there are some troublesome subtleties thatmust not be overlooked in practice. For example, it must be the case that each of theindependent groupings has exactly the same contents, which means, among other things,that none of the groupings may contain any of the others. More signi�cantly, the contentsof the di�erent groupings would have to remain consistent as the subgraph was edited, so,for example, if a node were added to a subgraph that was both a subprogram and a scope,the view adding the node would have to ensure that the node was added to both groupings.Finally, views would have to have a way to e�ciently determine whether any arbitrary pairof groupings had exactly the same contents, because this would tend to indicate that thetwo groupings corresponded to a single semantic object; this would be important informa-tion for the generation of e�ective presentations. Each of these drawbacks is absent in theannotation-based approach I adopted for SPGs.For the purpose of verifying the validity of an SPG, each grouping must independentlysatisfy the constraints for each of its roles. For example, a Rendezvous grouping must becontained inside an STask grouping, but a Subprogram grouping has no such restriction. Agrouping that is both a subprogram and a rendezvous, then, must be contained within anSTask, because otherwise the grouping is invalid in its role as a Rendezvous grouping. Ingeneral, if a grouping plays more than one role, it must satisfy the union of the constraintsthat apply to each of the individual roles it plays.Within this thesis, I graphically depict groupings as shown in Figure 4-30.Subprogram GroupingsSubprogram groupings are used to represent subprograms, i.e., conventional procedures andfunctions as used in serial programming languages. When depicting Subprogram groupings,
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Unexecutable
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Executable
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STask
GroupingFigure 4-30: Graphical depictions of unexecutable groupings, executable groupings, andSTask groupings. An STask grouping is an executable grouping with anannotation named STask.
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Subprogram
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(Instantiated)

(Subprogram, -) (Subprogram, -)Figure 4-31: Graphical depictions of an uninstantiated Subprogram grouping (i.e., thestatic \source code" for a subprogram) and an instantiated Subprogramgroupings (i.e., a runtime subprogram invocation).it is convenient to be able to distinguish between a static Subprogram grouping itself andits dynamic instantiations. I use the depictions shown in Figure 4-31.Executable ports on Subprogram groupings serve as speci�cations of tokens to be passedinto and out of subprograms. Both control and data tokens may be so passed. Data tokenscorrespond to formal parameters and formal results for a subprogram; they are used in therepresentation of both control 
ow-based programs and data
ow-based programs. Controltokens represent a transfer of control from a call site to a subprogram and from a subprogramto a call site; they are employed only in the representation of software systems based oncontrol 
ow.Call nodes and Parameter nodes use subprogram port names to specify how tokens 
owto and from Subprogram groupings.7 This is adequate for most calls, in particular, forcalls where the caller knows the names of the callee's ports. However, RIDs may be passedaround an SPG as data values, so it is possible for a caller to know only the RID of a routineand the number of that routine's parameters and results; the port names of the routine areunknown to the caller. For example, consider this C function:int indirectCall(int (*pf)(int), int arg){ return (*pf)(arg);}Clearly indirectCall cannot know the name of the formal parameter expected by thefunction *pf, yet just as clearly it has no di�culty in making a valid call. The reason forthis is that the correspondence between actual and formal parameters in most languages isdetermined from positional information: the position of an expression in a call's argument7Ports on SPG components need not be named, but if a port does have a name, that name must be uniquefor that component. A name used in one component, however, may be reused for a port on a di�erent SPGcomponent.



4.3. EXECUTABLE COMPONENTS 89list determines the parameter to which it maps in the called routine's formal parameter list.In e�ect, this positional information yields an implicit name for each formal parameter. Theresult is that subprogram parameters really have two names: the explicit name providedby the programmer, and the implicit name derived from the parameter's position in theparameter list. Some languages | for example, Ada and Common Lisp | allow argumentsto be mapped to parameters using either or both of these sets of names. That is, call sitesin these languages may pass parameters positionally and/or in terms of the names of theformal parameters.SPGs don't use parameter lists for passing tokens to and from subprograms, because notall languages employ parameter lists. In particular, graphical languages often employ a plug-and-socket metaphor for associating actual parameters with formals. In such languages,there is no implicit name for a parameter based on its position in a parameter list, becausethere is no parameter list. Nonetheless, the function indirectCall, above, demonstrates theusefulness of being able to decouple knowledge of a subprogram's formal parameter andresult names from the ability to invoke that subprogram.The solution I adopt in SPGs is to explicitly recognize that ports on subprograms mayhave two names. One name is the conventional user-assigned name for a parameter or result.This is the name that typically shows up in the concrete syntax of a view presentation. Thesecond name is silently generated by the view that creates the port. This second name is ofthe form pn (parameter n) for grouping input ports and rn (result n) for grouping outputports, with n in each case indicating the position of the port in a canonical ordering of theinput and output ports, respectively. The canonical ordering for data ports starts with n = 1and is initially established by the view that creates the Subprogram grouping. The orderingis updated by views that add new executable ports to and/or remove existing executableports from the grouping. The positional names p0 and r0 are reserved for the input andoutput control ports corresponding to the explicit transfer of control to the subprogramfrom the call site and from the subprogram to the call site, respectively. Hence, views canrely on the fact that all subprograms invoked via control 
ow will have a control input portp0 and a control output port r0.Call nodes and Parameter nodes that reference ports on Subprogram groupings may useeither the user-de�ned name or the positional name for a given port. User-de�ned names(i.e., conventional parameter names) are represented in an SPG via an annotation namedName, while view-assigned names (i.e., canonical ordering information) are represented viaan annotation named PR Name (Parameter-Result Name). In both cases, the value of theannotation is the port's name. Within a Call or Parameter node, a reference to a port interms of its PR name simply uses the name itself. A reference to a port in terms of itsuser-de�ned name, on the other hand, precedes the name with a percent sign (\%").As an example, consider the following Ada function and two calls to it:function max(value1, value2: in integer) return integer;max(10, 20); -- use positional namesmax(value1 => 10, value2 => 20); -- use user-defined namesFigure 4-32 shows how this function and these calls can be modeled using SPGs. Note theuse of assignments involving ports p0 and r0 to achieve synchronization between caller andcallee.
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R := [max]

R.p0 :=, R.p1 := #10, R.p2 = #20

:= R.r0, result := R.r1
result

r1
max

p1(value1) p2(value2)

R := [max]

R.p0 :=, R.%value1 := #10, R.%value2 = #20

:= R.r0, result := R.r1
result

(Subprogram, -)

p0

r0Figure 4-32: SPG representation for the Ada max function (left) and calls to it usingpositional (upper right) and user-de�ned (lower right) parameter names.I noted above that names for SPG components are stored as annotations, but it isconvenient to use a shorthand notation for names when drawing pictures of SPGs. Namesare therefore italicized and written near the component to which they apply. For executableports on Subprogram groupings, both PR names and user-de�ned names are shown, with PRnames preceding user-de�ned names and user-de�ned names in parentheses. In the SPGin Figure 4-32, the grouping is named \max" and its input ports have PR names \p0,"\p1" and \p2;" the latter two ports also have user-de�ned names \value1" and \value2,"respectively. The grouping's output ports only have PR names: \r0" and \r1." Each ofthese names would of course be represented using an annotation in the actual SPG.The executable ports of a Subprogram grouping are in some sense \virtual," becausethe input ports do not control eligibility for execution of the grouping, in contrast with therole played by input ports on executable nodes. Rather, they exist to facilitate abstractionof subprograms, i.e., the ability of views to depict a subprogram by presenting only itsexternal interface. This allows subprograms to be displayed like nodes even though theybehave like groupings. This feature is important, not only for views employing abstraction,but also because SPGs do not o�er \non-strict" execution of nodes (a node cannot executeuntil it has a token on of its each input ports) but SPGs do support non-strict subprograminvocations (a subprogram may be invoked before tokens are available for each of its inputports).Executable ports on subprogram groupings have a dual nature that arises from theirrole in supporting abstraction. An input port on the external interface of a subprogram actslike an output port when viewed from within the subprogram, because it is a portal throughwhich tokens arrive from outside the grouping. Similarly, what appears to a caller to be anoutput port on a Subprogram grouping acts like an input port when viewed from within thesubprogram, because it is a sink for result tokens produced by the subprogram. SPGs thuso�er two specialized port types that are applicable only to executable groupings: InOutports are for tokens entering the grouping, and OutIn are for tokens leaving the grouping.These names re
ect the fact that InOut ports behave like input ports from outside thegrouping, but behave like output ports from inside the grouping; similar reasoning appliesto OutIn ports. Technically, then, the executable ports on executable groupings are notinput or output ports, but are instead InOut and OutIn ports. Informally, however, it isoften convenient to refer to the former as input ports and to the latter as output ports, and
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p3(z)p0 p1(x) p2(y)

[x] := x, [y] := y, [z] := z

zx y

x, y, z

(Parameter Init, -)

To routine
body

Outside the grouping

Inside the grouping

Figure 4-33: Using a Parameter Init grouping to initialize local parameter variables.that is in fact what I have done up to this point in this dissertation.A token arriving at an InOut port on a Subprogram grouping (which can only resultfrom execution of a Call or Parameter node) is immediately placed on the branch withinthe grouping emanating from the port. If there is no such branch, the token is discarded.A token arriving at an OutIn port (which can only result from token 
ow within the sub-program graph) is immediately forwarded to the Call node that invoked the subprogram.If there is no multiassignment in the result part of the Call node waiting for a token fromthat port, the token is discarded.Data InOut ports on subprogram groupings correspond to formal parameter declara-tions, but because each parameter name is associated only with a port, there is no wayto use the formal parameter name within the body of the subprogram as if it were a localvariable. For example, it is not possible to change the value of a token on a data InOutport by making it the target of an assignment. Data
ow languages don't usually allow as-signments, so this is not a problem for them, but it is a serious impediment to the accuraterepresentation of languages based on control 
ow.I address this problem in SPGs by providing a mechanism to declare local variables thatrepresent a subprogram's formal parameters, allowing such variables to be initialized withactual parameter values when the subprogram is invoked, and clearly identifying instancesof such parameter declaration and initialization. Each facet of this solution has a corre-sponding SPG realization: local variables are declared in a Declaration node, initial valuesare assigned in a Multiassignment node, and the SPG subgraph corresponding to parameterdeclaration and initialization is enclosed in a grouping with an annotation named ParameterInit. Figure 4-33 shows how these pieces �t together for a control-
ow based subprogramthat is called strictly with three formal parameters, x, y, and z.The Parameter Init grouping contains a Declaration node and a Multiassignment node.For each formal parameter represented by a data InOut port on the Subprogram grouping,the Declaration node contains a declaration for a variable of the same (user-de�ned) name,and the Multiassignment node contains an assignment that initializes the variable with thevalue of the token that is passed onto the corresponding port. Control edges lead fromInOut port p0 to the Declaration node, from the Declaration node to the Multiassignmentnode, and from the Multiassignment node to the beginning of the body of the Subprogramgrouping. This ensures that variables representing formal parameters are declared and



92 CHAPTER 4. SEMANTIC PROGRAM GRAPHSinitialized before they can be used. In addition, data edges lead from the data InOut portsto the Multiassignment node, thereby delivering the necessary initialization values to thenode where the variables can be initialized.Because Subprogram groupings are templates from which executable portions of the SPGare dynamically instantiated, no executable edges may cross the boundary of a Subprogram:executable edges within an SPG are either entirely within a Subprogram grouping (in whichcase they are part of the template) or entirely outside of a Subprogram grouping (in whichcase they do not interact with the subprogram). For unexecutable edges, however, there is nosuch restriction, because unexecutable edges have no executable semantics. In Section 4.5,where I describe the process of SPG execution, I explain what happens to unexecutable edgesthat straddle the boundary of a Subprogram grouping when that grouping is instantiated.STask GroupingsSTask groupings facilitate the representation of IPC of all kinds. They also provide encap-sulation for resources to which concurrent access must be controlled. As such, they are usedto represent such programming constructs as tasks, monitors, and sequential processes thatcommunicate via messages or remote procedure calls. STasks can also be used to representsemaphore-based concurrency control, albeit somewhat less directly. I defer a discussion ofthis latter topic, however, until Section 5.2.4.The design of STask groupings is based on that for Ada tasks, but is not as elaborate.STasks embody the fundamental design features of Ada tasking without any of the bellsand whistles. Adornments present in Ada but absent in STasks include delay and terminateoptions and task creation via calls to new. This last restriction is a consequence of mydecision to omit support for data types in SPGs. Programming language constructs thatresult in the dynamic creation of program entities (e.g., calls to new) typically require thespeci�cation of the type of the entity to be dynamically created. Because I have chosento omit support for data types in my work on SPGs, SPGs provide no mechanism forrepresenting constructs that yield the dynamic creation of program entities.An STask grouping itself acts as a barrier of abstraction: the contents of an STask areinaccessible to executable portions of the SPG outside the STask. VIDs declared withinan STask may not be used outside that STask, RIDs for executable groupings containedwithin an STask may not be used outside that STask, and no executable edge may cross anSTask grouping boundary. STask groupings must have disjoint executable contents, i.e., noexecutable component of an SPG may be contained inside more than one STask grouping.Interactions between an STask and the parts of an SPG outside that STask take placethrough calls to Entry groupings contained inside the STask. Such calls specify the STaskcontaining the entry of interest by referring to the STask's unique TID. This TID, likeVIDs and RIDs, is assigned by the SPGM. An STask grouping may contain many entries,so it makes no sense to speak of \invoking" an STask in its entirety. As a result, an STaskgrouping has no need for executable ports, and it is an error to put such ports on an STaskgrouping.STasks are designed to allow SPGs to faithfully and recognizably represent higher-levelIPC structures like monitors and tasks. Fundamental to the design of such structures isthe assumption that the resources encapsulated inside the IPC structure can be accessedby only a single sequential process. The implication of this assumption for STasks is that
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R := [f]

r := R.r1
r

R.p1 := [x]

default

= 72aFigure 4-34: An SPG representation of a conditional involving a subprogram call.there should never be more than a single 
ow of control within an STask. Given the widerange of software systems that SPGs are designed to represent, however, enforcement ofthis assumption is neither possible nor desirable.For example, conditional expressions like \if f(x) = 72 . . ." typically result in dual token
ows within an SPG, one to represent the 
ow of control along the edge representing theconditional, the second to enable execution of the function used in the condition. Figure 4-34shows an SPG representation for this kind of conditional. This construct clearly results inparallel control 
ow. Parallelism can also arise if a node has more than one executableoutput port or if an NPa edge or an NPi edge (for i > 1) is employed. Outlawing suchconstructs within an STask would pose unreasonable restrictions on the representation ofsome software systems, especially those based on the data
ow model of computation.Nevertheless, it is a fact that parallelism within an STask can lead to semantic di�culties.In particular, execution of more than one Accept node at a time violates the fundamentalrequirement that entry calls within an STask exhibit mutual exclusion. Rather than attemptto outlaw SPG topologies that might lead to this kind of behavior, I simply de�ne it to be anerror if an Accept node commences execution while another Accept node within the sameSTask is already executing. This has the e�ect of making the undesirable behavior illegal,while at the same time leaving views free to use whatever SPG constructs they deem mostappropriate for subgraphs inside STask groupings.The restriction that no more than one Accept node within an STask may execute atonce also eliminates otherwise troubling race conditions that might arise within an STask.For example, examination of the execution algorithms for Select edges and Accept nodes(Figures 4-28 and 4-18, respectively) reveals that an Accept node is enabled for executiononly after execution of a Select edge leading to that node has con�rmed that a call is pendingfor the entry handled by the node. If it were legal for two Accept nodes within the sameSTask to execute concurrently, it would be possible for the following sequence of events tooccur:1. A single call is made to some entry E within an STask.2. A Select edge leading to Accept node N1 that handles E notes that a call is pendingfor E and passes a token to N1. This enables execution of N1.3. A di�erent Select edge, this one leading to Accept node N2 (which also handles E),notes the pending call and passes a token to N2. This enables execution of N2.4. The nodes N1 and N2 both commence execution.



94 CHAPTER 4. SEMANTIC PROGRAM GRAPHSAt this point there are two Accept nodes handling the call to E, but there is only one callto handle. The specter of this kind of pathological condition is why simultaneous executionof more than one Accept node in an SPG is disallowed.Similarly, because an STask is designed to represent IPC structures that encapsulatewhat is at least conceptually a single sequential process, it makes no sense to manageconcurrent access to shared resources within an STask. As a result, no STask grouping maybe contained within another STask grouping.In Section 5.2.4 I provide a detailed discussion of IPC representation in SPGs, andFigures 5-5 and 5-6 in that section show how STask groupings, Entry groupings, and Ren-dezvous groupings work together to emulate the behavior of both tasks in Ada and monitorsin Concurrent Pascal.Entry GroupingsEntry groupings may exist only inside STask groupings. They represent the interfacethrough which parts of an SPG outside an STask communicate with that STask. As aninterface, an Entry grouping may possess InOut and OutIn ports, which correspond to thetokens consumed and produced when that entry is called, respectively. A token arrivingat an InOut port on an Entry grouping is immediately forwarded to the Accept node thatis handling the current call to that entry.8 If there is no multiassignment in the third(parameter values) part of that Accept node waiting for a token from that port, the to-ken is discarded. A token arriving at an OutIn port on an Entry grouping is immediatelyforwarded to the Call node that invoked the Entry.Because an Entry grouping is only an interface for IPC, it makes no sense to talk aboutthe body of an Entry grouping. Instead, the SPG subgraph to be executed upon receipt of acall to an entry is determined by the Accept node handling the call (see Section 4.3.1). Thissubgraph is usually contained inside a Rendezvous grouping. It is possible, of course, for asingle grouping to be both an Entry grouping and a Rendezvous grouping, in which case thesubgraph representing the code to be executed during the rendezvous between caller andcallee would be located inside the same grouping that represented the interface to the call.This is a reasonable way of representing monitor procedures, for example, and an exampleof this approach to monitor implementation can be found in Section 5.2.4.Rendezvous GroupingsRendezvous groupings are used to represent the SPG subgraph to be executed during thecourse of an IPC rendezvous, i.e., during the time when a caller outside an STask is blockedawaiting completion of its call to an entry inside that STask. Rendezvous groupings aresimilar in both structure and behavior to to Subprogram groupings, but there are importantdi�erences between the two kinds of groupings. First, Rendezvous groupings may occur onlyinside STask groupings, while Subprogram groupings are under no such constraint. Second,Rendezvous groupings are \invoked" through Accept nodes; Subprogram groupings areinvoked through Call nodes. Third, unlike Subprogram groupings, no copy of a Rendezvousgroupings is made prior to execution of that grouping. That is, a Rendezvous grouping acts8If the token comes from a Parameter node instead of from a Call node, it is possible that the entryinvocation for which the token is intended no longer exists. If this is the case, the token is discarded, inaccord with the algorithm in Figure 4-14.



4.4. ANNOTATIONS 95not like a template that must be instantiated prior to execution, but is instead executeddirectly. There is no need to instantiate Rendezvous groupings, because it is impossibleto execute more than one Accept node in an STask at once, hence there is never a needto simultaneously execute more than one copy of the SPG subgraph inside a Rendezvousgrouping.InOut ports on Rendezvous groupings are like those on Subprogram groupings in thattokens arriving at such ports are either placed on the source branch originating at the portor, if there is no such source branch, are discarded. OutIn ports on Rendezvous groupingsbehave slightly di�erently than their Subprogram grouping counterparts, however. A tokenarriving at an OutIn port on a Rendezvous grouping is forwarded not to a Call node, but tothe fourth (return values) part of the Accept node that invoked the Rendezvous grouping,where it is available for use in multiassignments. If there is no multiassignment in that partof the Accept node that can make use of the token, the token is discarded.4.4 AnnotationsWith the exception of tokens, any of the SPG components listed in Table 4-1 may beannotated. Annotations serve three primary purposes in SPGs. First, they provide amechanism through which standard unary relationships can be expressed. Examples includeindicating which nodes are comments, which edges are parts of loops, and which groupingsrepresent scopes. A complete list of standard annotations and their meanings is providedin Tables 4-3 and 5-2, with the former table listing all standard annotations that do notrelate to loop semantics, and the latter table listing only those annotations that do concernloop semantics. I defer an examination of annotations used in conjunction with loops toSection 5.2.1.I have already introduced many of the annotations in Table 4-3. Start and Stop werementioned in Section 4.1, and they, along with Return, will be treated again in Section 4.5.Comment, Has Comment, Comments On, and Precedes were examined in Section 4.2, andSection 4.3.3 described Subprogram, Parameter Init, STask, Entry, Rendezvous, Name, andPR Name. The semaphore-related annotations Semaphore and Semaphore Function will beexplained in Section 5.2.4. This leaves only the annotations Scope, File, Implicit, Statement,and View-Speci�c, which I discuss now.A grouping with a Scope annotation demarcates a region of name visibility for executablecomponents of an SPG. In practice, nodes, edges, and Rendezvous groupings are almostalways anonymous, so the SPG entities a�ected by Scope groupings are variables, subpro-grams, STasks, and STask entries. Variable names are contained in the Declaration nodesdeclaring the variables, while names for subprograms, STasks, and entries are representedas Name attributes on the appropriate groupings.Because of the bewildering array of scope rules employed by languages for software devel-opment (see Section 3.5.4), there is little SPGs can do beyond enforcement of the followingsingle rule: each named entity in an SPG must have a unique scope. This scope is de�nedto be the innermost Scope grouping that contains the named entity, i.e., the innermostScope grouping containing the Declaration node or executable grouping corresponding tothe named entity. It is an error if there is no such scope.This rule allows for the natural modeling of nested scopes, as shown in Figure 4-35.However, SPG groupings may overlap in an arbitrary fashion, leading to the possibility



96 CHAPTER 4. SEMANTIC PROGRAM GRAPHSAnnotationName Applies To MeaningName Any SPG component The value of the annotation is the user-visiblename of this componentPR Name Executable port on anexecutable grouping The value of this annotation indicates the canon-ical position of this port in a list of parameters orresultsSubprogram Executable grouping Grouping represents a subprogramSTask Executable grouping Grouping represents an STaskRendezvous Executable grouping Grouping represents a rendezvousEntry Executable grouping Grouping represents an STask entrySemaphore STask grouping Grouping represents a semaphoreSemaphoreFunction Entry grouping Value of annotation (either \P" or \V") indicatesthe role of this entry in the semaphoreFile Grouping Grouping represents a �le; the value of the anno-tation is the �le nameScope Grouping Grouping demarcates a region of name visibilityParameterInit Unexecutable grouping Subgraph inside the grouping initializes variableanalogues of formal parametersStatement Unexecutable grouping Subgraph inside the grouping should be presentedas a single statementStart Executable node not in aSubprogram grouping SPG execution is initiated by enabling executionof this nodeReturn Executable node in anexecutable grouping Execution of this node causes execution of thegrouping to cease immediatelyStop Executable node Execution of this node causes execution of theSPG to cease immediatelyImplicit Any executable SPGcomponent with a Nameannotation Component declaration is implicitPrecedes Unexecutable edge Edge sources should precede edge destinations inpresentationsComment Unexecutable node Node contains a program commentHasComment Unexecutable edge Destination nodes contain program commentaryabout the source componentsCommentsOn Unexecutable edge Source nodes contain program commentary aboutthe destination componentsView-Speci�c Annotation Annotations of this annotation apply to the SPGcomponent with this annotation, but only for theview named as the value of this annotationTable 4-3: Standard annotations other than for loops.
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CFigure 4-35: Nested scopes. Scope grouping A is contained within Scope grouping B, andB is itself contained in Scope grouping C. At left, the scope of variable x isscope A; x is not available for use in groupings B and C. At right, the scopeof x is grouping C, but it is also available for use inside groupings A and B.that a named entity has no unique scope. For example, consider Figure 4-36, which showshow unnested scopes may overlap to yield both valid and invalid SPGs, depending onwhether a named entity occurs within the overlap or without. Of course, a named entitythat is not inside any Scope grouping at all also fails to have a unique scope.A File annotation may be attached to a grouping to indicate that the SPG subgraphinside the grouping represents the contents of a single �le in a concrete presentation of theSPG. The value of the annotation is the name of the �le. The format of this �le nameand whether it is absolute (e.g., a full pathname) or relative is left to the discretion of theview creating the annotation. Given that �le names are rarely portable across �le systems,anyway, it hardly seems worthwhile to try to more formally de�ne how the value of a Fileannotation should be interpreted.In many programming languages, declarations of named entities (e.g., variables, subpro-grams, monitors, etc.) may be either explicit or implicit. This is the case, for example, withreal and integer variables in FORTRAN and with functions returning integers in \classic"(i.e., pre-ANSI) C. For views based on such languages, it is useful to be able to distinguishbetween explicit and implicit declarations of entities within an SPG. This is the purpose ofthe Implicit annotation. If an executable entity such as a Declaration node, a Subprogramgrouping, or an STask grouping possesses an annotation named Implicit, views should, ifpossible, present the entity as being implicitly declared. If an SPG entity lacks such anannotation, views should assume that it is to be displayed as being explicitly declared.The Statement annotation is used when a conceptually atomic action in a view must beexpressed in an SPG in terms of a subgraph containing more than one node. For example,the BASIC statement,input x, y, zcannot be expressed using a single Multiassignment node, because there is no way to specifythat x must be read �rst, y second, and z third. As a result, the operation must be
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Figure 4-36: Overlapping scopes where each Declaration node has a unique scope (left),and overlapping scopes where the Declaration node has no unique scope(right).
[x] := INPUT

[y] := INPUT

[z] := INPUT

(Statement, -)Figure 4-37: Use of a Statement annotation.broken down into three separate multiassignments, with control edges enforcing the correctsequencing. This faithfully re
ects the appropriate semantics, but a straightforward back-mapping from this SPG to BASIC results in the following program fragment, which isunlikely to be acceptable to the developer who wrote the original code:input xinput yinput zEnclosing the three Multiassignment nodes in an unexecutable grouping adorned withthe Statement annotation is a solution to this problem, as shown in Figure 4-37. Thisannotation indicates that the subgraph within the grouping should be displayed as a singlestatement when views generate presentations.99In the same way that the notion of what it means for one statement to precede another is highly view-dependent, so can we expect the de�nition of a statement to vary from view to view. I do not expect that theview-speci�c de�nition of a statement is likely to be the same as the the language de�nition of a statementfor a view displaying that language. For example, I would not expect to see the SPG subgraph correspondingto a C switch statement enclosed in a Statement grouping.



4.4. ANNOTATIONS 99A second purpose for annotations is to allow views to associate view-speci�c informationwith the components of an SPG in a standard manner. For example, views might wish todrop markers at certain locations in the SPG, or they might want to store informationabout the concrete presentation of the view (e.g., line indentations for textual views, objectcolors and locations for graphical views). In an environment with many di�erent views,each of which is attempting to add its own annotations to a single global name space, thethreat of annotation anarchy is far from insigni�cant. However, the fact that annotationscan themselves be annotated allows for the annotation namespace to be partitioned in acontrolled manner.By convention, view-speci�c annotations of an SPG component are attached to an an-notation of that component that is named View-Speci�c. The value of this annotation isthe name of the view to which the annotations are pertinent. Hence, all the view-speci�cannotations for view V pertaining to SPG component C will be attached to C's annotation,(View-Speci�c, V). The annotation View-Speci�c thus acts like a subdirectory within C'sglobal annotation namespace: annotations attached to (View-Speci�c, V) need not worryabout name clashes with annotations for other views, because annotations for any otherview V0 will be attached to the annotation (View-Speci�c, V0) for C, not to C itself. It is anerror for an SPG component to have two annotations named View-Speci�c with the samevalue. In general, however, it is not illegal for an SPG to contain two annotations with thesame name, or even with the same name and value.The �nal purpose for annotations is to allow for a restricted form of evolution in thesemantics of SPGs. In Section 1.2 I referred to the fact that software development environ-ments must of necessity evolve over time, and in Section 2.1 I explained that this was anaspect of MVDE design that I would not generally address in this thesis. Nevertheless, it is afact that development environments must change over time, so on purely pragmatic groundsit is essential that a CR for an MVDE provide some mechanism for gracefully extendingits semantics, even if in doing so the overall integration of the system declines. In fact, adecrease in system integration is all but unavoidable during environment evolution [130],but that cannot obviate the need for a way to evolve (primarily extend) the semantics of asystem.As described in this thesis, SPGs include a fairly small number of standard annotations,i.e., annotations with prede�ned semantics. I made no attempt to ensure that these wouldsu�ce for all possible views that �t the model of Section 3.3. Instead, I focused on providinga framework for the use of annotations to represent unary relationships and on identifyingthe fundamental unary relationships that must be expressible in an MVDE. Any attemptto do substantially better is almost certain to fail.As an analogy, consider the command line interface of the X window system. The XToolkit supports a few basic command line options, including speci�cation of the display touse, the location and size of a program's window, the colors to use for text and for windowborders, etc. Because most X clients use the Toolkit, most programs under X automaticallyo�er these command line options to users. This is the well-integrated part of the system.But X clients are free to de�ne their own command line options, so there is no guarantee thatdi�erent programs won't o�er di�erent options, that di�erent programs won't use di�erentoption names to achieve the same result, or that di�erent options with the same name won'tmean di�erent things to di�erent programs. One result of this laissez-faire approach is thatthe overall integration of an X environment tends to decline as new tools are added to the



100 CHAPTER 4. SEMANTIC PROGRAM GRAPHSsystem; there are eventually just too many tools using too many inconsistent sets of options.Yet the 
exibility o�ered by the system allows a wide variety of applications to use it.At some point, however, the designers of X might decide to survey the X clients andtheir options to identify the ones commonly employed. Having done that, they could thenadd support for these common options to the Toolkit. Bringing clients into conformancewith the new Toolkit might require that many programs be modi�ed for use with the newset of canonical options, but after the changes had been made, the overall integration levelof the environment would be higher than it was before the overhaul. The important pointto recognize is that it would not have been possible for the designers of X to simply supportall the \right" options at the outset, because only by gaining experience with X and itsclients would they be in a position to judge which options were \right."This analysis of the adversarial relationship between integration and evolution is drawnfrom personal experience and anecdotal evidence. However, it is also in agreement with therigorous empirical examination of system evolution undertaken by Belady and Lehman [19].Their �rst two laws of Program Evolution Dynamics { the law of continuing change andthe law of increasing entropy { neatly summarize the common informal observation thatsystems tend to change, and as they change, they tend to become less integrated.Fully integrated environment evolution, then, calls for clairvoyance on the part of SDEdesigners. Clairvoyance being in short supply, support for environment evolution was nota primary concern of mine in my work on SPGs. Even so, it is noteworthy that SPGs,like X, have the ability to expand their set of system features with prede�ned semantics.Annotations, therefore, provide a 
exible, powerful, and convenient mechanism throughwhich to bring about evolution in an SPG-based development environment.4.5 ExecutionBecause an SPG provides a mechanism for representing both executable and unexecutableinformation about a software system, an SPG need not be executable. For example, anSPG consisting only of unexecutable components is not executable. For an SPG to beexecutable, it must contain at least one executable node with an annotation named Start.Such nodes are known as start nodes . Start nodes are not allowed to be contained insideSubprogram groupings, because it makes no sense to execute nodes inside a subprogramuntil the subprogram has been instantiated. Similarly, an STask grouping may not containmore than one start node, because an STask is designed to encapsulate a single serialprocess.Execution of an SPG is initiated by the SPGM placing tokens on each of the input portsof each of the start nodes in the SPG. Programs that execute without arguments from theirexternal environment can be modeled by giving start nodes a single control input port, whileprograms expecting data from the external environment (e.g., command-line arguments) canbe modeled by putting data input ports on the start nodes. The mechanism by which theSPGM obtains tokens from the external environment for placement on the input ports ofstart nodes is unde�ned. Sequential software systems typically have only one start node,but parallel systems may well have many start nodes.The rules for executing SPGs are similar to those for FSAs and Petri Nets. In general,tokens are created at nodes during execution and are placed on their output ports. Thetokens then 
ow along edges to other nodes and/or edges. A node is eligible for execution



4.5. EXECUTION 101whenever it has tokens on each of its input ports, an edge is eligible whenever a tokensits at its destination junction and each of its branch conditions can be evaluated. Duringexecution of an SPG, many tokens typically move around the graph at once, and manynodes and/or edges may be eligible for execution at any given time. This may be the caseeven for sequential programs, because an SPG representation for conditional constructs maygive rise to parallel token 
ow (see Section 4.3.3 and Figure 4-34).SPG execution ceases when one of the following conditions occurs:� A node with an annotation named Stop (a stop node) completes execution. If this nodehas tokens on any of its data output ports, the values of those tokens are communicatedto the external environment by the SPGM in a manner that is unde�ned. This makesit possible for software systems to pass information (e.g., return codes) to the invokingenvironment. Execution of a stop node is an explicit termination of SPG execution.� No nodes are executing and there are no tokens remaining in the graph. Under theseconditions, it is pointless to continue, because execution is driven by the movement oftokens, and only node execution can produce new tokens. This is implicit terminationof SPG execution, akin to running o� the end of the main routine in a C program.As usual, it is possible for a computation to appear to cease even though the underlyingsoftware system is still running. This would be the case for a deadlocked system, forexample.The execution algorithm for SPGs is shown in Figure 4-38. After enabling executionof the start nodes in the graph, the SPGM repeatedly, concurrently, and asynchronouslyperforms the following three functions:� It executes nodes that are eligible for execution. Any number of nodes may be executedsimultaneously, provided they all have tokens on each of their input ports.� It moves tokens from output ports along the source branches that connect to thoseports. A token may be moved from such a port as soon as it is placed there, in contrastto the situation with tokens on node input ports, which cannot be removed until eachinput port on the node has a token. Any number of tokens may simultaneously be inthe process of moving from output ports to destination junctions.� It executes edges that are eligible for execution. Any number of edges may be executedsimultaneously, provided they all have tokens at their destination junctions and eachof their branch conditions can be evaluated.Subprogram groupings are instantiated as a result of Call node execution (seeSection 4.3.1). This instantiation is accomplished by the SPGM making a copy10 of thecomponents of the Subprogram grouping, including the grouping itself. The SPGM thenplaces tokens on the copy's InOut ports as speci�ed by the multiassignment making up thesecond part of the body of the Call node.A subprogram instantiation completes execution when a node within the instantiationand possessing an annotation named Return (a return node) completes execution. One10This is an operational semantics, not an implementation directive. Techniques exist to avoid actuallymaking a copy while still obeying the required semantics [9]. In this thesis, however, I discuss groupinginstantiations as if they were always implemented by making a physical copy of an SPG subgraph.



102 CHAPTER 4. SEMANTIC PROGRAM GRAPHS(Put tokens on start nodes)For each node in the SPG with an annotation named \Start":For each control input port on the node:Create a new control token and place it on the port.For each data input port on the node:Create a new data token and place it on the port.(Execute the SPG)Repeat:Perform the following concurrently and asynchronously:(Execute eligible nodes)For each node that is eligible for execution:Execute the node (see Figure 4-39).(Move tokens from output ports to destination junctions)For each executable output port in the SPG with a token on it:If no source branch is connected to the portDiscard the token.ElseIf a token already exists at the destination junction of the edge containingthe branchSignal an error.ElseMove the token from the port to the destination junction of the edgecontaining the branch.(Execute eligible edges)For each edge that is eligible for execution:Execute the edge (see Figures 4-26 and 4-28).Until (execution is halted via a stop node) or(no nodes are executing and there are no tokens on the graph).Figure 4-38: Overall execution algorithm for SPGs.might expect that a subprogram might also implicitly complete execution when, as in thecase of SPG execution, the grouping lacks both executing nodes and existing tokens, butthe possible existence of Parameter nodes defeats such a strategy. In general, it is possiblefor a subprogram invocation to receive a new token from outside the grouping at any timeafter the invocation is created, because a Parameter node may have access to the RIID forthat invocation and thus retain the ability to pass tokens to one or more InOut ports. Asa result, subprogram termination must be explicit through the execution of a return node.Given this preliminary introduction to return nodes, I am �nally in a position to replacethe incomplete pseudocode for node execution that I presented in Section 4.3.1 with thecomprehensive node execution algorithm of Figure 4-39. The �gure shows that return nodesare meaningful not only within Subprogram groupings, but within all executable groupings.In the case of Entry and Rendezvous groupings, the rationale for this is identical to that forSubprogram groupings: entries, like subprograms, may be invoked both strictly and non-



4.5. EXECUTION 103Perform the node's type-speci�c behavior.(Check to see if this is a stop node)If the node has an annotation named \Stop"For each data output port on the node that has a token on it:Communicate the value of the token to the external environment.Immediately halt all execution of the SPG.(Check to see if this is a return node)If (the node is inside an executing grouping) and(the node has an annotation named \Return")If there is a unique innermost executing grouping containing this nodeG  that grouping.Execute the node (see Figure 4-41).elseSignal an error.(This is a \normal" node)Else(Remove input tokens)For each executable input port on the node:Remove the token from the port and discard it.(Put tokens on unused output ports)For each executable output port on the node that did not receive a token duringperformance of the node's type-speci�c behavior:If the port is a control portCreate a new control token and place it on the port.ElseCreate a new data token with the value undefined and place it on the port.Figure 4-39: Complete execution algorithm for nodes.strictly. The case for treating STask groupings in the same manner is currently somewhatweaker, as the primary justi�cation is that it yields a consistent treatment of executablegroupings. Recall, however, that the prohibition against dynamic instantiation of STaskgroupings is based on a lack of SPG support for data types. Given the addition of suchsupport, it would become necessary to provide for the explicit termination of STasks, andthat provision is already present in the algorithm of Figure 4-39. The algorithm henceanticipates future SPG support for data types (see Section 8.1).It is possible for a return node to be contained inside more than one executable grouping.For example, two otherwise disjoint subprograms S1 and S2 might both contain a commonutility routine R. A return node n within R would then also be within S1 and S2. Whenexecuting n, the SPGM would have to be able to determine which of the three groupingswas performing the return. In this case, static analysis similar to that for determining thescope of an SPG entity (see Section 4.4) could determine that the innermost executablegrouping containing n was R, but static analysis does not always su�ce. If the grouping
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(Return, -)Figure 4-40: A return node contained inside a unique innermost executable grouping (left)and contained inside no unique innermost executable grouping (right).R were removed from this example, n would still be contained inside both S1 and S2, butneither would be nested inside the other. Which grouping should cease execution then?These two scenarios are depicted in Figure 4-40.The SPGM resolves this kind of ambiguity dynamically, de�ning the unique innermostexecuting grouping containing the return node as the one that is in fact returning. It is anerror if there is no such grouping. In terms of the right-hand diagram in Figure 4-40, if onlyS1 or S2 is executing at the time n is executed, whichever grouping is executing is the onedoing the returning. However, if both groupings are executing at the time n is executed, itis an error, because there is no unique innermost executing grouping that contains n.A complete algorithm for execution of a return node is given in Figure 4-41. Althoughthe purpose of a return node is to cause execution of a grouping to cease, the cessationof execution is not quite immediate. Instead, the SPGM halts all node execution and alltoken 
ow except that of tokens 
owing along destination branches toward OutIn portson the grouping that is executing the return. This ensures that tokens already producedand destined for communication to the invoking node will in fact reach their destinationbefore the grouping invocation ceases to exist.11 Once a token is placed on an OutInport, of course, it is immediately transferred to the appropriate invoking node, as describedin Section 4.3.3. The SPGM then checks to see if any OutIn ports failed to receive atoken during the invocation of the grouping. If so, those ports receive tokens from theSPGM. Control ports receive control tokens, data ports receive data tokens with the valueundefinedBecause SPGs support parallelism, it is possible that other nodes in a grouping areexecuting at the time a return node completes execution. This is problematic when thenodes in question are Accept or Call nodes. If execution of an Accept node is abruptlyterminated, the Call node invoking the entry handled at that Accept node may nevercomplete execution, because it may never receive tokens it expects from the entry it called.Similarly, both Call and Accept nodes invoke other executable groupings, so if the execution11For Subprogram and Entry groupings, the invoking node must be a Call node. For Rendezvous groupings,the invoking node must be an Accept node. The issue does not arise for STask groupings, because suchgroupings are not allowed to have executable ports.



4.5. EXECUTION 105(Stop execution of G)Immediately halt all execution within G except for the 
ow of tokens along destinationbranches to OutIn ports; wait until each such token has reached its port.(Put tokens on G's unused OutIn ports)For each OutIn port on G that did not receive a token during execution of G:If the port is a control portCreate a new control token and place it on the port.ElseCreate a new data token with the value undefined and place it on the port.(If there is a current call to an Accept node in G, terminate it)If an Accept node in G is currently being executedFor each target in the fourth (Return Values) part of that Accept node that has not yetreceived a value:If the target is invalidSignal an error.Else if the target is a data portCreate a new data token with the value undefined and place it on the port.ElseCreate a new control token and place it on the port.(Identify all currently executing groupings arising from this execution of G)GIFH  ;. (GIFH = \Groupings Invoked From Here")For each currently executing grouping in the transitive closure of the grouping invocationsoriginating from Call and Accept nodes in G:Add the grouping to GIFH.(Halt execution of all the groupings inside GIFH)For each grouping in GIFH:Immediately halt all execution within the grouping.(Destroy G and the groupings in GIFH)Add G to GIFH.For each grouping g 2 GIFH:Immediately halt all execution within g.Remove all tokens inside g or on its ports.If g was dynamically instantiatedRemove the subgraph inside g from the SPG.Remove g from the SPG.Figure 4-41: Execution algorithm for return nodes. The variable G, de�ned in Figure 4-39,represents the grouping that is returning.



106 CHAPTER 4. SEMANTIC PROGRAM GRAPHSof a Call or Accept node is interrupted, the grouping invocations originating at those nodesno longer make any sense; certainly there is no place to which results produced by thosegrouping invocations can be returned. Furthermore, such groupings may themselves be inthe process of executing Accept and/or Call nodes, so the number of grouping invocationsdirectly or indirectly dependent on an Accept or Call node in a returning grouping isessentially unbounded.The semantics of return node execution are to immediately halt the execution of allnodes in the returning grouping, including that of Accept and Call nodes. If an Acceptnode is executing, the SPGM creates tokens to return to the node's caller, with data tokenshaving the value unde�ned. If Rendezvous and/or Subprogram groupings are executing atthe behest of Accept and/or Call nodes in the returning grouping, the SPGM computes thetransitive closure of all currently executing groupings whose invocations originated in thegrouping containing the return node, and each of the groupings in that set is destroyed.Finally, the returning grouping itself is destroyed.The actual steps carried out by the SPGM when destroying a grouping invocation varyslightly, depending on whether the invocation is represented by an instantiation of an SPGsubgraph (for Subprogram groupings) or by tokens 
owing over a static SPG subgraph(for Rendezvous and STask groupings). In both cases, the SPGM removes all tokens fromthe grouping that is returning. In the case of an instantiation only, the grouping itself isremoved from the SPG, as is the subgraph inside it.I noted in Section 4.3.3 that it is possible for unexecutable edges to cross the boundariesof Subprogram groupings, and now is the time to describe how such edges are treated duringinstantiation of Subprogram groupings. Given a Subprogram grouping G, an unexecutableedge E, a non-null set of ports Pi in or on G (inside ports) to which E is connected, anda non-null set of ports Po not in G (outside ports) to which E is connected, the followingoccurs when G is instantiated:� For each output port pout in Pi, a new source branch is created for E. The sourcebranch originates at the copy of pout in the new instantiation of G.� For each input port pin in Pi, a new destination branch is created for E. The destina-tion branch terminates at the copy of pin in the new instantiation of G.This process is depicted in Figure 4-42. When a subprogram instantiation completes itsexecution, the unexecutable source and destination branches that were created to connectto it are also removed.This behavior for unexecutable edges is founded on the assumption that any unexe-cutable aspects of an SPG that pertain to the static structure of a subprogram pertainequally well to the dynamic invocations of that subprogram. For example, a commentdescribing a subprogram is as relevant to an invocation of the subprogram as it is to thesource code for the routine. An alternative design would have been to dynamically createunexecutable edges between a subprogram instantiation and the grouping on which thatinstantiation was based, but in some cases that would make it di�cult for views to showdynamic relationships between portions of an SPG. For example, if an unexecutable edgeindicates a possible data
ow relationship from a variable de�nition outside of a subprogramto a variable use inside a subprogram, the dynamic def-use relationship established whenthe subprogram is instantiated is much more directly expressed by the current behavior of
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(Subprogram, -)

(Subprogram, -)Figure 4-42: Modi�cation of unexecutable edges crossing the boundary of a Subprogramgrouping when the subprogram is instantiated. Left: edges and uninstanti-ated Subprogram grouping. Right: edges and groupings after instantiation.SPGs than it would be if I had adopted the approach based on linking instantiations to thegroupings on which they were based.The semantics of executing the other kinds of executable groupings (i.e., STask, Entry,and Rendezvous groupings) are somewhat simpler than are those for Subprogram groupings,because the other kinds of groupings require no dynamic instantiation. Like subprograms,however, STask entries may be invoked non-strictly, so it is still necessary for terminationof Rendezvous groupings to be explicit through the use of return nodes.The execution algorithm for SPGs implicitly assumes that there are no existing tokens onthe SPG when execution commences. If an SPG was in the process of being executed whenthe SPGM was asked to begin execution, the SPGM would have to take steps to reset theexecutable aspects of an SPG to an initial state. Such steps would include removing existingtokens from the graph, 
ushing pending input and output, and destroying subprograminvocations currently in progress.4.6 A Simple ExampleFigure 4-43 shows an SPG representation for Kernighan's and Ritchie's classic C programfor writing \hello, world" to the standard output [108, p. 6]:12main(){ printf("hello, world\n");}It should be clear from the SPG that the program in Figure 4-43 contains a singlesubprogram, main, and that the start node of the program simply invokes main. Both mainand the Call node that invoke it are contained in a File grouping (i.e., an unexecutablegrouping with a File annotation), and the name of the �le is \hello.c". This �le is a scope12Because edges can only connect to nodes at ports and because edges are directed and can carry only thetype of token matching the ports they connect to, I often omit a graphical depiction of the ports to whichedges are attached. For example, the Multiassignment node in the Subprogram grouping of Figure 4-43must contain a control input port because there is an edge running from the grouping's control InOut portto the node; this port has been omitted from the �gure.
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R := [main]
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OUTPUT := “hello, world\n”
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(Scope, -)

(Return, -)

(Scope, -)

(Subprogram, -)(Scope, -) r0Figure 4-43: An SPG for Kernighan's and Ritchie's \hello, world" program.in its own right (as is the case for �les in C programs), but it is also contained inside asecond scope, one that does not correspond to a �le. This outer scope represents the globalscope of a C program.Not all languages have a global Scope; Ei�el [127, 128], for example, does not. Thereis certainly no requirement that an SPG have a global scope. Because the global scopeis essentially unused in this particular program, it would have been possible for the viewgenerating the SPG to omit it. To do so, however, would have been to fail to be faithfulto the semantics of the C programming language, and one would therefore expect that aC view would be unlikely to take such liberties when generating an SPG for a C program.In addition, omission of a global scope would give rise to ambiguity when other viewsattempted to make sense of the SPG: should the absence of a global scope be interpreted tomean that there was simply no need for such a scope when the SPG was created, or shouldit be taken to signal a more fundamental restriction | that there should never be a globalscope? Finding a way to distinguish between these two cases in SPGs is an important topicfor future research (c.f. Section 8.1).There being only one File grouping in this SPG, it is apparent that the source code forthe program is entirely contained in a single �le called \hello.c". A more representativeC program would be composed of multiple �les, some consisting primarily of declarations(.h �les) and others consisting primarily of de�nitions. SPGs currently o�er no mechanismfor distinguishing between the declaration and the de�nition of variables and functions, soalthough an SPG can indicate the presence of both .h and .c �les for a particular softwaresystem, it has no way of indicating that .h �les contains only declarations while .c �lescontain de�nitions. Adding such support to SPGs would not be di�cult, however | seeSection 8.1.The Call node in Figure 4-43 that invokes main is both a start node and a stop node,so execution of this SPG will begin with a call to main and will cease after the call hasreturned. Execution of this SPG would proceed as follows:1. The SPGM would identify the Call node as the only start node and would place acontrol token on its sole (unnamed) input port. This would make the Call node eligiblefor execution, because it would have a token on each of its input ports.



4.7. SUMMARY 1092. The �rst part of the Call node would be executed, which would identify main as theroutine to invoke. This would cause the SPGM to instantiate a copy of the Subprogramgrouping corresponding to main, as described in Section 4.3.3.3. The second part of the Call node would be executed, which would direct the SPGM toplace a (control) token on the InOut port with PR name \p0" of the executable group-ing that was instantiated in Step 2. This token would immediately be transmittedalong the NP1 edge (with its destination branch controlled by the implicit conditionthat always evaluates to true) to the control input port of the Multiassignment node.At this point the Multiassignment node would be eligible for execution.The third part of the Call node would also be eligible for execution at this point(because the actions called for by the second part had been completed), but it wouldimmediately block awaiting tokens to be placed on the instantiated grouping's OutInports with PR names \r0" and \r1". Until these tokens were available, it would beimpossible to perform the assignments in the third part of the Call node.4. The Multiassignment node would be executed, which would cause the string \hello,worldnn" to be written to the standard output. The Multiassignment node is a returnnode, so after execution of that node, the SPGM would place a control token on theOutIn port named \r0" and a data token with the value undefined on the OutIn portnamed \r1". These tokens would immediately be transmitted to the third part of theCall node, which would then be free to complete its own execution by assigning thevalue of the data token to the Call node's output port called \result". After placingthis token on the grouping's OutIn port, the SPGM would destroy the instantiationof the subprogram grouping that had been brought about by execution of the �rstpart of the Call node.5. After the Call node �nished execution, the SPGM would note that it was a stop node.It would then examine the data output ports of the Call node to see if any ports hadtokens on them. Finding one on the port \result," it would communicate the valueof this token to the external environment that had caused the SPG to be executed inthe �rst place.4.7 SummaryA Semantic Program Graph is a hypergraph-based representation for both executable andunexecutable aspects of software systems. In accord with the design criteria for a canonicalrepresentation outlined in Section 3.5.1, an SPG consists of a small number of generalizedcomponents | there are only about three dozen prede�ned nodes, edges, groupings, andannotations | that can both represent and distinguish between such fundamental conceptsas serial and parallel constructs, data-driven and control-driven execution, strict and non-strict parameter evaluation, and deterministic versus nondeterministic execution.SPGs do not attempt to model all aspects of software systems. Currently, there is nosupport for data types or data structures. However, SPGs provide a rich, expressive, yetstill comprehensible framework for the representation of software systems, and the principlesgoverning their design allow for the addition of new features without unduly compromisingthe e�ectiveness of existing SPG components and the views that use them.



110 CHAPTER 4. SEMANTIC PROGRAM GRAPHSThe primary purpose of this chapter was to describe the structure and semantics ofSPGs. In the next chapter, I show that SPGs are able to meet the view model criterion ofexpressiveness I developed in Chapter 3. In Chapter 6, I examine how SPGs can be usedto form the core of an MVDE, and in Chapter 7, I perform a paper experiment that yieldsinsight into how well SPGs might work out in practice.



Chapter 5SPGs and the View ModelIn Chapter 3 I developed a model for views of software systems based on the essentialcharacteristics of the sequential control 
ow paradigm, the data
ow paradigm, and theparallel control 
ow paradigm. I also described four speci�c representation challenges thata CR for an MVDE must be able to meet: representing loops, representing subprogramsand calls, representing name bindings, and representing interprocess communication. Inthe present chapter, I demonstrate that SPGs are powerful enough to represent each of thesemantic features making up the view model, and I provide detailed SPG solutions to eachof the representation challenges.5.1 Representing Model Features Using SPGsIn the sections that follow, I show how SPGs can be used to represent each feature in theview model for software systems.5.1.1 The Sequential Control Flow ParadigmSCF1 Sequential, deterministic control 
ow constructs. Static control 
ow is rep-resented as control edges and ports, and dynamic control 
ow is represented asthe movement of control tokens through these edges and ports. Simple statementsand variable declarations are represented by single nodes, while more complex state-ments and variable declarations are represented by SPG subgraphs inside Statementgroupings. Statement ordering (including gotos) is represented by sequences of nodesconnected by NP1 edges, each with a single destination branch and a null condition.Conditional control 
ow is represented via NP1 edges with more than one destina-tion branch, each branch being under the control of a non-null condition (possiblythe special condition default). The representation of iterative loops is based on stan-dard annotations; see Section 5.2.1. Subprograms are represented by Subprogramgroupings, and calls to subprograms are represented by Call nodes.SCF2 Identi�ers and scopes. The introduction of a new variable identi�er is repre-sented by a Declaration node. Such declarations are assumed to be explicit in aview unless the node contains an annotation named Implicit. Variable names maybe overloaded without restriction, because references to variables within an SPG111



112 CHAPTER 5. SPGS AND THE VIEW MODELare in terms of unambiguous VIDs. Local variables declared inside subprogramsare instantiated along with subprograms and have a lifetime equal to that of thesubprogram invocation.Scopes are represented by groupings with an annotation named Scope, and no re-strictions are placed on the relationship between any pair of scopes. Scopes maythus be disjoint, may nest inside one another, or may partially overlap. Whether agrouping is a scope is independent of its other properties, so there is no requirementthat, for example, the declaration of a subprogram also introduces a new scope.SCF3 Operators and Expressions. Simple assignment and arithmetic operators aresupported by Multiassignment nodes (see Figure 4-7). The addition of a more ex-tensive set of operators would be straightforward, but is best deferred until greatersupport for data types is added to SPGs. The standard relational operators are sup-ported by branch conditions (see Figure 4-23). Expressions may involve constants,variables (via VIDs), and computed data values (via data tokens). The two di�erentforms of parentheses in SPGs allow views with uncommon operator precedence levelsto ensure that expressions are evaluated correctly within an SPG without requiringthe introduction of spurious parenthesis that are visible to view users. Multiplesimultaneous assignments are allowed, and deterministic results are guaranteed forthe result of such assignments. Input and output of simple data values is supported,as is output of simple literal strings.SCF4 Files. Files are represented by unexecutable groupings with an annotation namedFile; the value of the annotation is the name of the �le. It is illegal for any SPGcomponent to be contained inside more than one File grouping, so the contents of�les must be disjoint.SCF5 Relationships between system components. Arbitrary relationships betweensystem components are represented by unexecutable edges connecting the SPG rep-resentations of the components in question. Unexecutable edges have no semanticsassociated with them, and this is in accord with the view model's speci�cation ofsuch relationships.SCF6 Unexecutable ancillary information. The model speci�es that such informationis simply text, and such text is represented as the contents of unexecutable nodes.5.1.2 The Data
ow ParadigmD1 Data-driven execution. Static data 
ow is represented as data edges and ports,and dynamic data 
ow is represented as the movement of data tokens throughthese edges and ports. The creation of new 
ows of computation is representedby nodes that produce more tokens than they consume, i.e., when the number ofdata output ports on a node exceeds the number of data input ports on that node.Opportunistic parallelism in execution is inherent in the execution algorithm forSPGs, which allows for any number of nodes to be executed in parallel, subject onlyto the limitation that a node must have a full complement of input tokens before itis eligible for execution.



5.2. SOLVING REPRESENTATIVE VIEW PROBLEMS 113D2 Non-strict subprogram calls. Calls themselves are represented by Call nodes,and parameters passed non-strictly are represented as Parameter nodes that receivean RIID from the Call node they work with.5.1.3 The Parallel Control Flow ParadigmPCF1 Dynamic process creation. The creation of new 
ows of control is represented byNPn>1 control edges; the destination branches of such edges are typically controlledby the null condition. Views may represent conditional dynamic process creationby placing non-null conditions on the destination branches of NPn control edges.PCF2 Interprocess communication. The separate processes participating in IPC arerepresented by STask groupings, and the interface through which other processescommunicate with an STask grouping is represented by the set of Entry groupingscontained inside the STask. Actual communication between processes is representedby Call nodes that specify a non-null TID. Mutual exclusion within an STask isrepresented by the single 
ow of computation that runs inside the STask, and awillingness and/or expectation on the part of that 
ow of computation to receivecommunication from other processes is represented by Accept nodes in the SPGsubgraph corresponding to that 
ow of computation.PCF3 Nondeterministic execution. Nondeterminism can be represented by both NPedges and Select edges. When a token reaches the destination junction of an NPnedge, copies of that token 
ow along n nondeterministically selected branches withconditions that evaluate to true.1 If n = 1, only one of the branches with a truecondition is chosen, and a copy of the token 
ows along that branch only. This isnondeterminism in the style of nondeterministic FSAs. IPC-style nondeterminism |that is, nondeterminism in the style of Ada and CSP| is represented by Select edgesleading to Accept nodes. This allows views to represent the nondeterminism inherentin client-server architectures where the server must preserve mutual exclusion toshared resources.Table 5-1 recapitulates the semantic features making up the model for views of softwaresystems and summarizes the primary SPG features used to represent each feature in themodel.5.2 Solving Representative View ProblemsI introduced four representation challenges in Section 3.5, and I sketched how they wouldbe handled using SPGs. In the sections that follow, I revisit those representation problemsand provide a detailed SPG solution to each one.5.2.1 Representing Iterative LoopsBased on my analysis of Section 3.5.2, SPGs explicitly recognize but a single form of gen-eralized loop. The SPG subgraph making up the loop itself is enclosed in an unexecutable1Fewer than n tokens are created if fewer than n branches have conditions that are true.



114 CHAPTER 5. SPGS AND THE VIEW MODELTag Model Feature Primary SPG FeaturesSCF1 Control 
ow constructs Control ports, tokens, and NP1 edges; executable nodesand groupings; Statement groupings; loop annotationsSCF2 Identi�ers and scopes Declaration nodes, VIDs, Scope groupingsSCF3 Operators and expressions Multiassignment nodes, branch conditionsSCF4 Files File GroupingsSCF5 Component relationships Unexecutable edgesSCF6 Ancillary information Unexecutable nodesD1 Data-driven execution Data ports, edges, and tokensD2 Non-strict calls RIIDs, Parameter nodesPCF1 Dynamic process creation NPn>1 edgesPCF2 Interprocess communication Stask and Entry groupings, Call and Accept nodesPCF3 Nondeterministic execution NP and Select edges, branch conditionsTable 5-1: Summary of semantic features in the view model and the primary SPGfeatures used to represent them.grouping with an annotation named Loop, and the semantically signi�cant components ofthe loop are identi�ed by additional annotations as follows:� The loop entrance is an executable destination branch representing the \normal"entrance to a loop. Well-structured programs contain only single-entrance single-exitloops, and for such loops, the normal entrance is the sole entrance to the loop. Not allloops are well-structured, however, so SPGs must admit of the possibility that a loopcontains more than one entrance. For a loop with multiple entrances, a view mayindicate that one entrance is the normal one by assigning it an annotation namedLoop Entrance. (An example of an \abnormal" entrance might be the target point ofa goto into an otherwise well-structured loop.)� A loop exit is an executable edge or destination branch representing a 
ow of controlout of a loop. It is identi�ed by an annotation named Loop Exit. SGP components soannotated are typically destination branches. If a loop is followed by a conditional,a nondeterministic choice, or the spawning of a new 
ow of control, however, it maybe convenient to represent a loop exit as an edge with multiple destination branches,each leading to a branch of the conditional, one of the nondeterministic choices, or theinitial behavior of a new 
ow of control, respectively. Many programming languagesallow for unstructured exits from what are otherwise single-entrance, single-exit loops(e.g., C's break statement), so an SPG loop may contain more than one loop exit.� The loop return is an executable branch or edge leading from one or more points in theloop body to the top of the loop. It possesses an annotation named Loop Return andis used to represent the points at which a new iteration is initiated. Even structuredloops may return to the top of the loop from multiple locations (via, e.g., the continuestatement in C), so it is not uncommon for this edge to have multiple source branches2or for more than one destination branch in a loop to be a loop return.2This is an example of how the use of hyperedges in SPGs allows common programming control 
ow tobe more directly modeled than would be the case with simple edges.



5.2. SOLVING REPRESENTATIVE VIEW PROBLEMS 115AnnotationName Applies To MeaningLoop Unexecutable grouping Contents of the grouping comprise a loopLoop Entrance Executable destinationbranch Branch represents the \normal" entrance to aloopLoop Exit Executable edge ordestination branch Edge or branch represents an exit from the loopLoop Return Executable edge ordestination branch Edge or branch leads from the loop body to thetop of the loop for further iterationLoop Init Grouping or executablenode Grouping or node represents the code to initial-ize execution of a loopLoop Update Grouping or executablenode Grouping or node represents the code used toupdate a loop's state on each iterationLoop Test Executable edge Edge contains the condition used to control \nor-mal" exit from the loopTable 5-2: Standard annotations for loops. As noted in the text, these annotations mayalso be attached to unexecutable edges originating at the Loop grouping andterminating at the component of interest.� Many loops perform a set of actions prior to commencing execution of the loop body.For example, for loops typically initialize one or more iteration variables. WithinSPGs, such set-up actions are called the loop initialization and are represented as agrouping or an executable node with an annotation named Loop Init.� The loop update is a grouping or executable node with an annotation named LoopUpdate and representing the code used to update a loop's state on each iteration. Forexample, for loops typically increment one or more variables at the end of each loopiteration.� An iterative loop usually (though not always) contains a termination condition thatcontrols \normal" exit from the loop. In SPGs, conditionals are always represented byedges with two destination branches (one for each possible outcome of the condition).The loop test is therefore an executable edge containing the condition used to controltermination of the loop. This edge possesses an annotation named Loop Test. One ofthe destination branches of a loop test edge must be a loop exit.The SPG model of a generalized loop, then, consists of an entrance, some exits, somereturns, an initialization, an update, and a test. Each component is optional, and each canbe identi�ed by a standard SPG annotation generated by the view creating the loop; theseannotations are summarized in Figure 5-2. These same annotations may be attached tounexecutable edges leading from the loop grouping to the components; such annotationsmake identi�cation of the loop components given the loop grouping particularly simple.33I considered assigning to the SPGM the responsibility for generating the annotated unexecutable edgesleading from a loop grouping to the loop's constituent components, but this is not always a straightforwardtask, especially when a loop component is inside more than one loop grouping.
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Figure 5-1: An SPG for a loop to print out the numbers 1{10 on the standard output.Executable edges are solid, unexecutable edges are dashed.Figure 5-1 shows an SPG for the following C++ statement:for (int i = 1; i <= 10; i++) cout << i;A C++-like view can generate a presentation of this loop (and, indeed, of any loop with therecognized components) by applying this template:Loop Initialization;while (Loop Test) fLoop Body;Loop Update;gApplication of this template to the SPG in Figure 5-1 yields this code:int i = 0;while ( i <= 10) {cout << i;i = i + 1;}



5.2. SOLVING REPRESENTATIVE VIEW PROBLEMS 117This is semantically equivalent to the original code,4 but it is not lexically identical, whichis what a programmer would expect. For mappings between SPGs and a particular view,however, this problem can be obviated through the use of view-speci�c annotations. Forexample, the loop in Figure 5-1 might possess a view-speci�c annotation indicating that itshould be presented as a for loop (as opposed to a while loop or a do loop).In the more general case | where the view attempting to make sense of an SPG isnot the same as the view that generated it | view-speci�c annotations are unlikely to bepresent. Indeed, one of my fundamental criteria in designing SPGs was that mappings fromSPGs to views should never depend on view-speci�c annotations. As such, the presentationof an SPG loop is largely left up to the discretion of the view generating the presentation. Inmany cases this may boil down to a matter of taste on the part of the view writer, especiallyin C-like languages, where the semantics of for loops are de�ned in terms of the semanticsof while loops [109]. Similarly, views are responsible for translating SPG constructs intoview-speci�c idiomatic constructs in a presentation. For example, it is entirely up to theview doing the mapping whether to display the increment of i in Figure 5-1 as \i=i+1" oras \i++".It is worth noting that it is not always clear what constitutes a \loop." Consider thefollowing Lisp function for computing a factorial:(defun factorial (n)(if (= n 0) 1(* n (factorial (- n 1)))))This function contains no loop in the conventional iterative sense, but the conceptual equiv-alence of tail recursion and iteration is so strong in the Lisp community that many Lispprogrammers would claim that \what is going on" is a looping construct and that an SPGfor this function should represent it as such.5 To a programmer seeped in the traditionsof Algol-like languages, however, this function contains no loop at all. Rather, its controlstructure is that of recursion, a strategy utterly distinct from iteration and one which shouldcertainly be represented di�erently in an SPG.SPGs cannot arbitrate between such di�erent interpretations, although both can be ac-curately represented. Instead, decisions such as the precise de�nition of a loop are relegatedto views. In this case, the Lisp view, when translating from Lisp to an SPG, would have todecide whether \what is going on" is iteration or recursion. Once it had made that decision,it would be able to build an appropriate SPG for the function.In theory, of course, there is no reason why the SPGM couldn't look for instances oftail recursion and replace them with iteration (or vice versa), but in a view-neutral CR likeSPGs, it is di�cult to justify a choice of one or the other as a canonical form for loops.In fact, the issue of canonicalization of form is a complex matter in its own right | seeSection 8.1.4Actually, it is almost equivalent. The while version employs braces (f . . . g), but the for version doesnot. This means that the while version introduces a scope not present in the for version. This super
uousscope is not present in the SPG, however. It is introduced through application of the template that de�nesa mapping from an SPG loop to a view-speci�c loop.5In many Lisp environments, this outlook is based on the fact that tail recursion is automatically convertedto iteration by the interpreter and/or compiler prior to execution.



118 CHAPTER 5. SPGS AND THE VIEW MODEL
R := rid

R.p1 := arg

result := R.r1
result

indirectCall

rid arg

p1(pf) p2(arg)

r1

R := [indirectCall]

R.p1 := [f1], R.p2 := [x]

result := R.r1
result

R := [indirectCall]

R.p1 := [f2], R.p2 := [y]

result := R.r1
result

(Subprogram, -)Figure 5-2: SPG subgraphs for the subprogram indirectCall and two di�erent calls to it.
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(Subprogram, -)Figure 5-3: SPG representations for a function f and strict and nonstrict calls to it.Contents of the Subprogram grouping are irrelevant and have been omitted.5.2.2 Representing Subprograms and CallsIn Section 3.5.3, I raised two primary issues relating to the representation of subprogramsand calls to them. First, I described the need to be able to represent software systems inwhich subprograms are themselves passed as arguments to other subprograms, i.e., the needto be able to pass subprograms as parameters. Second, I discussed the importance of beingable to pass parameters both strictly and non-strictly to subprogram invocations.SPGs handle the problem of subprogram parameters by identifying subprograms interms of a globally unique numerical handle, the RID, and allowing RIDs to be movedthrough the SPG as values on data tokens. For example, Figure 5-2 shows how SPGs couldbe used to represent the routine indirectCall introduced in Section 4.3.3. Also shown in the�gure are two calls to indirectCall, one to compute the value of f1(x), the second to computethe value of f2(y).The second problem | that of supporting both strict and non-strict calls | is handledby using Call nodes alone for strict calls and using a combination of Call nodes and Parame-ter nodes for non-strict calls. In particular, SPGs use a Parameter node for each parameterthat is to be passed non-strictly, so a non-strict call to a subprogram taking n parameterswill employ one Call node and n Parameter nodes. Figure 5-3 shows how a function f andstrict and non-strict calls to it can be represented using SPGs.There is more to the concept of strictness than I have so far discussed, however, because,given an n-parameter subprogram, one can imagine a gradual decrease in strictness from 0Parameter nodes (fully strict) to n Parameter nodes (fully non-strict). To the best of myknowledge, every language for software development currently in use employs one of thesetwo extremes, but there is no reason why new views with intermediate semantics might not



5.2. SOLVING REPRESENTATIVE VIEW PROBLEMS 119
S

p3

R := [f]

riid := RIID
riid

R := riid

R.p4 := arg
riid

p2p1 p4 R.p1 := arg

R := riid

R.p2 := arg1, R.p3 := arg2riid

arg

arg1 arg2

arg
(Subprogram, -)Figure 5-4: A call site passing one parameter fully strictly, one parameter fully non-strictly, and two parameters \partially strictly."be created.SPGs naturally o�er these intermediate levels of strictness in two ways. First, call sitesmay pass some parameters strictly (by making assignments to them in the second part of aCall node) and others non-strictly (by passing them via Parameter nodes). Second, SPGsmake it possible to constrain sets of parameters such that all members of the set are \equallystrict." This capability arises from the fact that a single Parameter node can be used topass more than one parameter to a routine invocation, and all the parameters so passed arepassed at the same time. It is thus possible to use SPGs to represent a subprogram callsuch that the routine invocation is independent of the availability of its actual parametervalues, but the passing of each individual parameter value is constrained by the availabilityof one or more other parameter values. For example, Figure 5-4 shows a call site to asubprogram S taking four parameters where, S.p16 is passed fully strictly, S.p4 is passedfully non-strictly, and S.p2 and S.p3 are passed \partially strictly" | they are constrainedto be passed at the same time.5.2.3 Representing Scopes and Name BindingsI reasoned in Section 3.5.4 that the proper way to deal with the di�culties associated withbinding names to values in a canonical representation for an MVDE was to sidestep itentirely; to insist on the use of unambiguous identi�ers within the CR, leaving views todetermine how to map unambiguous identi�ers back into view-speci�c name presentations.RIDs and VIDs act as such unambiguous identi�ers within SPGs.5.2.4 Representing Interprocess CommunicationI noted in Section 3.5.5 that monitors, CSP-style message-passing, and client/server rela-tionships are all speci�c instances of a more general concept, that of encapsulated sharedresources directly manipulated by a single sequential process and otherwise accessed onlyindirectly through well-de�ned procedural entry points into the encapsulation. This generalconcept is the basis for SPG support for interprocess communication.6The dot notation is used to identify ports on SPG components, so S.p1 refers to the port named p1 onthe SPG component named S.



120 CHAPTER 5. SPGS AND THE VIEW MODELSTasks are modeled after Ada tasks, so it is not surprising that the structure of an STaskclosely mimics that of a task. The primary divergence between the two is that where Adaputs the code for handling an entry call \in line" at the point where the entry is accepted,STasks pull the code to be executed during the rendezvous out into a separate Rendezvousgrouping. This can be seen in the SPG in Figure 5-5, which is a representation for theAda solution to the Bounded Bu�er problem that was shown in Figure 4-15. (Appendix Ashows a complete Ada program using a bounded bu�er and shows how that program canbe mapped into and out of SPGs.)Compared to Ada, STasks are more 
exible in their speci�cation of the entry to behandled and the rendezvous code to be executed at a particular accept site. In Ada, boththe entry to accept and the code to be executed is statically speci�ed, but in STasks, bothof these things may be dynamically speci�ed. As I explained in Section 4.3.1, such dynamicdetermination of entry and/or rendezvous code is accomplished by storing grouping IDs invariables or passing them as data values onto input ports of Accept nodes.The mapping between monitors and STasks is somewhat less straightforward than it isfor STasks and tasks. There are two primary reason for this. First, while Ada and CSPo�er guards to ensure that only messages compatible with the current state are received,monitors have no such provision. (It may in fact be the case that guards were inventedfor the purpose of addressing this shortcoming of monitors.) This has led to the commonidiom in monitor programming of manually coding the \guard" at the top of a monitorprocedure, suspending the calling process on a queue if the guard fails. Examples of thisconvention can be seen in both monitor procedures in Figure 4-16, where the �rst action ineach procedure is to check to see if the variable count has a value compatible with executionof the procedure. If not, the calling process is explicitly suspended.STasks o�er a higher-level abstraction for IPC than do monitors, and as a result there areno SPG operations for manipulating queues of suspended processes; all such manipulationsare performed by the SPGM and are hidden from views. When a view translates from amonitor to an SPG, then, it must translate the test at the top of the the monitor procedureinto a branch condition controlling token 
ow into the Accept node(s) handling calls tothe STask entry corresponding to the monitor procedure. Examples of this can be seen inFigure 5-6, which shows an SPG for the Concurrent Pascal solution to the Bounded Bu�erproblem that was shown in Figure 4-16. Mapping from an STask back to a monitor simplyreverses this process: branch conditions controlling execution of Accept nodes are translatedinto tests at the top of the corresponding monitor procedures.The second di�erence between the monitor approach to IPC and that employed bySTasks is that the duration of a rendezvous with a monitor is always equal to the length oftime it takes to execute the monitor procedure that was called. That is, it is not possiblefor a monitor to do any additional processing for a call after the monitor procedure hasreturned.STasks are more 
exible than this, as can be seen by comparing Figures 5-5 and 5-6. Inthe SPG derived from the Ada code, the change in count's value occurs after the rendezvoushas terminated, but in the SPG based on Concurrent Pascal, count must be incrementedor decremented as part of a monitor procedure, hence during rendezvous with the callingprocess. When translating from an SPG like that in Figure 5-5 to a monitor view, then,the view performing the translation must examine the graph structure \downstream" fromthe Accept node in an attempt to determine which instructions must be added to the
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Figure 5-5: An SPG for the Ada solution (Figure 4-15) to the Bounded Bu�er problem.
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5.2. SOLVING REPRESENTATIVE VIEW PROBLEMS 123Rendezvous grouping when constructing the presentation of the monitor procedure beingcalled. For the common case of server tasks like the one used in the Bounded Bu�er problem,this will be all nodes between the Accept node handling the call and the loop return edgeleading back to the top of the loop handling entry calls. Applying this heuristic to the SPGin Figure 5-5 correctly identi�es the Multiassignment nodes incrementing or decrementingcount as those that must be added to the contents of Rendezvous groupings in order toproduce the procedures in the monitor.Although unidirectional message-passing is easy to represent using STasks and Acceptnodes, the particular message semantics of CSP cannot be represented. This is becauseCSP, unlike STasks, has no anonymous callers: IPC is always accomplished by explicitlynaming both the calling and the called process. For a discussion of how this conceptualmismatch might be handled in SPGs, see Section 6.4.2.The representation of semaphores is problematic because they are at once too ubiquitousto ignore and too low-level to �t into the STask framework I employ in SPGs. Fortunately,the semantics of semaphores can be easily achieved using either monitors or Ada tasks [20],and the mapping between these mechanisms and STasks is, as I have shown, straightforward.Providing the correct execution-time behavior for semaphores, then, is not a challengingproblem.The di�culty arises from the fact that views must be able to recognize an SPG STaskemulating a semaphore as a semaphore, and this information is not necessarily obvious fromthe structure of the SPG. One possibility would be to rely on naming conventions for entriesof STasks emulating semaphores. For example, an STask with entries named \P" and \V"might be assumed to represent a semaphore. Approaches based on naming conventions arerarely reliable, however. For example, Ben-Ari [20] eschews P and V in favor of \Wait" and\Signal," while Grunwald [75] employs the terms \reserve" and \release."I therefore employ an approach in SPGs that admits of no ambiguity. An STask rep-resenting a semaphore is expected to be assigned an annotation named \Semaphore," andentries within that STask are expected to indicate their function in the semaphore bycarrying an annotation named \Semaphore Function" with the value \P" or \V." Theseannotations make it easy for views to recognize the existence of simulated semaphores inan SPG.



Chapter 6Using SPGsIn this chapter I consider how SPGs could actually form the core of an MVDE. I focushere on pragmatic issues, such as how views communicate with the SPG Manager (SPGM)and with each other, the functionality of the SPGM, how changes are propagated betweenviews, how views might handle SPG features they can't comprehend, and who is responsiblefor detecting errors in software systems represented as SPGs. I then examine the kindsof views that are best suited to an SPG-based MVDE. Finally, I describe the prototypeSPG implementation I developed, and I summarize the research on object-oriented softwaredevelopment that grew out of my experiences creating the prototype.6.1 An Architecture for an SPG-Based MVDEThere is more to designing an SPG-centered MVDE than simply turning an olio of viewsloose on an SPG representing a software system. Such anarchy could lead only to chaos.Instead, some agent must be responsible for ensuring the topological validity of the SPG.Some agent must be responsible for assigning unique IDs to variables and groupings. Someagent must be responsible for interpreting the graph in order to execute the system itrepresents. In my design for an SPG-based MVDE, the agent performing these functions isthe SPG Manager.The SPGM is the only agent that can manipulate an SPG directly. When views want toread from or write to an SPG, they must interact with the SPGM responsible for it. Thisdesign treats an SPG as an abstract data type, and the SPGM is the interface through whichviews interact with the underlying SPG. Such a design not only ensures the integrity of SPGsby restricting access to them to the software making up the SPGM, it also acknowledges thatgraph structures in general (of which SPGs are but a speci�c instance) may be implementedusing any number of more primitive data structures, and views dependent on the abstractproperties of SPGs should be shielded from the implementation decisions made duringdevelopment of the operations de�ned by the SPGM.I explained in Chapter 1 that software developers do not interact with views directly.This is because views are conceptual structures | ways of \making sense" of a softwaresystem | and as such may have any of a variety of physical manifestations. For example, acall graph view of a software system is commonly depicted in either a graphical or a tabularformat. Each of these formats is a particular presentation of the underlying view, and soft-124
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DevelopersFigure 6-1: The relationship between an SPG, the SPGM, views, PMs, and softwaredevelopers in an SPG-centered MVDE. Views are drawn with dotted linesto emphasize that they are primarily conceptual entities. Views 1 and 3 areread-write, while views 2 and 4 are read-only.ware developers interact with presentations, not views. Like SPGs and views, presentationsare themselves relatively abstract data structures. Software developers interact with a par-ticular presentation through its user interface, which I call its Presentation Manager (PM).This division of an MVDE into separate entities to manage the semantics of the underlyingsystem (the SPGM) and the presentation of those semantics to users (the PMs) has beentermed a presentation-semantic split [190].My design for an SPG-based MVDE, then, consists of the following components:� An encapsulated SPG manipulated by an SPGM.� One or more views interacting with the SPGM.� One or more presentations interacting with each view.� One or more software developers, each of whom interacts with one or more PMs.This architecture is shown in Figure 6-1, where arrows indicate the direction(s) of informa-tion 
ow. The �gure assumes that all presentations are interactive, hence the double-headedarrows between developers and PMs in every case. Views 2 and 4 are designed to be read-only, and for those views information 
ows exclusively from the SPGM to the views, neverin the reverse direction.Within this architecture, changes to an SPG are brought about by software developersinteracting with PMs. When a developer interacts with a presentation, the PM for thatpresentation initiates the actions that bring about the speci�ed change. There are twotypes of changes. Cosmetic changes may alter the local presentation, but they result inno modi�cation to the underlying SPG. Cosmetic changes generally include mouse andcursor movement, zooming and panning, and simple reformatting of the information in the



126 CHAPTER 6. USING SPGSpresentation. These kinds of changes are semantically neutral, and there is no need tonotify the SPGM, much less other views, that they have taken place. Cosmetic changes cantherefore be handled entirely within the PM in which they occur.1A change that is not cosmetic is substantive: it yields a modi�cation to the underlyingSPG. Such changes include adding or deleting a grouping, rede�ning parts of a node, andrenaming a variable. They also include modi�cations to program comments, assuming suchcomments are represented using unexecutable SPG components in the customary manner(see Section 4.2).When a substantive change is made in a presentation, the PM translates the change inthe presentation into one or more operations on the SPGM, and the SPGM updates theSPG in accord with these operations. It then noti�es each presentation in the environment(including the one that initiated the change) how the SPG was modi�ed, and each PMtranslates these changes into operations on its presentation. The end result is that substan-tive changes made to a software system through one PM are uniformly propagated to allother PMs displaying a depiction of that software system.This approach to change propagation implies that information on a substantive alter-ation to an SPG presentation is communicated to other presentations as soon as the changeis made. Such immediate noti�cation is not always desirable. For example, a developermay wish to engage in a \what if" analysis, whereby the developer can see the e�ect ofa possible change to a system without having to make that (tentative) change apparentto other presentations in the environment. However, immediate noti�cation is not alwaysundesirable, either. For example, a developer adding a new subprogram may want all otherpresentations to convey the existence of the new functionality as quickly as possible.This problem | that of determining when to translate changes in a presentation intochanges in an SPG | is in essence the issue confronting the database community as itstruggles to develop an appropriate transaction model for databases (especially object-oriented databases). This is an active area of research, but no consensus has yet emerged.Explicit support for what-if analysis (\change simulation") is provided by Mercury [104],which implements the feature by modifying a copy of the system when a tentative changeis made. For my work in this thesis, I assume that immediate noti�cation is always thedesired e�ect, but I discuss the need for additional work in this area in Section 8.2.6.2 Communication Between PMs and the SPGMPMs must communicate with the SPGM when they wish to interact with the SPG, andthe SPGM must communicate with PMs when the SPG is modi�ed in some way. Becausethe SPGM and PMs are developed independently (in particular, new PMs may be addedat any time), each must have a �xed, well-de�ned interface that the other can rely on. In1This assumes that no information on things like cursor location, viewport extents, and source codeformatting is stored as annotations in the SPG. If this kind of data is stored as annotations, changes suchas these are considered not cosmetic, but substantive. It is possible to create development environments inwhich a semantically neutral action in one view can cause a change in other views. For example, selecting aC++ class in the FIELD class browser [166] causes the text editor to automatically jump to the correspondingclass declaration in the C++ source code. This kind of information 
ow between views is interesting anduseful, but it is complementary to my research, which focuses on interactions between views as a consequenceof modi�cations to the semantics of the underlying software system.



6.2. COMMUNICATION BETWEEN PMS AND THE SPGM 127this section, I describe these interfaces, i.e., the SPGM routines that PMs may call and thePM routines that the SPGM may call. The descriptions of these interfaces do not includespeci�c routine signatures (i.e., parameters and/or return types), because, as I explainin Section 6.5, di�erent implementations of an SPGM might adopt di�erent conventionsregarding static type-checking in an SPGM or PM interface. The interface descriptionsbelow therefore focus on the information that can be passed across the SPGM interfaceor the PM interface, rather than on the names and/or arguments of the routines throughwhich that passing takes place.6.2.1 The SPGM InterfaceThe SPGM interface o�ers three broad categories of functionality to PMs. First, it allowsPMs to query the structure and content of the SPG, which provides PMs with the ability totraverse the SPG in any way they choose. This capability is essential for PMs being able tomap from an SPG into a presentation. Second, it allows PMs to modify the SPG throughthe addition and/or removal of components of the graph, thus enabling the development ofPMs that edit the underlying SPG (both statically and as the SPG executes). Finally, itallows PMs to control the initiation and progression of SPG execution by the SPGM. Thesethree categories of functionality are described in detail in the sections that follow.Routines That Provide Information About an SPG� Identify all the components in the SPG.� Given an SPG component, identify the components it contains. Examples:given a node, identify the ports in the node; given an edge, identify its source anddestination branches; given a grouping, identify the components inside the grouping.� Given an SPG component, identify the components containing it. This isthe inverse mapping of the routine above.� Given an SPG component, identify its type characteristics. Examples: givenan edge, indicate whether it's an executable edge; given an executable port, indicatewhether it's a data port or a control port; given an executable node, identify whichtype of node it is.� Given an SPG component, identify its annotations.� Given an executable grouping, identify its ID. That is, identify its RID or TID.� Given an executable grouping, indicate whether it's a subprogram instan-tiation. If it is, identify its RIID and the Call node from which it was invoked.� Given a Rendezvous grouping, indicate whether it is executing. If it is,identify the Accept node from which it was invoked.� Given an executable component, indicate whether it is currently beingexecuted. Whether a grouping is currently executing may not be apparent from asimple inspection of the grouping itself. For example, because SPGs support non-strictparameter passing, it is possible for an Entry or Rendezvous grouping to technically



128 CHAPTER 6. USING SPGSbe executing even if there are no tokens present in the grouping. Information onwhether an SPG component is executing is of particular interest to dynamic views,which may need to determine whether edges and/or nodes are in the process of beingexecuted.� Given an STask grouping, identify the contents of its queue of pendingentry calls. Each entry in the queue speci�es both the Entry grouping being invokedand the node making the call.� Given a node, identify its contents. Examples: given a Declaration node, identifythe variables declared there and their VIDs; given a Call node, yield the textualspeci�cation of the routine to be called, of how parameter values are to be assigned,and of how return values are to be handled.� Given an NP edge, indicate how many branches are to be selected. That is,given an NPi edge, identify the value of i. If the edge is an NPa edge, indicate thatin some way.� Given a port or branch, identify the components to which it is connected.Examples: given a port, identify the branches connected to it; given a branch, identifythe port to which it connects.� Given a destination branch, identify its branch condition. This will yield thetextual speci�cation of the branch condition.� Given a token, identify its location. A token in an SPG may be on a port, onan edge body, or on a branch (as it 
ows to or from a port). This routine identi�esthe SPG component on which the speci�ed token currently sits. If the token is notcurrently on an SPG component, this routine indicates that in some way.� Given a port or edge, identify the token that is on the port or edge. If thereis no token present, indicate that in some way.� Given a data token, indicate the value it's carrying.� Given a GID, RID, or TID, identify the corresponding grouping.� Given a VID, identify the Declaration node in which the correspondingvariable is declared.� Given a VID, indicate the current value of the corresponding variable.Many routines in the SPGM yield information in the form of collections of entities, e.g.,the routine that yields the set of ports on a given node. A collection being an abstractionin its own right, the SPGM must provide a mechanism whereby PMs can iterate throughthe contents of such collections in a reasonable fashion. There is more than one way to dothis. For example, in my prototype implementation (see Section 6.7), any SPGM routineyielding a collection does not actually return the collection itself, but returns instead aniterator object that o�ers routines for inspecting the contents of the implicit collection onwhich the iterator operates.



6.2. COMMUNICATION BETWEEN PMS AND THE SPGM 129Routines That Modify an SPG� Create a new SPG component. The component may be an executable or unex-ecutable node, edge, source or destination branch, port, or grouping. It may also bean annotation or a control or data token. The value of a newly created data token isundefined.A newly-created component is not part of an SPG. For it to become part of an SPG, itmust be explicitly added (see below). This distinction between creation and addition isimportant, because some SPG components make little sense in isolation. For example,how should a view make sense of a lone destination branch before that branch hasbeen added to an edge? How should a view depict an input port that has not yet beenassociated with a node, edge, or grouping? The fact that SPG components are createdoutside an SPG means that views can build up meaningful semantic structures beforeadding them to the SPG (at which point other views are noti�ed of their existence).� Destroy an existing SPG component. It is illegal to destroy a component thatis still part of an SPG.� Add/remove a set of components to/from the SPG. This routine simply makesthe components part of the SPG or removes them from the SPG.� Add/remove a component to/from a grouping.� Add/remove an annotation to/from a component.� Add/remove a port to/from a grouping, node, or destination branch.� Add/remove a branch to/from an edge.� Attach/detach a branch to/from a port.� Replace the content of a part of a node. The parts of a node are its independenttextual contents, as described in Section 4.3.1 for each type of node. Declarations andMultiassignment nodes have one part, Parameter nodes have two parts, Call nodeshave three parts, etc. Figure 4-19 summarizes the parts of each node type. The con-tent of a node part is a string that is accepted by the grammar corresponding to thatnode part. Examples: the content of the �rst (and only) part of a Multiassignmentnode is a string that speci�es the assignments to perform; the content of the �rstpart of a Call node is a string that speci�es the grouping to invoke; the content ofthe third part of an Accept node is a string that speci�es what should be done withvalues returned from the invoked Rendezvous grouping. Fundamentally, this routinereplaces one string (the existing content of a node part) with another string (the newcontent of that node part).� Replace a branch condition. Replace the string specifying a branch condition witha new string.� Add/remove a token to/from a port or edge.� Given a data token, specify the value it is carrying. This value replaces theexisting value.



130 CHAPTER 6. USING SPGS� Given a VID, set the value of the corresponding variable. This value replacesthe existing value.Routines That A�ect Execution of an SPG� Prepare the SPG for a new execution. Remove all existing tokens from thegraph and destroy all existing subprogram instantiations.� Initialize the SPG. Place appropriate tokens on the input ports of each of the startnodes (as per Figure 4-38).� Commence unrestricted execution of the SPG. Begin executing the SPG fromits current state (which may not be the same as an initial state) and continue toexecute it until the SPG execution algorithm terminates or until the SPGM receivesa request to halt execution (see below).� Halt execution of the SPG. If the SPGM is currently executing the SPG, suspendexecution at the end of the current single step, i.e., when control reaches the top ofthe Repeat. . .Until loop of the SPG execution algorithm. This routine has no e�ect ifthe SPGM is not currently executing the SPG.� Perform a \single step" of SPG execution. Formally, a single step is de�nedto be a single iteration through the Repeat. . .Until loop of the execution algorithm forSPGs (see Figure 4-38). Informally, it consists of execution of all the nodes that arecurrently eligible, followed by moving tokens along edges as much as possible.This provision for stepping through the execution of an SPG in well-de�ned incre-ments provides views with a natural basis on which to build views o�ering controlledexecution. Note that for sequential views, a single execution step of an SPG will oftencorrespond to execution of a single statement in the view.The interface description above speci�es minimal functionality for an SPGM interface.It does not preclude the inclusion of additional routines for the purpose of improving theconvenience or performance of common operations in a PM. For example, if PMs frequentlyneed to produce a list of variables declared in Routine groupings, it is certainly possible foran SPGM to o�er a routine that takes as input a Routine grouping and yields as outputa collection of Declaration nodes (or a collection of VIDs, or an alphabetically sorted listof variables names, etc.). Clearly, the presence or absence of such routines has no e�ect onthe fundamental ability of PMs to o�er views of the SPG to users of the presentations.26.2.2 The PM InterfaceThe PM interface exists to meet the needs of the SPGM that arise from its mandate tokeep PMs apprised of semantically meaningful changes to the SPG. All such changes must2As an example, in my prototype implementation of SPGs (see Section 6.7), I have found it particularlyconvenient for the SPGM to o�er a routine that, given an SPG component, identi�es the groupings imme-diately containing it. That is, given a component c, it identi�es the set of groupings G such that everygrouping in G contains c and no grouping in G contains a grouping which itself contains c.



6.2. COMMUNICATION BETWEEN PMS AND THE SPGM 131originate with PMs (through calls to the SPGM interface), so it should be of little surprisethat the PM interface is in many ways similar to the SPGM interface.Calls from the SPGM to the PMs must be synchronous, because a PM might want toinspect the SPG as part of its reaction to a call. If PM calls were made asynchronously, thestate of the SPG might change between the time the SPGM called the PM and the timethe PM inspected the SPG.The functionality of the PM interface falls into two general classes. First, it allows theSPGM to notify PMs of modi�cations to the static structure of the SPG. Second, it givesthe SPGM a way to inform PMs of changes to the execution status of the SPG. Both ofthese classes of functionality are described in the sections below.Routines That React to SPG Modi�cationsThese routines parallel their SPGM counterparts, but when notifying a PM of a modi�ca-tion, it is important that the SPGM make the noti�cation in such a way that the PM isable to discover the context of the change. In particular, it does little good to inform aPM that an SPG component has been removed from the SPG after the removal has beenperformed, because by that time there is no reasonable way for the PM to discover preciselywhich part of the SPG is a�ected by the change. Similarly, it is not useful for a PM to knowthat a component is about to be added to the SPG, because there is no way for the PMto know where in the SPG it will go. As a result, PMs are noti�ed of component additionsimmediately after the addition takes place, and they are noti�ed of component removalsimmediately prior to the removal.� A component has just been added to the SPG. The component is identi�ed.� A component is about to be removed from the SPG. The component is iden-ti�ed.� A component has just been added to a grouping. The component and thegrouping are identi�ed.� A component is about to be removed from a grouping. The component andthe grouping are identi�ed.� An annotation is about to be added/removed to/from a component. Theannotation and the component are identi�ed.� A port is about to be added/removed to/from a grouping, node, or destina-tion branch. The port and the grouping, node, or destination branch are identi�ed.� A branch is about to be added/removed to/from an edge. The branch andthe edge are identi�ed.� A branch is about to be attached/detached to/from a port. The branch andthe port are identi�ed.� The content of a part of a node has just been replaced. The node, the part,and the old content are identi�ed.



132 CHAPTER 6. USING SPGS� A branch condition has just been replaced. The branch and the old conditionare identi�ed.� The value of a data token has just been modi�ed. The token and the old valueare identi�ed.� The value of a variable has just been explicitly modi�ed. The VID and theold value are identi�ed. This routine is invoked only when a PM explicitly changes thevalue of a variable (by calling the appropriate SPGM routine), not when a variablereceives a new value during the course of SPG execution. If a PM is interested intracing changes in variable values, it must do that itself by monitoring execution ofnodes that could change the value of the variables of interest.One of the SPGM routines that modi�es an SPG | the one allowing a token to beplaced on a port or edge | has no PM counterpart in the foregoing list. This is because theroutine allowing a PM to be informed of the arrival of a token at a port or edge is groupedbelow with the other PM routines that are called during SPG execution.Routines That React to SPG ExecutionThese routines are invoked by the SPGM when it executes the SPG and when it preparesthe SPG for execution. In general, there are no PM interface routines corresponding toexecution-related routines in the the SPGM interface, because an invocation of one of theseroutines is not, in and of itself, semantically noteworthy. The side e�ects of the execution ofsuch a routine, however, may well be noteworthy. For example, a call to the SPGM routineto initiate SPG execution has, by itself, no e�ect on the SPG, so there is no PM interfaceroutine indicating that SPG execution has been initiated. However, a side e�ect of callingthat routine is that tokens are placed on the input ports of the graph's start nodes, and theappearance of a token on a port is a semantically meaningful event. Thus, the placementof tokens on the ports of the start nodes causes the SPGM to invoke the appropriate PMinterface routines.� A token has just been added/removed to/from a port or edge. The tokenand the port or edge are identi�ed.� A node, branch, or edge has just become eligible for execution. The node,branch, or edge is identi�ed.� A node, branch, or edge is about to commence execution. The node, branch,or edge is identi�ed.� A node, branch, or edge has just completed execution. The node, branch, oredge is identi�ed. If it is an edge, the source and destination branches along whichthe token 
owed are identi�ed.� A Select edge is about to commence waiting. The Entry groupings which, ifcalled or freed for execution, would allow the edge to continue executing are identi�ed.Recall from Figure 4-28 that a Select edge will wait if either (1) the Entry groupinghandled by the Accept node the edge's token is destined for is already executing, or



6.2. COMMUNICATION BETWEEN PMS AND THE SPGM 133(2) no calls are pending for any of the Entry groupings handled by the Accept nodesto which the edge leads. If (1) is the cause of the wait, this routine will identify thegrouping that is currently executing. If (2) is the cause, this routine will identify allthe groupings that could be called such that the edge would no longer have to wait.If only a single grouping is identi�ed, a PM can distinguish between the two cases bychecking to see if the identi�ed grouping is currently executing.� A token is about to 
ow across a grouping boundary. The token and thegrouping are identi�ed. This routine facilitates the creation of abstract views, i.e.,views in which the conceptual states of the computation do not correspond to naturalstructural features in the SPG. For example, a PM might o�er a programmer theability to select an arbitrary region of a program and have the PM indicate when-ever control entered or exited that region. To implement this feature, the PM couldcreate an unexecutable grouping containing the SPG subgraph corresponding to theprogrammer's region of interest, then monitor token 
ow across the boundary of thisgrouping.� A subprogram instantiation has just been created. The instantiation of theinvoked Subprogram grouping is identi�ed. This is the only PM interface routinecalled by the SPGM when a subprogram is instantiated. No PM routines are calledduring construction of the subgraph within the instantiation, nor during addition ofthe required unexecutable edge branches leading to the instantiation (see Section 4.5).� A subprogram instantiation is about to be destroyed. The instantiation ofthe invoked Subprogram grouping is identi�ed. This is the only PM interface routinecalled by the SPGM when a subprogram is destroyed. No PM routines are calledduring destruction of the subgraph within the instantiation, nor during removal ofthe required unexecutable edge branches leading to the instantiation.� The SPGM is about to commence preparation for execution. When a PMrequests that the SPGM prepare the SPG for execution, the SPGM removes all tokensfrom the graph and destroys all existing subprogram instantiations. Events such asthese are normally of interest to PMs, so the SPGM invokes a PM routine each timeone occurs. When these events occur as a result of an explicit request to reset thestate of the SPG, however, they are typically not meaningful, and most PMs will wantto ignore them. This routine in the PM interface allows the SPGM to communicateto PMs that the forthcoming removal of tokens and destruction of subprogram in-stantiations is due to an explicit request by a PM and is not due to ordinary SPGexecution.� The SPGM has just completed preparation for execution. This routine indi-cates to PMs that the SPG is ready to begin executing normally again and that theyshould probably resume their usual monitoring of changes to the SPG.An alternative to the inclusion of the last two routines in the PM interface would havebeen to specify that the SPGM would call no execution-related PM routines while it pre-pared the SPG for execution, but it is not inconceivable that some views might wish to



134 CHAPTER 6. USING SPGSdepict the changes occurring in the SPG as it is prepared for execution. Rather than arbi-trarily preclude such views from SPG-based MVDEs, I chose to have the SPGM notify thePMs at the beginning and at the end of the preparation process.6.3 Updating ViewsTechnically, a view is a set of mappings (see Section 1.1), but conceptually, a view is a way of\making sense" of an SPG. As such, views are entirely virtual. There are typically no datastructures in a PM that correspond to a view, although there are likely to be algorithmsthat implement a view. Di�erent PMs for a single view will usually share the code thatallows them to \make sense" of the SPG in the view-speci�c way.The existence of an SPG obviates the need for PMs to maintain their own representationof the software system under development, but it is unrealistic to expect an SPG to be theonly data structure manipulated by a view. Interactions between developers and PMsimply the existence of a user interface to the presentation, and each PM can thereforebe expected to contain presentation-speci�c data structures that correspond to entities inthe user interface of its presentation. For example, a window-based PM would need datastructures to keep track of what windows are on the screen, which SPG components aredisplayed in various windows, etc. Such data structures may be encapsulated in a userinterface management system (UIMS) [181, 95].PMs, then, must directly or indirectly manipulate two sets of data structures: theSPG that represents the software system being presented and presentation-speci�c datastructures that are used to implement an interface to a view. These data structures mustbe kept consistent with one another, because substantive changes in one usually requirechanges to the other.3When an SPG is modi�ed, each PM must determine how to update its presentation soas to regain consistency between it and the SPG. There are, in general, two possible waysto approach this task. The \batch[255z" approach is to discard the current presentation,regenerating a new presentation from scratch from the updated SPG. The \incremental" ap-proach, in contrast, is based on limiting and localizing the modi�cations to the presentationas much as possible.The great advantage of the batch-style updating of views is its predictability. SupposeP (G) is a presentation of an SPG G, and U(P;�G) is the updated presentation for P givena list of SPG modi�cations �G. If U is a batch-style update function, it is always the casethat U(P (G);�G) = P (G+�G):In other words, the presentation resulting from a preexisting presentation and a list ofSPG modi�cations is the same as the initial presentation of the modi�ed SPG. This neednot always be the case with incremental update algorithms, where it is possible for anincrementally updated presentation to di�er from the presentation yielded by a from-scratchconstruction.The downside to batch-style presentation updates is their computational expense, an ex-pense that has motivated much of the research on incremental program analysis algorithms3Not always, however. A substantive change to an SPG need not trigger an update in all views, becausesome views may not depict the aspect(s) of the SPG that are a�ected by the change.



6.4. MISMATCHES BETWEEN SPGS AND VIEWS 135for use in interactive development environments [204, 144, 225, 4, 180].An ideal algorithm for updating a presentation, of course, is as predictable as a batch-mode computation and as e�cient as an incremental one. Unfortunately, it may be the casethat no such algorithm has been developed for a particular presentation. In cases where nosuch algorithm is known, there are two ways to approximate this behavior:� Use an incremental algorithm to update the presentation locally, but add presentation-speci�c annotations to the SPG to store information about the resulting concreteappearance of the presentation. The data in these annotations can then be used toin
uence future from-scratch presentations of the SPG so that they appear identicalto the result of a series of incremental updates. This is akin to storing view-speci�cformatting information with the SPG.� Perform incremental updates by default, but generate a new presentation from scratchwhenever the user of a presentation explicitly requests it. This approach has theadvantage of allowing the user of the presentation to determine whether the bene�tof generating a presentation from scratch is worth the computational (and attendantreal-time) cost.A second advantage of this strategy is that the requirements for incremental updatescan be relaxed. Given that a user can force a from-scratch presentation to be generatedat will, implementors of incremental update algorithms can focus on achieving high-performance (i.e., very short response time), possibly at the expense of generality. Forexample, if an SPG modi�cation cannot be easily mapped into a localized change toa presentation, a PM might simply display the a�ected portion of the presentation asa \black box" (see Section 6.4.1). Users who found the black box distracting couldforce a presentation to be generated from scratch, which would (presumably) generateblack boxes only when necessary, never merely for convenience.6.4 Mismatches Between SPGs and ViewsSome views map into and out of SPGs more easily than others. For views where one or bothof the mappings is di�cult, the cause can often be traced to one of the following problems:� Missing features in a view. The view model embodied by SPGs is very rich| much richer than the kinds of view software developers currently employ. Whatlanguage, after all, supports both strict and non-strict function calls, both serial andparallel computation, both data-driven and control-driven execution? Because viewsare likely to be semantically impoverished compared to SPGs, it is not uncommon fora view to be faced with an SPG containing features that make no sense for the view.This complicates the matter of mapping from SPGs to views.� Di�erences in semantics for common features. I took great care in my devel-opment of the view model to generalize features whenever possible. This allows manysimilar view-speci�c features to be represented in the same way in SPGs. Unfortu-nately, it is not always possible to be all things to all people, so some generalized SPGfeatures are incompatible with some view-speci�c expressions of those features. Forexample, the IPC mechanism supported by SPGs is based on communication from
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CFigure 6-2: SPG containing nondeterministic token 
ow (left) and two possible ways ofrepresenting that in a statechart (middle and right).anonymous senders, but such anonymity is missing from CSP. This makes it di�cultto map CSP into and out of SPGs.� Incompatibility between a view and the view model. My view model is notuniversal, and some views simply don't mesh well with it. Such views are not expectedto be well supported in an SPG-based development environment.In the sections that follow, I examine these problems in greater detail and I discuss ways inwhich they might reasonably be handled.6.4.1 Missing Features in a ViewWhen a feature exists in an SPG, but that features has no counterpart in a view, howshould the view handle the feature? There are three general approaches. One possibilityis to turn the feature into a black box { to have presentations indicate that \something isgoing on here, but I can't tell you what, because there is no way for me to express it in mylanguage." A second possibility is to approximate the semantics of the missing feature withone or more features that do exist in the view. The �nal alternative is to simply omit thefeature from the view.As an example, consider the problem of viewing as a statechart a Petri net containingnondeterminism. Mapping a nondeterministic Petri net construct into an SPG is straight-forward, because an NP edge provides the necessary semantics; it also allows for the directexpression of the topological structure in the Petri net. Mapping the resulting SPG into astatechart is problematic, however, because statecharts are designed to specify deterministicreactive systems; there is no notion of nondeterminism in the statechart formalism.A solution to this conundrum is to treat the nondeterministic portion of the SPG as ablack box, i.e., to display it in a statechart view in a way that indicates to the viewer that\something is going on here, but I can't tell you what." An alternative is to ignore the con-struct entirely, omitting from the statechart view any trace of the semantically troublesomeportion of the SPG from which the statechart is derived. These two possibilities are shownin Figure 6-2. The black box approach is in general preferable, because it provides moreinformation to the software developer(s) using the view. A black box at least indicates thatsomething is happening. Omitting a construct entirely may yield the misleading impressionthat nothing is happening. For example, a developer faced with the right-most depiction ofthe statechart in Figure 6-2 might well erroneously conclude that there is no relationshipbetween states A, B, and C. The same developer faced with the middle depiction is morelikely to conclude that there is some kind of a relationship between these states.Using black boxes to cope with concepts foreign to a view is an e�ective means ofincreasing the utility of views in an MVDE and of decreasing the coupling between views,



6.4. MISMATCHES BETWEEN SPGS AND VIEWS 137int f(int x) { return 1; } main whereint g(void) { return g(); } f(x) = 1;main() { return f(g()); } g = g;main = f(g);Figure 6-3: A C program (left) and a conceptually similar Lucid program (right).because views need not worry about displaying everything in an SPG; they can simplydisplay black boxes at those points where the SPG makes no sense to them. However, itdoes make the job of creating a view more complex. Each presentation must augment theconcrete syntax for a view (as well as its associated semantics) so that there is some way tophysically present the fact that \something unknown is going on." Read-write views mustalso take care to make the internals of black boxes unmodi�able by users, as it makes nosense to edit something you cannot understand.A di�erent approach to the problem of mapping from an SPG into a view with a smallersemantic vocabulary is to use approximations in the view for concepts in the SPG thatcannot be fully expressed in the view. For example, consider again the two programsin Figure 6-3 that I introduced in Section 3.3.2 as an example of the di�erence betweenstrict and non-strict program execution. These two programs behave quite di�erently, butstructurally, they are nearly identical, and the only signi�cant di�erence between an SPGfor one and an SPG for the other is likely to be the existence of Parameter nodes in theSPG for the Lucid program and the lack thereof in the SPG for the C program.Given an SPG corresponding to one of these views, how should the other depict thefunction calls that are present in the SPG? The calls could be black-boxed, of course, butthat would considerably reduce the usefulness of the resulting presentation, because functioncalls are a fundamental building block for programs in both C and Lucid. Black-boxing allcall sites would hide much of \what is going on." A more appealing (and more radical)alternative is to ignore the di�erence between strict and non-strict calls and to simply displaySPG call sites as \normal"call sites in the view. That is, the same SPG might be depictedas both the C program and the Lucid program of Figure 6-3, even though the semanticsof these programs are not the same. Such an approximation is not true to the semanticsof the SPG (and this should certainly be indicated in some manner in the presentation |possibly via comments), but in many cases knowing a partial truth (a function call is takingplace) is more useful than knowing nothing at all. As is the case with black boxes, it isprobably unwise for views to allow users to modify the internals of approximations that arepresented to them.The need for black boxing and approximation arises from the fact that presentationsmust be total functions over the domain of SPGs. For features that are present in both theSPG and the view on which the presentation is based, the mapping from SPG to physicalmanifestation is apparent, but for SPG features with no counterpart in a view, it is not atall obvious how, in general, the mapping should be approached. The easiest solution is tomap unknown SPG features into nothing (i.e., to omit such features from the view), but thiscan be misleading (as in the case of Petri nets and statecharts) or semantically emaciating(as in the case of C and Lucid). Black-boxing and approximation are alternative (frequently



138 CHAPTER 6. USING SPGSBBuffer::count, item: integer;count := 0;�[count < 10; producer?item ! count := count + 1 []count > 0; consumer?remove() ! consumer!item; count := count - 1]Figure 6-4: Solution to the Bounded Bu�er problem using CSP. This solution is basedon one by Hoare [87, p. 318].preferable) approaches to the problem of how views can make sense of parts of SPGs thatare conceptually alien.6.4.2 Di�erences in Semantics for Common FeaturesIn Section 6.4.1, the fundamental stumbling block was in mapping from an SPG into aview, because the SPG had a richer conceptual vocabulary than the view. Mapping fromthe view into the SPG was not a problem. This is not always the case. It is also possibleto have a mismatch between SPGs and a view with respect to a particular feature, evenwhen both the view and SPGs support the feature. An example of this can be seen whentrying to represent CSP message-passing in SPGs and, conversely, when trying to expressSPG representations for IPC in CSP.Support for IPC in CSP and in SPGs is similar in many respects. In particular, bothare based on the existence of multiple independent processes that communicate throughmessages.4 There is a fundamental di�erence, however, and that is this: in CSP, the re-cipient of a message must explicitly specify the name of the sender, while in SPGs, thesender is explicitly anonymous. This di�erence can be seen by comparing SPG representa-tions for a Bounded Bu�er (Figures 5-5 and 5-6) with the CSP code for the same problem(Figure 6-4). In the CSP solution, the process BBu�er must explicitly state that it expectsto receive messages from processes named producer and consumer. This is fundamentallydi�erent from the SPG solution to the problem, where the STask BBu�er speci�es only thatit expects other (unspeci�ed) processes to call its entries insert and remove.This kind of mismatch is more serious than one growing out of an inability of a viewto express a portion of an SPG, because this kind of mismatch also a�ects the ability ofa view-to-SPG mapping to be written. It is just not possible for an SPG to represent theconstraint that, for a given Accept node, the Call node invoking the entry handled by thatAccept node must be contained within a particular STask.This kind of mismatch cannot be handled by black-boxing the construct in question,because in this case the lack of expressive power a�icts the SPG, not the view. Approx-imation of the construct by some collection of other SPG facilities is in general a possiblealternative, but such approximation runs the risk of obscuring \what is going on." This isa serious concern, because, after all, the primary raison d'être of an SPG is to accurately4Like Ada and unlike CSP, however, SPGs also allow such processes to communicate through sharedmemory, i.e. global variables.



6.5. ERROR DETECTION 139and comprehensibly represent the conceptual structure of a software system. If views areforced to resort to approximations in order to produce correct executable behavior in thepart of the system they specify, there is a great risk of winning the behavioral battle at acost of losing the conceptual war. As a result, such approximation should be approachedwith great caution.In cases where the semantics of a view construct cannot be more or less directly expressedin an SPG, it must be recognized that the mapping from the view in question to SPGs mustof necessity be partial. This being the case, one possibility is to limit the editable scopeof the view to those aspects of the system that map well into SPGs. In the case of CSP,this strategy would allow developers to create and modify any aspect of a CSP programexcept those pertaining to message receipt. Carried to the limit, this approach avoids theview-to-SPG mapping entirely by making the view read-only. For CSP, this would meanthat developers would be able to look at a software system as a CSP-like program, but theywould not be able to modify that system or to create a CSP program within the SPG-basedenvironment.Even if this read-only approach is adopted, the problem of coping with mismatches inthe SPG-to-view mapping must also be addressed. This problem, however, is the same oneI discussed in Section 6.4.1, and it admits to the same possible solutions: black boxing,approximation, and simple omission of features in the view.6.4.3 Incompatibility Between a View and the View ModelIn Section 3.3 I developed a model for views of software systems, a model based on thesequential control 
ow paradigm, the data
ow-based paradigm, and the parallel control-
ow paradigm. Not all views �t into this model.Prolog, for example, is based on an implicit high-level control structure (depth-�rstsearch) employing implicit high-level pattern matching (uni�cation) as it manipulates thecontents of an implicit global data store. The source code for a Prolog program consists ofassertions and rules that are themselves part of the data store, and rules and assertions areadded to and removed from the store as the program executes. In some sense, then, Prologprograms are self-modifying: the \program" is the data in the store, and manipulationof this store at runtime yields changes in its contents. This is a demonstrably powerfulapproach to computation, but it is not one that �ts into the model of views that SPGs weredesigned to support.As a result, I do not expect that Prolog would be a view well-served by an SPG-basedMVDE, and I do not expect that any simple set of extensions to SPGs would materiallyalter this situation. For views that are as removed from my view model as Prolog is, similarreasoning applies. Fortunately, there are a plethora of useful views that do fall within thedomain of my view model, and the existence of views outside the model does not diminishthe signi�cance of SPGs in facilitating the development of MVDEs.6.5 Error DetectionSoftware development is hardly an error-free activity. Syntactic and semantic errors creep inas programs are created or modi�ed, and any number of illegal conditions may arise duringexecution of a software system. There is no reason to believe that developers using an



140 CHAPTER 6. USING SPGSSPG-centered environment will su�er from fewer errors than developers using other kindsof environments, but in an SPG-based environment, the problem of error detection takeson a new twist.In conventional environments, a single agent | typically a language-speci�c compiler,interpreter, and/or runtime system | is responsible for detecting and reporting errors inthe software systems submitted to it. In an environment founded on SPGs, however, PMsand the SPGM must share this duty. This is an outgrowth of the fact that there are twofundamentally di�erent kinds of errors. View-speci�c errors arise when a software systemviolates a rule that exists in one or more views, but that does not exist within an SPG. Forexample, creation of a function returning more than one value is illegal in a whole host oflanguages, but is not illegal in SPGs. View-invariant errors, on the other hand, arise whenthe SPGM is asked to create an SPG structure that is invalid. Both kinds of errors may bestatic or dynamic. For example, an attempt to nest one function inside another would bea statically detectable view-speci�c error for a C-like view (but not for an Algol-like view),while having an expression for an RID in a Call node evaluate to an identi�er that doesnot correspond to any executable grouping in the SPG would be a view-invariant dynamicerror.In an MVDE, it often makes little sense to detect view-speci�c errors at any time otherthan during creation or modi�cation of a system's \source code."5 The alternative |having a presentation issue diagnostics (i.e., error and/or warning messages) whenever thepresentation encounters an SPG construct that is illegal in the presentation | is of limitedutility in an environment where the portion of the SPG containing the o�ending constructmay have been created by a di�erent view, one in which the construct was legal. As aresult, views may well want to assume that everything represented as an SPG has alreadybeen statically checked for errors by the view that created that portion of the SPG. Analternative is to use unexecutable groupings to identify SPG subgraphs that are supposedto comply with view-speci�c constraints. Each view could then ensure that regions of theSPG falling within its realm of constraints always satis�es those constraints.Even if a view assumes that each part of an SPG was deemed valid by the view that mostrecently edited it, the view must still deal with the problem of coming up with a presentationfor the troublesome portion(s) of the SPG. However, this is precisely the problem I addressedin Section 6.4.1, that of mapping an SPG feature into a view when the view lacks the meansto express the semantics of the feature. A viable approach to the problem of view-speci�cerror detection, then, is to assume that \errors" in SPGs actually represent features absentin the view. Such an approach simpli�es the process of error detection considerably.View-invariant error conditions are best handled exclusively by the SPGM. In theory,of course, each view could be made responsible for maintaining the validity of the SPG andfor simulating the execution of the software system it represents, but doing so would leadto the kinds of behavioral inconsistencies that a canonical representation was designed to5The term \source code" connotes a single program source | the source code | from which all aspects ofa system's behavior may be derived. With multiple-view software development, each view is an equally validsource, and the term \source code" no longer identi�es anything more authoritative than the appearance ofthe system in a particular presentation. This shift is similar to that accompanying the move from a documentto a hyperdocument. The elements of a document are intended to be read in a particular order | from topto bottom | but the elements of a hyperdocument may be legitimately read in any order consistent withthe edges in the hypergraph. Note that an SPG is not \source code," because it has no concrete syntax. AnSPG is a data structure.



6.6. SUITABLE VIEWS 141eliminate in the �rst place (see Section 2.2.5).Statically, the SPGM is responsible for ensuring that the topological constraints on anSPG are never violated. For example, it must ensure that executable edges terminate only atports and that Rendezvous groupings exist only inside STasks. There are two fundamentalapproaches to ensuring that such errors never occur. One approach is to have operations inthe SPGM interface fail if they would yield an invalid SPG. Views would then be expectedto detect such failed operations and handle them accordingly. Failed operations wouldnever a�ect the SPG, and there would be no need to inform views in the environment ofthe invocation of an unsuccessful operation.An alternative is to use strong typing in the interface speci�cation for the SPGM sothat creation of an invalid SPG is simply not possible. For example, the SPGM operationto attach a destination branch to a node could require that the view specify the branch andthe port to which it should be attached; the port would have to already exist. Similarly, toguarantee that no Rendezvous grouping could be created outside of an STask, the operationfor creating a new Rendezvous grouping could require that the view specify the STask insidewhich it should be created.This latter approach is the one I adopted in the development of my prototype SPGMimplementation (see Section 6.7). The approach works well with strongly typed languageslike C++ (which I used for the development of my prototype), because potential errors inSPG construction can be detected at the time the code for the presentation manager iscompiled. It is less e�ective when views are developed in weakly typed languages like Lisp.The SPGM is also responsible for detecting and reporting to views the presence of errorsthat arise at run time, i.e., while the SPGM is interpreting the SPG. Such errors includereferences to invalid VIDs, RIDs, TIDs, etc.; the simultaneous presence of more than onetoken on an edge; and commencing execution of an Accept node while another Accept nodein the same STask is already being executed.The division of labor between PMs and the SPGM in error detection, then, is in somesense the natural one: the SPGM detects and reports (to PMs) conditions that are alwayserrors, and the responsibility for detecting and handling conditions that are valid withinthe SPG but are invalid in one or more views is relegated to the PMs. This is a similarsituation to the one I described in Section 3.5.4, where I examined the problem of disam-biguating references to identi�ers. Just as the bewildering array of view-speci�c rules forname disambiguation made it impossible for the SPGM to reasonably attack that task, sodoes the disparate variety of view-speci�c error conditions require that the onus of errordetection, too, falls on views.6.6 Suitable ViewsIn Chapter 3 I developed a model for views of software systems. That model grew outof an examination of the characteristic features of three broad paradigms of computing:sequential control-
ow, data
ow, and parallel control-
ow. This feature-driven approachwas appropriate for determining the necessary expressiveness of SPGs, but it serves lesswell for the purpose of characterizing the kinds of views that software developers actuallyuse. The variance in the aspects of a software system that are of interest to programmers isconsiderably smaller than is the variance in the combinations of language features exhibitedby the di�erent languages in use. In practical terms, this means that the kinds of views that



142 CHAPTER 6. USING SPGSView ClassView StaticExecution Flow System Structure ExecutionSource Code p pFlowchart p pCall Graph p p pRuntime Stack pResource Pro�le pTest Coverage pBuild Dependencies pPetri Net p p pTable 6-1: Sample views and the types of information they provide.programmers �nd useful tend to break down not along the lines of the computing paradigmsI described in Chapter 3, but along the following lines instead:� Static execution 
ow: views that show some aspect of the static paths along whichcontrol of execution may 
ow through the system. For procedural languages, suchviews tend to show conventional control-
ow information; for data
ow languages,they tend to show data
ow information, because the 
ow of control in a data
owlanguage follows the 
ow of data. Examples of views of this ilk include the textualsource code of conventional programming languages, call graphs, and statecharts.� System structure: views that abstract away details of a system in order to conveyinformation about the overall system structure. These views are often based on staticexecution 
ow. Examples include class hierarchies, call graphs, and Petri nets.� Execution: dynamic views that show the changing states of a system during exe-cution. Such views are often animated versions of static views of system structure,including those listed above.Table 6-1 lists a number of views that are often used with software systems and showshow the information provided by those views relates to the categories just mentioned. Asthe table indicates, many views provide more than one type of information. Abstract viewsof a system's structure often retain some information on static execution 
ow; this is thecase with call graphs and Petri nets, for example. In addition, a static view can frequentlydouble as the basis for a simple dynamic view, typically through the selective highlightingof the view's components during execution.In the sections that follow, I consider each of the views listed in the table. For eachview, I brie
y describe the information it o�ers to users, and I provide a sketch of how itcan be implemented in terms of an SPG.6.6.1 Source CodeSource code is the primary view through which programmers see the software systems theywork on. All other views are of secondary importance. In the words of one researcher inthe �eld of software development environments, \source code is gospel."



6.6. SUITABLE VIEWS 143The fundamental motivation behind SPGs is the faithful representation of this gospel inan accessible format. It is the underlying theme running through Chapter 3, which explainedwhich semantic concepts are important enough to warrant representation, Chapter 4, whichdescribed in detail the structure and semantics of SPGs, and Chapter 5, which showed howSPGs were able to represent the chosen semantic concepts in an unambiguous manner. Foran example of how the features of a Pascal-like language map into and out of an SPG,consult Chapter 7 and Appendix B.6.6.2 FlowchartA 
owchart is a classical diagrammatic representation of the possible paths of control 
owthrough a program. It is designed for use with languages employing the sequential control-
ow paradigm.For SPGs containing only features present in this paradigm, mapping between a
owchart view and an SPG is not a di�cult task. Flowchart boxes generally correspond tonodes or to Statement groupings in the SPG, and 
owchart arrows correspond to controledges in the SPG. Decision boxes in 
owcharts correspond to branch conditions in SPGs.Each Routine grouping in an SPG corresponds to a separate 
owchart.When mapping from an SPG that employs semantics outside that of the control-
owparadigm, a 
owchart view would have to black-box or approximate the features missingfrom the view (see Section 6.4.1).Flowchart views lend themselves to the presentation of execution information by thedynamic highlighting of the box currently being executed.6.6.3 Call GraphA call graph depicts information on which routines in a program may call which otherroutines. The information is statically determined, so indirect calls (i.e., call sites wherethe called routine is determined at runtime) are typically omitted from the view.Implementation of a traditional call graph view for an SPG is straightforward, becauseroutines are easy to identify (they correspond to Routine groupings) and call sites are equallyeasy to identify (they correspond to Call nodes with empty TID speci�cations). Building acall graph view atop an SPG allows for the view to provide additional information, however,such as which calls are strict and which are non-strict. (A good heuristic for determiningwhether a call site is non-strict is to see whether an RIID value is placed on the Call node'soutput port). It could also be used to show calls between STask groupings, thus yielding a\message graph."A graphical presentation of a call graph view can be dynamically animated by high-lighting the image of the Routine grouping invoked when a Call node is executed and byunhighlighting that image when a Return node inside the grouping is executed.6.6.4 Runtime StackA runtime stack view is used to display which routines are currently executing and toshow current values of the variables declared in the executing routines. Such views aretraditionally graphical, and there is usually a meaningful relationship between the physicallocation of the information corresponding to a called routine and that of its caller. Often,



144 CHAPTER 6. USING SPGSthe graphical depiction of the caller's stack frame is directly below (or above, depending onwhether stacks are shown growing up or down) that of the callee's stack frame.Implementation of a runtime stack view is similar to that for a call graph, because mak-ing a call causes creation of a new stack frame and returning from a call causes destruction ofa stack frame. Locating the variables declared within a stack frame is equivalent to locatingall the Declaration nodes within all the Scope groupings that are within the Subprogramgrouping instantiation (including the instantiation itself, if it is a scope). Given the VIDsof the variables in the stack frame, the PM may track changes in their values by queryingthe SPGM for their values after execution of each node that might a�ect them. A runtimestack view could allow developers to modify the value of variables visible in the view, thuso�ering some run-time editing capabilities.The natural appearance and disappearance of stack frames during program executionmakes a runtime stack view a natural candidate for a dynamic view. As in the case of a callgraph view, di�erent colors or line styles could be used to distinguish between stack framesthat are currently executing, those that are waiting for a called routine to return, and, pos-sibly, those that have already returned (thus yielding a historical view of the computation).A sample implementation of a Runtime Stack view can be found in Section B.5. Obser-vations about this implementation are in Section 7.6.6.6.5 Resource Pro�lePro�ling views keep track of resource usage as a function of location in a software system.For example, a pro�ler might count the number of times a statement or routine is executed;the number of times a particular branch of control is taken; or the elapsed amount of CPUtime consumed by a routine.I noted in Section 3.3 that an SPG is not designed for the support of low-level viewssuch as those based on CPU utilization, but for views based on higher-level abstractions,implementation of the machinery needed to collect the necessary usage data is straightfor-ward. The basic approach is to associate view-speci�c information with the SPG objectsof interest, updating the information as the SPG is executed. The data is stored as thevalues of view-speci�c annotations on the relevant SPG objects. For example, to keep trackof the number of invocations of a routine, a view could assign a view-speci�c annotation tothe appropriate Routine grouping, initialize its value to 0, and increment it each time theroutine is called.Resource pro�les can be overlaid on a static view of a system (e.g., a call graph, etc.)and updated during execution to provide a form of program visualization.6.6.6 Test CoverageTest coverage views of a software system provide some form of indication of how much of thesystem was exercised during the course of a test run. A number of approaches to softwaretesting have been proposed, along with an even greater number of metrics for measuring thee�ectiveness of the di�erent approaches [18, 175], but in practice, most software developerswho formally test their software6 rely on relatively simple structural testing criteria, such6Those who do not may have good reason. Petschenik [156] has pointed out that for the large system heworks with (over 2 million source lines), as much code would be required for the formally required test casesas for the system itself.



6.6. SUITABLE VIEWS 145as statement or branch coverage.Implementation of a view based on statement or branch coverage can adopt the strategysketched above for resource pro�ling: use view-speci�c annotations to identify which nodes,Statement groupings, edges, branches, etc. are executed during the course of a programrun. The coverage of a test input is then equivalent to the portion of the entities of interest(e.g., nodes, branches, etc.) in the SPG that are so identi�ed.6.6.7 Build DependenciesA view of the build dependencies of a software system shows which parts of a system wouldrequire recompilation if a modi�cation were made to a given part of that system. Thegranularity of a \part" varies, but it typically corresponds to the smallest compilable portionof the system, usually a �le or routine. Some languages (e.g., Ei�el) have dependency-checking built into the language. In other languages (e.g., C), tools external to the languageconservatively estimate dependencies between parts by noting how source �les relate to oneanother. This is, for example, the approach adopted by makedepend.In principle, a view of build dependencies could perform a complete data 
ow analysisof the SPG in order to determine the smallest possible set of dependencies between parts,an option made possible by the fact that an SPG represents an entire software system, notjust the subsystem contained in, say, a single �le (as would be the case with a compiler forC or FORTRAN). Such a view could be expensive to produce and maintain, however, soan approximation might be preferable.One way to (conservatively) approximate dependencies between parts is to say that apart (i.e., a subgraph) P1 is dependent on a part P2 if either of the following conditionshold:� P2 contains a grouping invoked from P1. This would be the case if P1 contains aCall or Rendezvous node and the corresponding routine or Rendezvous grouping iscontained in P2.� P1 uses the VID of a variable declared in or the GID or TID of a grouping containedin P2.It is di�cult to neither construct nor maintain this kind of approximation, but, becauseit is based on the semantics of the system represented by the SPG, it yields more accurateinformation than a syntactic makedepend-like approximation.6.6.8 Petri NetPetri nets are an FSA-like graphical depiction of possible state changes. They are often usedto reason about the possible behavior of asynchronous parallel systems. The implementationof views based on Petri nets is explored in Appendix A.6.6.9 ConclusionThe views listed in Table 6-1 and discussed in the preceding sections comprise not anexhaustive accounting of the kinds of views that are suitable for use with Semantic ProgramGraphs, but are instead suggestive of the breadth of views that can be e�ectively based on
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Figure 6-5: Approximation of a hyperedge (left) in the GELO presentation (right). Theedge body and each of its branches is represented as a simple edge, and theedge's source and destination junctions are represented as GELO nodes.SPGs. They demonstrate that views providing information on a system's static execution
ow, its system structure, and/or its dynamic execution can all be successfully implementedin terms of SPGs. In addition, views such as runtime stack, test coverage, and builddependencies show that an SPG-based MVDE can o�er a broad range of views of softwaresystems, including those that are only tangentially related to the physical \source code" ofthe system.6.7 Experience with a Prototype ImplementationI implemented a prototype SPG-based environment for the purpose of experimenting withthe ideas described in this thesis. The prototype supports a subset of the SPGM and PMinterfaces described in Section 6.2, o�ering many of the routines that create and executeSPGs, but o�ering few routines that allow SPGs to be edited. I also implemented threeviews, each with a single presentation manager.The �rst view was originally designed only for debugging. My goal was to simply drawa pictorial representation of an SPG. To produce an image of the graph, I took advantage ofthe automatic layout capabilities of the GELO library [167], and the resulting view is knownas the GELO view. Implementation of the GELO view was substantially less straightforwardthan a simple data-structure dump, because GELO is unable to draw pictures of hyperedgesor of edges that terminate at other edges. It was therefore necessary for the GELO PM tocope with the problem of missing features in a view (see Section 6.4.1).I was able to overcome GELO's inability to display hyperedges by adopting an approx-imation strategy. Each hyperedge in an SPG is represented by GELO as a combination ofGELO nodes and simple edges. The edge's body and each of its branches is represented bya simple edge in GELO, and GELO nodes are introduced to represent the edge's junctions.This approximation is shown in Figure 6-5.It would also have been possible to approximate SPG edge branches that terminateat other edges (Figure 6-6 shows one way of doing it), but I chose to use a black-boxapproach to this mapping problem instead. The current GELO presentation black-boxesedge branches that terminate at other edges (i.e., it fails to display them), but it indicatestheir presence by drawing the a�ected edge branch (the branch that is the destination ofthe branch being omitted) using a di�erent line style than is used for branches with noincoming branches. Hence, \normal" branches are drawn using a solid line, while brancheswith suppressed input edges are drawn using a dashed line.Figure 6-7 shows a statechart speci�cation for a simple software system, and Figure 6-8
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Figure 6-6: Possible approximation of an edge terminating at another edge (left) byGELO (right). The SPG branch containing the input port is represented bya two simple edges and a GELO node.
Figure 6-7: A sample statechart. (This is Figure 18 of Harel's CACM paper on state-charts [80]. It is copyright c
 1988, Association for Computing Machinery(ACM). Used with permission.)shows the GELO presentation of an SPG for that system.7 The picture produced by theGELO presentation is anything but beautiful, but it succeeds in its mission to visualize anSPG. In the presentation, SPG nodes are depicted as GELO nodes, SPG edges are depictedas I have just described, and SPG groupings are depicted as GELO tilings, with the groupingname in the upper tile and the contents of the grouping in the lower tile (see Figure 6-9).Annotations are not shown in the graphical depiction of an SPG, but are instead displayedon a per-object basis when a user explicitly asks to see them. Such a request is generatedby clicking the mouse on top of a displayed object.The GELO presentation is interactive in other ways. When a user clicks on an objectin the presentation, not only are its annotations displayed, it also becomes the currentobject . A small set of interactive commands applies to the current object. One commandhighlights all the sources of the current object, meaning all SPG objects containing outputports connected to edges containing destination branches leading to the current object.An analogous command highlights all the sinks of the current object. A third commandcauses tokens to be placed on all the input ports of the current object that currently lacktokens, thus enabling the current object for execution. Three additional commands controlexecution of the SPG. The �rst resets the SPG to an initial state, the second performs a7 The mapping from statecharts to SPGs I employed in my prototype was su�cient for the statechartswith which I was experimenting, but it was not a fully general mapping. Such a mapping is possible(excluding, e.g., timing constraints), but the resulting SPG is more complicated.
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Figure 6-8: The prototype's GELO presentation of the system speci�ed in Figure 6-7.

Name of Grouping

Contents of GroupingFigure 6-9: Depiction of an SPG grouping in the GELO presentation.single step in SPG execution, and the third command causes the SPG to run until a stopnode is executed.During execution of an SPG, the GELO PM dynamically highlights nodes that areeligible for execution, nodes that are in the process of being executed, and edges alongwhich tokens are 
owing. It is thus useful not only for viewing the static structure of anSPG, but also for observing its behavior as it executes.Development of the GELO PM yielded evidence that an SPG served well for the faithfulrepresentation of the executable semantics of a software system, that an SPG could be usedas the basis for views that were less expressive than the SPG was, and that it could supportinteraction with users. Nonetheless, a GELO view of an SPG is hardly a realistic test ofthe ability of an SPG to function as the basis for interesting views. I therefore developeda second PM, this one for displaying an SPG as a statechart. My goal was to be able toautomatically generate a picture of the SPG derived from Figure 6-7 in such a way that itresembled that �gure fairly closely.The statechart PM I developed supports a subset of statechart semantics. It supportsthe identi�cation of SPG objects that \look like" statechart states and events, and it alsogenerates the proper labeling of state transitions. Figure 6-10 shows how the statechartPM displays the SPG derived from the statechart of Figure 6-7. Needless to say, thismachine-generated depiction does not look as nice as the manually-drawn statechart fromwhich the underlying SPG was derived, but the important elements of the statechart are
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Figure 6-10: The prototype's statechart presentation of the system speci�ed in Figure 6-7.nonetheless clearly present. There are three top-level states (H, D, and A), and thesestates each contain either two or three substates.8 Furthermore, these substates are relatedthrough event-triggered transitions, and some of these transitions (e.g., those between statesI and J) themselves generate events when they (the transitions) are triggered. The primaryshortcoming of this view is that it fails to indicate that each of the top-level states isorthogonal to one another. However, this would not be di�cult to implement.The statechart PM also o�ers all the interactive capabilities of the GELO PM, i.e., theability to click on an object to see its annotations and to make it the current object, theability to highlight the current object's sources and sinks, the ability to place tokens onthe current object's input ports, and the ability to interactively control SPG execution byresetting the SPG, executing a single step, or running the SPG to completion.Despite their similar interactive capabilities, the GELO PM and the statechart PMmaintain separate data structures. For example, each has its own current object, andacting on the current object in one PM (e.g., to highlight its sources) has no e�ect on thecurrent object in the other PM. At the same time, of course, the SPG is shared betweenthe two PMs, so when the SPGM executes the SPG, both PMs \see" the same executionevents. Similarly, when one PM requests that the SPGM execute a single step, both PMsare informed of the e�ects of that limited execution.Although the GELO PM and the statechart PM are separate entities, they do containoverlapping functionality, and this common functionality is implemented by code that isshared by the two PMs. My prototype is implemented using an object-oriented program-ming language (C++), so each PM is modeled as a class, and the common functionalityshared by the PMs is encapsulated in a base class from which both PM classes inherit.This design is shown in Figure 6-11. A particularly nice feature of this design is that itbecomes quite easy to ful�ll the requirement of Section 6.2 that each PM o�er a prescribed8The large black ovals in the �gure are not states, but are instead the result of GELO's rather feebleattempt to draw the small black circles that lead to default start states in statecharts.
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View
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PMFigure 6-11: Views and presentation managers implemented in the prototype environ-ment. Views are shaded and correspond to abstract classes in the imple-menation. Presentation managers are unshaded and correspond to concreteclasses in the implementation. Arrows run from superclasses to subclasses.set of functions to be called by the SPGM. The required functions are declared virtual inthe base class View, where they are de�ned to do nothing, i.e., to return immediately. Inmy prototype, all PM classes must be derived from View, and they thus need only rede�nethe behavior of those functions that interest them. Functions they fail to rede�ne exhibitthe default no-op behavior.The most interesting aspect of Figure 6-11 is that the classes in the hierarchy above thePM classes are abstract. That is, they may declare data and/or functions that are inheritedby subclasses, but they themselves may not be instantiated [23]. The functionality presentin the Graphical View class, for example, cannot stand on its own. It must be coupled withthe additional functionality provided by either the GELO PM class or the statechart PMclass before it can be used.The di�erence between abstract and concrete classes in the implementation hierarchy isstrikingly similar to the di�erence between views and presentations in my architecture foran SPG-centered MVDE. This suggests that there may be a strong relationship betweenviews of software systems and the partial speci�cations of conceptual abstractions that areencapsulated in abstract classes in systems for object-oriented software development.Figure 6-11 includes a third PM that I implemented for my prototype, one that providesonly a textual presentation of an SPG. This textual presentation provides no informationon the structural aspects of an SPG, but is instead devoted to the generation of trace-likeinformation on the execution of an SPG. The presentation o�ers no interactive capabilities,but it does demonstrate that views providing purely behavioral information about a softwaresystem may be built atop SPGs. An example of the output from this PM when executingthe SPG for the system speci�ed by Figure 6-7 is shown in Figure 6-12.During the course of my work on implementing the graphical PMs, it became clear thatthe explicit support in SPGs for view-speci�c annotations was of considerable utility. Bothof the graphical PMs employ graph-traversal algorithms that require that they visit eachnode in the SPG exactly once, but because an SPG is an arbitrary directed graph, eachPM must have some way of determining whether a given node has already been visitedduring the current traversal. It would certainly be possible for each PM to maintain a localdata structure identifying the nodes it had visited, but such a data structure would requirethat each PM come up with a way to uniquely identify each node in the SPG; it would also



6.7. EXPERIENCE WITH A PROTOTYPE IMPLEMENTATION 151Moving a token on arc B-->C.Node C has just become eligible for execution...Starting evaluation of Event e ...Ending evaluation of Event e.Starting evaluation of C ...Ending evaluation of C.Starting evaluation of E ...Ending evaluation of E.Starting evaluation of G ...Ending evaluation of G.Starting evaluation of I ...Ending evaluation of I.Figure 6-12: A portion of the prototype's textual presentation of the execution of thesystem speci�ed in Figure 6-7.require that each PM �nd a way to map back and forth between its local data structure andthe SPG. The availability of view-speci�c annotations a�ords a simpler solution: each PMputs a view-speci�c mark on each node that it has visited. When walking the graph, thereis no need for a PM to map between the SPG and a local data structure, because all theinformation required by the traversal is located within the SPG. In essence, the ability toattach view-speci�c annotations to SPG components provides views with a 
exible, private,and unlimited data store for each component in the graph.6.7.1 Ancillary Research on Object-Oriented ProgrammingThe prototype is implemented in some 9000 lines of C++, and an unanticipated by-productof my implementation work was a number of insights into object-oriented programming ingeneral and into the speci�c issues surrounding C++ software development in particular.It became apparent early on that programming tools designed for languages like C wereunsatisfactory when applied to C++, so Steven P. Reiss and I collaborated on enhance-ments to FIELD to better support the specialized needs of C++ programmers [166]. Themost notable of these enhancements was the class browser cbrowse, an entirely new FIELDtool. cbrowse provides an extensive array of information on the components of C++ softwaresystems in both graphical and textual formats, including class names, members of classes,attributes of class members (e.g., whether they are static, their protection level, whethera function is nonvirtual, virtual, or pure virtual, etc.), and inheritance and friend relation-ships. Figure 6-13 shows a subset of the classes in my prototype SPG implementation asdisplayed by cbrowse. Arrows lead from base classes to derived classes, and virtual inher-itance links are denoted with a crossbar in front of the arrowhead. Abstract classes areshown with a grey background, concrete classes with a white background.Further analysis of the di�culties encountered when building object-oriented softwarewith tools for conventional languages led to the realization that object-oriented program-ming languages, unlike procedural languages, are poorly suited for lexically based toolslike text editors and grep-style pattern-matching programs [129]. This insight spurred col-laborative work with Moises Lejter and Steven P. Reiss that resulted in enhancements
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Figure 6-13: A subset of the classes in the prototype as displayed by cbrowse.to EMACS [192] and FIELD that yielded an experimental version of EMACS that of-fers programmers the ability to invoke semantics-based editing commands on C++ pro-grams [117, 118].As a result of my implementation work on SPGs, I became interested in the problem ofavoiding common but unintuitive errors in C++ programs. Moises Lejter and I identi�ed anumber of such errors, and we described how a lint-like program could automatically detectthem [133]. This approach seemed promising, but it quickly became clear that the sameconstructs that lead to errors in most C++ programs can be legitimately employed in somerestricted application domains. I therefore turned my attention to the identi�cation of alarge number of likely error conditions in C++ programs and to a characterization of thecircumstances under which each was and was not an error. I eventually published the resultsof this investigation in book form [131].I also began a joint e�ort with Carolyn K. Duby and Steven P. Reiss on the design andimplementation of a metalanguage for C++ programs that allowed programmers to specify awide range of application-speci�c constraints such that violations of the constraints would beautomatically detected [54, 132]. The resulting metalanguage, CCEL (the C++ ConstraintExpression Language), has since grown into an independent and ongoing research projectin its own right.



6.8. SUMMARY 1536.8 SummaryMy design for an SPG-based MVDE is to encapsulate the SPG as an abstract data type,with the SPGM acting as the interface to the type. Modi�cations to the SPG are initiated byPMs, which are themselves encapsulated and which translate user actions on their presen-tations into SPGM operations. The SPGM then noti�es PMs of changes to the underlyingSPG, and the PMs update their presentations accordingly.As encapsulated entities, both Presentation Managers and the SPG Manager have well-de�ned interfaces through which all interaction takes place. The SPGM interface includesroutines that allow PMs to perform arbitrary traversals of the SPG; to add, modify, andremove components of the SPG; and to initiate, terminate, and single-step through execu-tion of the SPG. The SPGM requires that each PM interface allows the SPGM to notify thePM when certain semantically meaningful actions take place within the SPG. Such actionsinclude the addition, modi�cation, and/or removal of components to/from the SPG, as wellas information on the progress of execution within the SPG.When performing presentation updates, PMs may adopt either batch or incrementalstrategies, or they may employ a combination of the two. Some SPG updates are moredi�cult to display than others, and PMs must be prepared to cope with semantics mis-matches between the language they present and the features supported by SPGs. One wayto handle such mismatches to to employ black boxes in the presentation.The detection of programming errors is a task that must be shared by the SPGM andPMs, with PMs performing view-speci�c error detection at the time they create and/ormodify a part of the software system under development. The SPGM is responsible forview-invariant error detection, which is primarily concerned with ensuring the topologicaland execution-time integrity of the SPG.The sample views in Table 6-1 suggest the breadth of views that SPGs can support.They indicate that views providing information on a system's static execution 
ow, itssystem structure, and/or its dynamic execution can all be implemented in terms of SPGs,and they show that an SPG-based MVDE can o�er a broad range of views of softwaresystems, including some that are only minimally related to the physical \source code" ofthe system.As part of my research for this dissertation, I developed a preliminary prototype im-plementation of an SPG-based environment, including the creation of three PMs, each ofwhich o�er dynamic visualization of program execution. The prototype o�ered valuableexperience with the ideas behind SPGs, and it also proved to be a e�ective research vehiclefor analyzing the software development needs of C++ programmers.



Chapter 7A Preliminary AssessmentIn the chapters prior to this one, I have motivated my research on multiple-view softwaredevelopment, justi�ed my decision to focus on a canonical representation of software sys-tems as the mechanism for achieving environment integration, described the shortcomingsof existing canonical representations, de�ned SPGs, described how they can be used to solveimportant representational problems, and explained how they �t into an architecture foran MVDE. In this chapter, I provide a preliminary assessment of the strengths and weak-nesses of SPGs in terms of the two primary constraints on a canonical representation thatI introduced in Chapter 3: expressiveness and generalized invertibility.7.1 A Paper ExperimentThe basis for my assessment is a paper experiment in which I developed detailed mappingsbetween SPGs and three views. Two of these views, deterministic FSAs and a subset ofPascal, are static read-write views; they thus comprise two mappings each (from the viewto an SPG and from an SPG to the view). The third view, a dynamic runtime stack (seeSection 6.6.4), is inherently read-only. It therefore consists of only a single mapping (froman SPG to the view). The experiment therefore involved the development of �ve algorithms:� Translation of an FSA into an SPG.� Translation of an SPG into an FSA.� Translation of a Pascal program into an SPG.� Translation of an SPG into a Pascal program.� Translation of an executing SPG into a runtime stack.Figure 7-1 depicts the relationships among an SPG, these views, and the mappings betweenthem.An additional component of the experiment was to employ a multiparadigm developmentmethodology in the creation of a new program. This new program was required to be �rstpartially developed using one view, then to have its behavior altered through a second view.The function of the program I wrote was to recognize unsigned real numbers in Pascal. Such154
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BFigure 7-2: An FSA for recognizing unsigned real numbers. The shaded state is theinitial state, and states with heavy outlines are accepting states.numbers consist of a mandatory real part followed by an optional exponent part. The inputto the program is read from the standard input.For the purpose of the experiment, I made the assumption that the characters period(\."), E (\E" or \e"), plus sign (\+"), and minus sign (\-") are integers, because SPGscurrently allow only integers as data. This is purely an assumption of convenience, becauseeach of these characters could be encoded as a unique integral value. (In a language like C,in fact, there is no need to make this kind of assumption, because it is e�ectively part ofthe language de�nition.)The experiment began with my writing FSA and Pascal programs to recognize unsignedreal numbers. These programs are shown in Figures 7-2 and 7-3, respectively. Thestructure of the FSA program is unsurprising, but that of the Pascal program may not be.Despite decades of experience with the creation of procedural programs for implementingFSAs, the question of how to properly code an FSA can still generate controversy [101, 119].Compiler texts tend to encourage and compiler-building tools like lex invariably employ atable-driven approach to the problem, but for the purposes of this experiment, I used anaive translation of the topology of the FSA into Pascal control structures.Each of the sections that follows corresponds to one of the mappings I developed forthis experiment. I begin each section with a general description of my algorithmic approachto the mapping being discussed; readers interested in the details of any particular mappingare referred to Appendix B, where I provide complete pseudocode programs for all themappings. Next, except for the runtime stack view, I show the results of applying themapping to the FSA program, the Pascal program, or SPGs derived from those programs.Finally, I discuss the insights I gained during the development of the mappings, and Iexamine the implications of these insights on the overall suitability of SPGs as a basis for



156 CHAPTER 7. A PRELIMINARY ASSESSMENTprogram fsa(input, output);var c: char;procedure error;beginwriteln('Error!');end;beginread(c);if (c < '0') or (c > '9') then error;repeatread(c);until (c < '0') or (c > '9');if (c <> '.') then error;read(c);if (c < '0') or (c > '9') then error;repeatread(c);until (c < '0') or (c > '9');if (c = 'e') or (c = 'E') thenbeginread(c);case c of'+': read(c);'-': read(c);otherwise ;end;if (c < '0') or (c > '9') then error;repeatread(c);until (c < '0') or (c > '9');end;writeln('Okay.');end. Figure 7-3: A Pascal program to parse unsigned real numbers.



7.2. TRANSLATING AN FSA INTO AN SPG 157multiple-view software development.For the purposes of this experiment, I con�ned myself to batch-mode translation algo-rithms, rather than incremental versions (see Section 6.3). I also limited my e�orts to thedevelopment of \minimal" algorithms, i.e., mappings that perform well on graph topologiesthat are expected to be common, but that do not necessarily produce useful results on allpossible graph topologies. As such, my work in this chapter may be characterized as thatof a developer who is interested in putting together a set of \quick and dirty" mappingsbetween SPGs and some views of interest. Though not de�nitive, this kind of experimentis far from trivial, and it is certainly demanding enough that it provides a valid basis fora preliminary assessment of the utility of SPGs as a basis for translating between views ofsoftware systems.The mappings that follow are into and out of views , not presentations. Becauseviews correspond to abstract syntax and presentations correspond to concrete syntax (seeSection 1.1), each mapping assumes that its input has been predetermined to be syntacti-cally and semantically valid. As a result, the FSA-to-SPG translator doesn't check for aninvalid FSA, and the Pascal-to-SPG translator doesn't check for an invalid Pascal program.7.2 Translating an FSA into an SPGThe InputAn FSA is a directed graph consisting of one or more connected components. Each con-nected component may be named, may have at most one initial state, and may have zeroor more �nal states. Each state in the FSA has an associated action routine that is invokedautomatically when the state is entered. The action routine is speci�ed by name. If noaction routine is speci�ed, an FSA-speci�c default routine is invoked. If no default routinehas been speci�ed for an FSA, a no-op routine is called.Input values controlling state transitions may be speci�ed in the form \3" or \3, 8, 10"or \3-5, 1, 22-25". That is, each transition is controlled by a comma-separated list of singlevalues or value ranges. The input sets enabling distinct arcs leaving a state must be disjoint,because each FSA must be deterministic.When an input character is encountered that does not match any of the current state'soutgoing arcs, an error routine is invoked. The name of this routine may be speci�ed. Ifthere is no such speci�cation, a default routine that issues an error message and terminatesprogram execution is called.The ApproachWhen mapping from an FSA to an SPG, I consider each connected component of theFSA separately, and I map each component into a distinct Subprogram grouping. If aconnected component contains a start state, I insert into the SPG a Call node that invokesthe subprogram corresponding to the FSA component, and I make this Call node a startnode.Each FSA state maps into an SPG Call node; the routine invoked corresponds to theaction routine for the state. If no routine is speci�ed, a call is made to the routine speci�ed
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terminateFigure 7-4: The SPG subgraph into which an FSA arc is translated.as the default action routine. If there is no such routine in the FSA, a new no-op routine isgenerated, and that routine is designated the default action routine.The name of each state could easily be stored in the generated SPG as the value of aName annotation on an unexecutable grouping that contains the Call node corresponding tothe state, but in the interest of adhering to the philosophy of minimal mappings, I chose notto generate such a grouping. As a result, the name of a state is lost during the translationinto an SPG.Each arc leaving an FSA state maps into an SPG subgraph consisting of several compo-nents. One component is a Multiassignment node that reads an integer from standard inputand passes it along to the branch conditions of an edge that leads from the state to otherstates. A second component is this edge, which, in addition to containing branches leadingto the endpoint of each arc, also contains a destination branch leading to a Call node foran error routine. This latter destination branch has the condition default and is traversedwhenever invalid input is encountered. A third component is an edge leading from the Callnode representing the FSA state to the Multiassignment node representing the reading ofan integer from the standard input that takes place at that state. Figure 7-4 shows therelationship of these components.If an arc both originates and terminates at the same state, a Loop grouping is added tothe SPG containing both the Call node corresponding to the state and the edge componentscorresponding to the arc. The destination branch leading back to the Call node comprisingthe state is given an annotation identifying it as the Loop Return part of the loop.Complete pseudocode for the mapping from an FSA to an SPG can be found inSection B.1. Application of this mapping to the FSA of Figure 7-2 yields an SPG con-taining the Subprogram grouping shown in Figure 7-5. The complete SPG also containsSubprogram groupings for the default action and error routines, as well as a Call node toinvoke the subprogram shown in Figure 7-5, but these have been omitted from the �guredue to space limitations.ObservationsThe most di�cult part of the development of this mapping had nothing to do with achievingthe correct executable semantics for an FSA. Creating an SPG with the correct executablesemantics is trivial, i.e., there is no expressiveness problem. What is distinctly untrivial istrying to �gure out in more general terms what an FSA really means . Computationally,
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(Loop, -)

(Loop Return, -)

(Loop Return, -)

(Loop, -)

(Loop Return, -)

(Loop Return, -)

(Loop, -)

(Loop Return, -)
(Loop Return, -)

r0

(Subprogram, -)     (Scope, -)     (Name, FSA001)Figure 7-5: The primary Subprogram grouping in the SPG resulting from the FSA ofFigure 7-2. Some routine and port names have been abbreviated to savespace.



160 CHAPTER 7. A PRELIMINARY ASSESSMENTwhat does a state represent? What does a transition represent? These are the truly trou-blesome issues that confront the designer and implementer of a mapping from a high-levelabstract view like an FSA into the procedural, computational domain of an SPG.Because an FSA is so simple, the resulting SPG can be severely underconstrained.Under such conditions, it is not at all clear what the appropriate philosophy is regardingthe creation of SPG components. For example, the FSA-to-SPG translator may generatetwo routines, one as a default action routine, one as the routine to invoke when an inputerror is detected. Neither of these routines requires any local variables, so should the FSAdeclare the resulting Subprogram groupings to be scopes? If not, many views will havedi�culty in making sense of the routines, because it is common for routines to also bescopes. Of course, adding gratuitous scopes is likely to be painful to the developers ofviews that don't support subprograms as scopes. In the case of this particular issue, suchpain is unlikely | most every language allows for the declaration of local variables | butthe general question persists: should views create an SPG that corresponds exactly to whatthey need, or should they try to do a more or less \complete" job that re
ects more commonprogramming conventions? The idea of \complete," of course, is view-dependent, and thatis precisely the problem.In a similar vein, note that a connected component of an FSA may be anonymous. Whena Subprogram grouping is generated for a component, then, what should be done abouta Name annotation? It could be omitted, of course, but that is likely to cause problemsfor views that have no notion of anonymous routines. The only solution to the problemwould be for all views to contain code for assigning names to anonymous subprograms, butsuch code duplication was one of the motivating factors for the development of a canonicalrepresentation in the �rst place! A better solution is for the FSA view to generate a namefor an anonymous component (or to query the programmer for a name), but this cannotbe enforced by the SPGM, it can only be followed as a convention. Unfortunately, viewsthat allow anonymous routines (e.g., lambda functions) are likely to �nd the conventionunintuitive and unnatural.7.3 Translating Pascal into an SPGThe InputThe mapping I developed accepts as input a subset of Pascal. The subset includes thefollowing features:� Variable declarations (for scalar integers only).� Procedures and procedure calls.� Parameters: formal and actual (scalar integers only); pass-by-value (i.e., non-var) only.� Assignment statements.� Compound statements (i.e., begin-end blocks).� Conditional statements (i.e., if-then-else statements).� case statements, including the common otherwise extension.



7.3. TRANSLATING PASCAL INTO AN SPG 161� Looping constructs: repeat-until statements and for loops.� Empty statements.� I/O: read statements (excluding a �le speci�cation) and write and writeln statements(including literal strings, but excluding �le speci�cations).� The conventional relational, arithmetic, and logical operators.It excludes these features:� Program parameters (i.e., �le speci�cations for input and output).� Functions and function calls; var-parameters.� Forward declarations.� Nested procedures.� Type declarations (including arrays, enums, records, sets, �les, and pointers).� Declarations of constants and labels.� goto, while, with, and readln statements.� The operators in, div, and mod.� Comments.� Embedded quotes in literal strings.� The following prede�ned functions and procedures: abs, cos, trunc, sqr, arctan, round,sqrt, ln, sin, exp, ord, chr, succ, pred, odd, eoln, eof, rewrite, reset, put, get, page, new,dispose, pack, and unpack.The features that are excluded are essentially similar to other features I have included(e.g. functions, while statements), pertain to data modeling (e.g., type declarations, withstatements), or simply make the example here more tractable (e.g, nested procedures, com-ments).The ApproachTranslation of a Pascal program into an SPG is straightforward and can be accomplishedin a single pass over the program. The program itself becomes a Scope grouping (the globalscope), the variable declarations at global scope become Declaration nodes within thisgrouping, and procedures become Subprogram groupings within this outermost grouping.Within either a procedure or the main block, statements are translated in the order in whichthey occur in the manner suggested by the pseudocode routine of Figure 7-6.Complete pseudocode for the mapping from a Pascal program to an SPG can be foundin Section B.2. Application of this mapping to the program of Figure 7-3 yields the SPGshown in Figure 7-7.



162 CHAPTER 7. A PRELIMINARY ASSESSMENTprocedure translateStatement(Statement S, Grouping CG, DestinationBranch CDB)case (type of S) of:compound-statement:Create a new unexecutable grouping UG in CG; // for the blocktranslateBlock(UG, CDB);conditional-statement: translateConditional(CG, CDB);case-statement: translateCase(CG, CDB);repeat-until-statement: translateRepeat(CG, CDB);for-statement: translateFor(CG, CDB);procedure-call-statement: translateCall(CG, CDB);assignment-statement: translateAssignment(CG, CDB);read-statement: translateRead(CG, CDB);write-statement: translateWrite(CG, CDB, false);writeln-statement: translateWrite(CG, CDB, true);empty-statement: translateEmpty(CG, CDB);end;Figure 7-6: Central dispatch routine in the Pascal-to-SPG translator of Section B.2.ObservationsThe fact that Pascal requires that variables and procedures be declared before use simpli-�es the process of generating an SPG, because a simple linear traversal through the Pascalsource is su�cient to generate the SPG without having to worry about references to vari-ables and/or routines that have not yet been declared.1 In addition, translation of Pascalassignments, calls, and output statements is facilitated by the fact that the right-hand sideof each assignment in a Multiassignment node is itself an expression. As a result, there isno need to encode in an SPG subgraph the evaluation of the expressions making up theactual arguments to a procedure call. The Pascal-to-SPG translation would not be quiteso straightforward if the Pascal subset I accepted included function calls, but under noconditions would a view-to-SPG translator have to deal with the tedium of constructing ex-pression trees for simple expressions. The expressive power of SPGs is more than su�cientto accommodate the semantics of Pascal constructs, so there is no di�culty in accuratelyrepresenting the executable behavior of a Pascal program. As a result of all these factors,development of a Pascal-to-SPG translator is not a particularly demanding task.At the same time, it is not without its unpleasant aspects. Generating the portion ofthe SPG that converts data tokens arriving on InOut ports into initialization values of localparameters (see Section 4.3.3) is awkward. However, it is not clear how the de�nition ofan SPG could be modi�ed to simplify this task, because the initialization subgraph is notneeded for data
ow languages | the InOut port itself su�ces. One might reasonably expectcommon operations (such as parameter initialization) to be facilitated through a supportlibrary of useful SPG-construction routines (see also Section 3.5.4). In the presence of suchlibrary routines, one could reasonably expect the e�ort needed to develop view-to-SPG1This is not the case with an FSA, where, for example, a state may have as its action routine an FSAthat has not yet been translated into an SPG. (For details, see Section B.1.) Such complications are farfrom insuperable, but they do complicate the process of writing view-to-SPG mappings.



7.3. TRANSLATING PASCAL INTO AN SPG 163
c

[c] := INPUT

R := [error]

:= R.r0
R.p0 :=

$([c] < ‘0’)$ || $([c] > ‘9’)$default

[c] := INPUT

default
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$([c] != ‘.’)$default

[c] := INPUT

$([c] < ‘0’)$ || $([c] > ‘9’)$default

[c] := INPUT

default

$([c] < ‘0’)$ || $([c] > ‘9’)$

(LR, -)

(LR, -)

(LE, -)(LE, -)

(LX, -)
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[c] := INPUT [c] := INPUT

$([c] < ‘0’)$ || $([c] > ‘9’)$default

[c] := INPUT

default

$([c] < ‘0’)$ || $([c] > ‘9’)$

(LR, -)

(LR, -)

(LE, -)(LE, -)

(LX, -)

(LX, -)

(LT, -) (LT, -)

(Loop, -)

[c] := INPUT

default

[c] == ‘+’[c] == ‘-’

OUTPUT := "\n"OUTPUT := "Okay."

(Statement, -)
(Stop, -)

default

$([c] == ‘e’)$ || $([c] == ‘E’)$

(Start, -)

error
(Subprogram, -)

(Scope, -)

OUTPUT := "\n"

OUTPUT := "Error!"

(Statement, -)

(Return, -)

p0

r0

(Scope,, -)     (File, fp.p)     (Name, fsa)

R := [error]

:= R.r0
R.p0 :=

R := [error]

:= R.r0
R.p0 :=

R := [error]

:= R.r0
R.p0 :=

Figure 7-7: The SPG resulting from the Pascal program of Figure 7-3. Names of loopannotations are abbreviated as follows: LE = Loop Entrance, LR = LoopReturn, LX = Loop Exit, LT = Loop Test.



164 CHAPTER 7. A PRELIMINARY ASSESSMENTmappings for views employing common semantic concepts to be considerably reduced.Unsurprisingly, generating an SPG for Pascal is in many ways similar to code generationfor a Pascal compiler, but there is less 
exibility. During generation of object code, any set ofinstructions that yields the correct execution-time behavior is acceptable. If it is convenientfor the code generator to introduce behaviorally neutral code-generation artifacts into theemitted code, there is no reason not to do it. For example, it might be convenient to haveexactly one exit location in the code generated for each procedure, so a compiler might haveall logical exits jump to the single physical exit in the generated code. The jumps would notbe present in the original source code, however | they would merely be artifacts of the codegeneration process. When translating into an SPG, such artifacts must be avoided, becausean SPG must accurately represent \what is going on," and artifacts obscure what is goingon. Generating an SPG, then, is in some ways a more tightly constrained task that is codegeneration for a compiler. Of course, code generation strategies in a compiler are stronglyin
uenced by considerations of runtime performance, and these considerations are absentfor view-to-SPG translators. The bottom line is that code generation and SPG generation,though sharing some common features, are in other ways fundamentally dissimilar.7.4 Translating an SPG into an FSAThe InputIn my SPG-to-FSA translator, I consider a software system represented by an SPG to bemade up of a number of separate FSAs, one for each of the following SPG components:� A Subprogram grouping.� An STask grouping.� A Rendezvous grouping.� The SPG subgraph consisting of the components not contained in any of the groupingsabove, i.e., what would be called the \main block" of a Pascal program.As a result, the algorithm I developed takes as input one of the components above, and anentire SPG will typically yield multiple FSAs.The ApproachThe translation proceeds in three stages. First, it identi�es the SPG subgraphs that \looklike" FSA arcs. Second, it identi�es the SPG subgraphs that \look like" states, includingstart states and accepting states. Finally, it identi�es the action routine associated witheach FSA state. The algorithm does not attempt to identify a name for the states of theFSA, but it would not be di�cult to augment the translator to look for groupings of thekind I discussed in Section 7.2.My algorithm for arc identi�cation is based on looking for locations in the SPG whereunprocessed input data is used to control token 
ow along the branches of an NP1 or aSelect edge. There are two general topological forms to look for in the SPG, one based ondata 
ow, one based on control 
ow. Both forms consist of a Multiassignment node that



7.4. TRANSLATING AN SPG INTO AN FSA 165reads from INPUT and uses the result of the read to control token 
ow on a nearby edge.In the data 
ow form, the datum read from INPUT is placed on an NPa data edge suchthat each of the destination branches of that edge terminates at a branch condition of thenearby edge. In the control 
ow form, the datum is stored in a variable that is then usedin branch conditions of one or more nearby edges. Readers interested in a more precisedescription of the recognized topologies are referred to Section B.3.When unexpected input is encountered in an FSA, the machine follows an implicittransition into an implicit and inescapable error state, but in real programs, such transitionsand states are explicit. As a result, an SPG-to-FSA translator is faced with the task ofdistinguishing between input-dependent actions that correspond to FSA arcs and similar-looking input-dependent actions that correspond to implicit transitions to an FSA errorstate. My translator employs the heuristic that edge branches followed when input datafalls in a constrained range lead to valid (and thus explicitly represented) FSA states, whilebranches followed when input data falls in an unconstrained range (i.e., a conceptuallyin�nite set of values) lead to invalid (and thus implicit) FSA states. For example, given anSPG representation for this fragment of Pascal,read(i); { assume i is declared to be an integer }if 0 <= i and i <= 9 then... { i's range is constrained to [0,9] }else... { i's range is unconstrained: }{ anything outside [0,9] }the algorithm will conclude that the then arm of the conditional corresponds to an explicittransition to a valid FSA state and that the else arm corresponds to an implicit transitionto the error state.Finding the SPG subgraph corresponding to an FSA arc is complicated somewhat bythe fact that, in the control-
ow form, a single FSA arc may be represented by multipleedge conditions. The algorithm therefore recognizes that nested conditionals can actuallycorrespond to a single conceptual FSA arc. For example:read(i);if 0 <= ibegin { i's range is unconstrained: anything non-negative }if i <= 9 then... { i's range is now constrained to [0,9] }endelse... { i's range is unconstrained: anything negative }I adopt the same arc-labeling convention for my SPG-to-FSA translator as I did for myFSA-to-SPG translator, namely, that arc labels must consist of a comma-separated list ofsingle values or value ranges. These ranges must be statically evaluable, so, for example,the range \x-y" (where x and y are variables) is not allowed.Identi�cation of FSA states proceeds by starting at arc endpoints (i.e., at the endpointsof SPG subgraphs corresponding to FSA arcs) and then searching both forward and back-ward along executable edges (but not along any SPG subgraphs that correspond to FSAarcs) until the largest possible subgraph has been identi�ed. If, during this search, sub-graphs for two distinct states \bump into" one another, the states are merged, if possible.An SPG subgraph G may correspond to an FSA arc that both originates and terminates
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0-90-9Figure 7-8: The FSA resulting from the FSA-derived SPG of Figure 7-5.at the same FSA state S only if both G and the SPG subgraph corresponding to S arecontained inside the same Loop grouping. This restriction prevents an entire SPG frombeing collapsed into a single FSA state with all arcs leading both from and to that state.If the SPG subgraph being viewed as an FSA contains exactly one start node N, and ifN is part of a subgraph corresponding to an FSA state S, S is a start state. If the subgraphbeing viewed as an FSA is a Subprogram grouping, it cannot contain any start nodes, soa di�erent algorithm is employed. For a Subprogram grouping, if there exists a node thatmust be the �rst node executed whenever the subprogram is invoked, the FSA state thatcontains that node (if there is one) is a start state. If the SPG subgraph corresponding toan FSA state contains a Return node and/or a Stop node, it is a �nal state.The action routine for each state is determined by inspecting the �rst node encounteredalong any arc when entering that state. If all such nodes are Call nodes that invoke thesame routine, that routine is the action routine for the state. Otherwise the action routineis unde�ned.Complete pseudocode for the mapping from an SPG to an FSA can be found inSection B.3. Application of this mapping to the SPG of Figure 7-5 yields the automatashown in Figure 7-8.2 It is clear from the �gure that the set of FSAs generated from theSPG derived from the original FSA contains one FSA that is identical to the original. Theadditional single-state FSAs correspond to the Subprogram grouping for the default ac-tion routine, to the Subprogram grouping for the error routine, and to the Call node thatinvokes the subprogram corresponding to the original FSA. Judicious use of view-speci�cannotations during SPG generation would make it easy to suppress these super
uous FSAsduring translation back to an FSA view, thus yielding a single FSA that is identical to theoriginal.Applying the SPG-to-FSA translator to the Pascal-derived SPG of Figure 7-7 yields theautomata shown in Figure 7-9. Despite the fact that the SPG from which it was generatedis not at all similar to the one giving rise to the FSAs in Figure 7-8, the results are nearlyidentical, the only substantive di�erence begin the lack of �nal states in the primary FSAof Figure 7-9. This omission can be traced to the facts that, �rst, each Pascal proceduremust have exactly one exit, and second, there is no construct in Pascal that causes programexecution to terminate immediately. As a result, the heuristic employed by my SPG-to-FSA2When examining Figures 7-8 and 7-9, bear in mind that all presentation-speci�c aspects of the FSA(e.g., layout of states and arcs) is produced not by the translation algorithm (which maps an SPG into anFSA view , not an FSA presentation), but was manually introduced after the translation was complete.
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0-90-9Figure 7-9: The FSA resulting from the Pascal-derived SPG of Figure 7-7.translator fails to identify the appropriate states as �nal states.ObservationsThe algorithm I use in my SPG-to-FSA translator assumes that the structure of the FSA canbe deduced by mimicking the structure of the 
ow of control through a program. That is,it assumes that FSA states can be discovered through examination of a program's controlstructures alone, that such states are not encoded in data structures or as the value ofvariables, etc. I pointed out in Section 7.1 that this assumption is suspect, at least forthe FSAs that are implemented for tasks such as lexical analysis. However, it may notbe an unreasonable assumption for gaining insight into the structure of general programs,especially if the notion of an arc (i.e., the heuristic used to identify one) is generalized tosomething more than a branch based on reading from standard input. This issue | thatof knowing what to look for in an SPG to recognize the existence of an FSA component| is essentially the inverse of the problem I discussed earlier: what should it mean toview a program as an FSA? Without a well-de�ned answer to this higher-level conceptualquestion, it is meaningless to attempt to evaluate how well or how poorly SPGs allow oneto implement the answer.The algorithm I use for mapping an SPG to an FSA is really almost two algorithms inone, because the translator must duplicate a fair amount of conceptual e�ort (though notcode) to deal with SPG subgraphs that \look like" FSA arcs based on data 
ow and withother subgraphs that \look like" FSA arcs based on control 
ow. Furthermore, the checkingof the interconnections between nodes, edges, and branch conditions is quite tedious. I donot believe this is re
ective of a 
aw in SPGs, but rather is indicative of the fact that goingfrom a relatively low-level representation like SPGs to a relatively high-level abstractionlike FSAs is in general a nontrivial task. If the patterns in the graph that correspond towhat we want to see as FSA arcs are complex, it is not surprising that the code to look forthe patterns is complicated, too. Nonetheless, it is clear that the translator implementationis no \simple" task, and in that sense it can be argued that SPGs have fallen short of my(perhaps overly ambitious) goal to facilitate the development of easy-to-write mappings toall kinds of views.It is worth noting that an FSA resulting from my translator may yield misleading resultsbecause, given two states A and B with no arc between them, it need not be the case thatthere is no way to get from A to B or from B to A. It will only be the case that there is noway to get from one state to the other based purely the result of a read from standard input.



168 CHAPTER 7. A PRELIMINARY ASSESSMENTIn other words, there might still be ways to achieve a state transition that do not involvereading from standard input.It is possible that one could develop an algorithm that would show an FSA view ofan SPG in such a way that if two FSA states were distinct and connected by an arc, theonly way to get from one state to the other would be by traversing that arc, but thatwould be a di�erent interpretation of what it means to view a general-purpose program asan FSA. There being no obvious answer to that question, it is not clear which conceptualSPG-to-FSA algorithm is the \right" one.Examination of the results of this algorithm makes clear that there is not necessarily anysimple relationship between an SPG component and its corresponding view component(s).For example, some SPG components have no view counterpart. In this mapping, SPGsubgraphs corresponding to the implicit FSA error state may never be assigned to any FSAcomponent, because unconstrained arcs are never used as the starting point for a search fora state. As a result, if an SPG subgraph is accessible only via unconstrained arcs, it willnever be searched. On the other hand, it is possible for a single SPG source branch to bepart of any number of FSA arcs, because each destination branch of an edge may yield adi�erent arc. An SPG component may therefore correspond to zero, one, or many entitiesin an FSA view of that SPG.7.5 Translating an SPG into PascalThe InputThe translator I developed works with any valid SPG.The ApproachMy translator is not tremendously ambitious in its attempt to translate an SPG into Pascal.It is designed to work with SPGs that correspond to the model of computation embodiedby Pascal, i.e., serial, deterministic, based on control 
ow. For the most part, when itsees something that fails to �t this model, it produces a comment in the generated Pascalto the e�ect that further translation of the routine (or the main block) is impossible, ndit discontinues translation of the grouping containing the o�ending topology. Sometimesit adopts a less Draconian strategy. For example, when it encounters STasks and nestedroutines, neither of which is in the subset of Pascal I support in this experiment, thetranslator produces comments containing the names of the entries or routines, respectively.The result of the translator is in fact not so much a Pascal program per se as a programthat looks very much like Pascal. There is, however, no guarantee that it is a valid Pascalprogram. For example, a legal SPG may have more than one variable or subprogram withthe same name in a Scope grouping, but this is illegal in Pascal. My translator does notcheck for such conditions. In fact, I believe that such activity is probably best left to aseparate \Pascal checking" view. Such a view would have a di�erent purpose from the oneI implemented, which has as its purpose to to produce an accurate view of the semantics ofthe program represented by an SPG and to present these semantics, as much as possible,in Pascal's syntax.



7.5. TRANSLATING AN SPG INTO PASCAL 169My general approach to the translation problem is straightforward. The subset of Pas-cal I considered in this experiment yields programs that begin with variable declarations,continue with procedure declarations and bodies, then conclude with the body of the mainblock, so my translator �rst translates Declaration nodes at global scope, then translatesSubprogram groupings nested inside the global scope, and �nally translates the SPG sub-graph corresponding to the code inside the main block.When generating executable statements, the algorithm iteratively translates an SPGnode, then examines the edge3 emanating from that node. In general, if the edge has asingle destination branch, that branch is followed and the node it leads to is translated.If the edge has two destination branches, an if-then-else statement is generated, and eachof the two nodes led to by the edge is translated. Finally, if the edge has more than twodestination branches, the conditions on the destination branches are examined to see if theyare compatible with a case statement. If so, a case statement is generated, otherwise a seriesof if-then-else statements is produced.This high-level sketch of the algorithm ignores a number of complications, includingthe detection of loop entry and exit. The latter are structurally identical to conditionals(except for loop-speci�c annotations), so it is important to check for a loop exit beforeconsidering an if statement. The algorithm must also detect join-points after conditionalsand loop entries, because the code downstream from a branch in the 
ow of control mustbe generated only once, and only in the right place. Details on these points and on everyother aspect of the SPG-to-Pascal mapping I implemented can be found by consulting the(commented) pseudocode in Section B.4.In order to facilitate the production of a consistent concrete syntax for a program overrepeated SPG-to-Pascal translations, the translator adds a global grouping and assigns it aname if it can't �nd an existing global grouping that has a name. In the comments in thepseudocode for the translator (see Section B.4) I discuss the possibility of also adding to theSPG a set of unexecutable edges with a Precedes annotation so that variable declarationswould always be written out in a consistent order, but the translator as implemented doesnot do this.The translator writes out procedure declarations in a random order; it does not takeinto account the fact that Pascal requires that procedures be declared before use. Addingthe necessary dependency analysis to determine an acceptable declaration order is not a lotof work (one need only examine all Call nodes in a Subprogram grouping and see whichroutines they call), but, in the spirit of a \quick and dirty" implementation, my algorithmfails to do it. It cuts additional corners in the following ways:� The translation of if-then-else, case, and for statements always yields begin-end blocks,even for a single statement. It is possible to avoid this with more ambitious translationalgorithms that perform lookahead to determine whether a single statement or astatement sequence is to be translated. Similarly, the algorithm may not get thesemicolons in nested conditional statements exactly right, but, with a little morebookkeeping, it would not be di�cult to do.� The algorithm doesn't approximate simple non-strict procedure calls with the concretesyntax for strict calls, but this, too, would not be di�cult to add to the translator. The3In general, my translator insists that each node have exactly one executable output port. If a node hasmore than one such port. the algorithm throws up its computational hands and refuses to continue.



170 CHAPTER 7. A PRELIMINARY ASSESSMENTgeneral approach would be to a�ord special treatment to edges receiving a data tokencarrying the value of an RIID from a Call node to Parameter nodes. The parameterspassed in the Pascal translation of the procedure call would correspond to the unionof the data tokens passed to the invoked routine from the Call and Parameter nodes.� The algorithm refuses to translate portions of an SPG that read from INPUT and placethe datum read directly onto a data port or onto OUTPUT. Generation of the Pascalcorresponding to such constructs is not di�cult to do, but it requires the introductionof a new variable (to be used as the argument to read) that is not currently used inthe program. This would con
ict with the current on-the-
y translation algorithm,because the current algorithm has already emitted Pascal for all Declaration nodesbefore it translates the remainder of the SPG.� The translator ignores Statement groupings.The above limitations tend to restrict the Pascal that the translator will produce. Thatis, if the translator encounters one of the constructs above, it may produce a sub-optimaltranslation or it may refuse to translate a construct altogether, but in no case will it generatePascal that is unfaithful to the semantics of the underlying SPG. This is a good policy fora view to hold: it may not display everything, but what it displays is accurate. In somecircumstances, this may not be the case, however, because the translator doesn't detectall possible topological errors. For example, the algorithm ensures that there is a one-to-one correspondence between a procedure's formal parameters and the initialization of thoseparameters, but it does not ensure that each parameter variable is initialized by data fromthe corresponding input port. Adding such checks is not conceptually di�cult, but it israther tedious, and it is hard to imagine how any but the most pathological of programscould yield an SPG containing the o�ending topology.Application of my SPG-to-Pascal translator to the SPG of Figure 7-7 yields the pro-gram shown in Figure 7-10.4 As one might hope, this generated program is identical tothe original hand-written version in terms of its behavioral semantics. It is not textuallyidentical, however, because the translator introduces some lexical noise in the form of un-necessary begin-end blocks and super
uous else clauses. Such artifacts are more annoyingthan misleading, however, and, as I noted earlier, it would require only a slightly more so-phisticated translator to avoid generating them in the �rst place. For all practical purposes,my translator is able to faithfully recover the structure of the original Pascal program fromthe SPG that represents it.Unfortunately, it is apparent from Figure 7-11 that my SPG-to-Pascal translator hasconsiderably less success with the FSA-derived SPG of Figure 7-5. The translator performswell in identifying the high-level structural features of the program represented by theSPG, but it does substantially less well in coming up with Pascal depictions for the detailsof those features. The generated program accurately conveys the facts that there are threeprocedures in the program and that program execution consists of invoking the procedure4Again, when examining Figures 7-10 and 7-11, bear in mind that none of the presentation-speci�c aspectsof the program (e.g., location of line breaks and use of white space to show program structure) is producedby the translation algorithm.



7.5. TRANSLATING AN SPG INTO PASCAL 171program fsa(input, output);var c: integer;procedure error;beginwrite('Error!'); writeln;end;beginread(c);if (c < '0') or (c > '9') then begin error; endelse begin end;repeatread(c);until (c < '0') or (c > '9');if (c <> '.') then begin error; endelse begin end;read(c);if (c < '0') or (c > '9') then begin error; endelse begin end;repeatread(c);until (c < '0') or (c > '9');if (c = 'e') or (c = 'E') thenbeginread(c);case c of'+': begin read(c); end;'-': begin read(c); end;otherwise begin end;end;if (c < '0') or (c > '9') then begin error; endelse begin end;repeatread(c);until (c < '0') or (c > '9');endelse begin end;write('Okay.'); writeln;end.Figure 7-10: The Pascal program resulting from the Pascal-derived SPG of Figure 7-7.



172 CHAPTER 7. A PRELIMINARY ASSESSMENTprogram PASCAL001(input, output);procedure DefaultFSAAction;beginend;procedure DefaultFSAErrorRoutine;beginwriteln('Error!');{ I can't make any more sense of this, so I'm quitting here. }end;procedure FSA001;begin{ I can't make any more sense of this, so I'm quitting here. }end;beginFSA001;end.Figure 7-11: The Pascal program resulting from the FSA-derived SPG of Figure 7-5.FSA001,5 but it fails to provide any information on the actions that take place inside thatprocedure. This is a signi�cant shortcoming, because the SPG subgraph corresponding tothe contents of FSA001 is precisely that portion of the SPG that re
ects the semantics ofthe original FSA.It is easy to identify the feature of the SPG that cause trouble for the translation al-gorithm: it is the fact that there are two return nodes inside the Subprogram grouping forFSA001. In Pascal, a procedure must have exactly one exit location (the end of the proce-dure), and the translator recognizes that having two di�erent return nodes is inconsistentwith this restriction. There is no obvious way to approximate this in Pascal, especially notin the goto-less subset of the language I used for this experiment, so the algorithm simplyrefuses to try to translate the contents of the routine. It would be possible to reorganizethe algorithm slightly so that the problem was ignored until the �rst return node in theroutine was actually translated, but that would not be a general solution to the problem.It would also be possible to ignore return nodes when translating the contents of a routineinto Pascal (leaving an appropriate comment where appropriate), but such an approxima-tion strategy would yield a misleading view of the behavior of the program represented bythe underlying SPG. There does not seem to be, in this case, any simple stratagem thatallows the semantics of the SPG to be accurately represented in Pascal. In Section 6.4.1I discussed various ways of dealing with such problems, but for the kind of \quick anddirty" SPG-to-view mappings I developed for this experiment, the approach I adopted in5The names PASCAL001 and FSA001 that appear in the program are generated by the SPG-to-Pascaland the FSA-to-SPG translators, respectively. For details on the conditions under which such names arecreated, consult Appendix B.



7.5. TRANSLATING AN SPG INTO PASCAL 173my translator | that of simply refusing to continue with the subprogram | seems as rea-sonable as any. Certainly it is the easiest course of action, a consideration that is likely tomake it a popular approach for user-de�ned views in practice.ObservationsI noted in my observations about the SPG-to-FSA translator that the mechanics of \pars-ing" the SPG| of moving over the graph to determine its topology | is tedious to program.That judgment was a�rmed in my experience during the development of the SPG-to-Pascaltranslator. Possibly this di�culty is due to the fact that an SPG has a nonlinear form, pos-sibly it is due to the fact that I have at my disposal no yacc-like parser generator for SPGs.Whatever the reason, this much is clear: when parsing an SPG, there are certainly a lot oferror conditions to check for in an ad hoc manner. This problem seems to be a direct resultof the generality of SPGs. Because so many SPG topologies are legal, and because so fewsemantic restrictions are placed on the content of an SPG, a robust SPG-to-view translatormust be prepared to handle a wide variety of graphs as input. Further complicating mattersis that, unlike standalone compilers for programming languages in conventional (loosely in-tegrated) programming environments, a good SPG-to-view translator should try to providesome kind of reasonable output, regardless of the SPG it is attempting to translate. In thissense, SPG-based environments tend to encourage a COPE-style [7] attitude toward unan-ticipated input conditions: if an unexpected SPG topology is encountered, the translatorshould try to recover from the \error"and continue to generate a reasonable view. This isin sharp contrast to most compilers, which emit object code only if their input is entirelywell-formed.The presence of hyperedges in an SPG further complicates the process of parsing thegraph. Their conceptual appeal is great, and I continue to believe that they express somerelationships (e.g., alternative arms of a conditional statement) more directly than can beexpressed using conventional graph edges, but there is no doubt that their great topological
exibility means that the tests involving them are tedious and involved. The fact thatit is technically possible to have an edge with no branches adds to the complications.On the other hand, it is not obvious that replacing hyperedges with simple edge wouldsimplify matters, because it is entirely possible that the same topological checks would benecessary, though in a di�erent guise. This is in all likelihood another example of a generalphenomenon: sometimes things that seem hard are just plain hard . Translating betweenarbitrary views is almost certainly one of these fundamentally di�cult tasks, and for suchtasks there is, as Fred Brooks has noted, no silver bullet [28].A �nal observation is that SPGs allow more ambiguity about loop termination conditionsthan one might prefer. Consider this Pascal loop fragment:for i := 10 to 20 do ...In an SPG, the termination of this loop will be represented by an edge with two destinationbranches, one of which will have an annotation named Loop Exit. If we call the branch withthis annotation B1 and we call the other branch B2, B1 might be controlled by any of thefollowing conditions:[i] > 20 20 < [i] [i] >= 21 21 <= [i]However, it is also possible for B1 to have the condition default, in which case B2 mighthave any of these conditions:



174 CHAPTER 7. A PRELIMINARY ASSESSMENT[i] < 10 or [i] > 20 10 > [i] or 20 < [i][i] <= 9 or [i] >= 21 9 >= [i] or 21 <= [i]This is a large number of combinations to check for. A less syntactic and a more semanticrepresentation of the constraints would simplify the process of determining the exit con-ditions, but then it would probably be more di�cult to write an SPG-to-view translatorthat faithfully preserved the 
avor of the condition's original concrete syntax. This may beanother case in which the development of library routines to perform common operationsmay be the best approach to relieving the tedium of manually coding multiple tests.7.6 Translating an SPG into a Runtime StackThe InputThe mapping functions I developed work with any valid SPG.The ApproachAny scope that is active should be displayed in a stack view, but in the context of an SPG,it is not necessarily obvious what it means for a scope to be active. I adopt the followingconventions:� All scopes are initially inactive.� Scopes that are not also Subprogram or Rendezvous groupings become active when atoken is placed on a port inside the scope. Such scopes become inactive when thereare no tokens remaining on the subgraph in the scope. They also become inactivewhen an executable grouping containing them executes a Return node.� Subprogram and Rendezvous groupings that are scopes become active when they areinstantiated or invoked. They become inactive when they return. Because subpro-grams and rendezvous may be invoked non-strictly, it is possible for a subprogram orrendezvous scope to be active even if there are no tokens within it.� When a stop node is executed, all active scopes remain active. This allows for a post-mortem examination of the state of the stack. All scopes become inactive when theSPG is prepared for execution, however.Despite the name of the view, it is possible for multiple threads of control to be simul-taneously active, hence for there to be more than one active stack. My algorithm has notrouble with this possibility, but it leaves the problem of how to actually display multiplestacks (or even a single stack) to PMs.My algorithm assumes the following:� The SPG is not modi�ed by PMs while it is executing. If such modi�cations areallowed, the algorithm would have to be reworked to account for such on-the-
ymodi�cations.



7.6. TRANSLATING AN SPG INTO A RUNTIME STACK 175� A 
ow of control leaves a scope either by dying o� at a dead-end (i.e., at a node withno output ports) or by leaving the scope as a token on an edge. There are pathologicalgraphs that violate this assumption (i.e. a dead-end node that puts a token on anedge that leads nowhere), and it is possible to enhance the algorithm to detect suchpathological conditions, but in practice it is probably not worth the trouble.� If a scope S is active, so are all the scopes that S is inside of.Because a runtime stack view is dynamic, the algorithm used to generate a stack viewmust be di�erent in nature from the algorithms used to implement the static mappings ofthe previous sections. In particular, the algorithm must be primarily reactive, responding toevents that take place within the SPG as the SPG executes. As such, my runtime stack viewconsists of several separate routines that respond to particular messages from the SPGMabout events that are happening within the SPG.The crux of my approach is to maintain in the view a data structure that keeps track ofthe active scopes in the SPG. When a scope becomes active, the variables declared in thatscope are added to the view. When a scope becomes inactive, the variables it contains areremoved from the view.The view is designed to work correctly even if the SPG it is asked to display is in themiddle of an execution when the view is created. As a result, the �rst thing the view doesis inspect the SPG to determine which scopes are currently active. Given a set of activescopes, it is easy to inspect all Declaration nodes within each Scope grouping to identifyall the variables located within the set of active scopes. The SPGM can be queried for thevalues of these variables, and the variable names and values can then be presented to usersin the context of the scopes in which the variables are declared.Once the set of currently active scopes has been identi�ed, the view waits for noti�cationby the SPGM that certain events have occurred. The impact of these events falls into oneor both of the following categories:� A scope should be added to or removed from the set of active scopes. Events inthis category often correspond to the invocation of or the return from a subprograminstantiation.� The value of a variable in an active scope should be updated. Events in this categorytypically correspond to the completion of a node's execution.Detailed pseudocode for each event-handling routine in the Stack view can be found inSection B.5.ObservationsThe great 
exibility of SPGs means that a large number of arguably nonsensical topologiesare legal. For example, it is possible to have edges leading nowhere, to have edges with somesources and/or destinations in a grouping and others outside the grouping, etc. Addingadditional topological constraints to the de�nition of SPGs might well simplify the problemof writing SPG-to-view mappings, and if done carefully, would probably not impinge ontheir practical expressive power.
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R.p0 :=Figure 7-12: Left: two destination branches (parts of di�erent FSA arcs) entering theSPG subgraph corresponding to an FSA state. Right: the same region ofthe SPG after addition of Call nodes so that the speci�ed action routine isalways invoked upon entry to the state.7.7 Development of a Multiparadigm ProgramFor the purposes of developing a program using more than one view, it is convenient to startwith the Pascal program of Figure 7-3 and then view it as an FSA, as shown in Figure 7-9.The SPG-to-FSA translator will determine that the action routine is unde�ned for each ofthe states in the automaton, a result that is unsurprising in view of the fact that the onlyprocedure calls in the original Pascal program are to the routine responsible for signifyingthe presence of input errors.To allow for the speci�cation of an action routine for FSA states, it is necessary to havea routine in the FSA view that will make the necessary modi�cations to the SPG when anaction routine is speci�ed for a particular state. The design of such a routine is conceptuallystraightforward and is depicted in Figure 7-12. The underlying SPG must be modi�ed sothat any tokens entering the FSA state of interest via an FSA arc result in the speci�edroutine being invoked before the tokens continue on to their original destination within thestate. This can be accomplished by inserting Call nodes into the state so that all arcs en-tering the state terminate at a Call node instead of at their original destinations. Each Callnode, in addition to invoking the appropriate action routine, forwards the token it receivesfrom the arc on to the port at which the arc originally terminated; this ensures that theinput to the remainder of the SPG representing the state is unchanged. A detailed pseu-docode implementation for a routine that performs this transformation, resetActionRoutine,can be found in Section B.6.If we assume that a routine newAction, shown in a Pascal view in Figure 7-13, has beenadded (most likely through a Pascal view, since there is no way to write to standard outputthrough an FSA view) to the SPG so that newAction can be made to be the action routinefor selected FSA states, and if we assume that the FSA routine resetActionRoutine has beeninvoked to set newAction to be the action routine for states A and E in the FSA, we end upwith the SPG shown in Figure 7-14. If we then apply the SPG-to-Pascal translator to thisSPG, we obtain the Pascal program shown in Figure 7-15. This new program is preciselywhat we would have obtained had we modi�ed the software system through the Pascal



7.8. CONCLUSIONS 177procedure newAction;beginwrite('This is a new action.');writeln;end;Figure 7-13: Procedure newAction, to be used as an FSA action routine.view directly. In this case, SPGs serve as an e�ective basis for multiparadigm softwaredevelopment.Unfortunately, some examples do not work out this nicely. If we again view the modi�edSPG of Figure 7-14 as an FSA, and if we use resetActionRoutine to set the action routinefor state B to newAction, we obtain a new updated SPG which, when passed through theSPG-to-Pascal translator, yields the incomplete program of Figure 7-16.The cause of the incomplete translation is the updated topology of the SPG subgraphcorresponding to FSA state B. This subgraph contains a loop, and when a call to newActionis added to the loop, the result is an exit-from-the-middle looping construct for which thereis no corresponding Pascal control structure. Figure 7-17 shows the SPG correspondingto the modi�ed loop. There is in principle no reason why a more sophisticated SPG-to-Pascal translator could not recognize loops such as these and translate them into Pascalequivalents, but the undertaking is unlikely to be trivial. A \natural" Pascal translation ofthis kind of loop is shown in Figure 7-18, and it involves the introduction of a new variable,the movement of the the loop termination test to a conditional construct, and creationof a new loop termination test. Whether view developers can be expected to performtransformations such as these is unknown; certainly they are unlikely to be provided in thekinds of \quick and dirty" views I employed in this experiment.7.8 ConclusionsI stated at the outset of this chapter that my goal in performing the experiment describedhere was to arrive at a preliminary assessment of the strengths and weaknesses of SPGsin terms of the two primary constraints I introduced in Chapter 3: expressiveness andgeneralized invertibility. My experience with the development and application of FSA,Pascal, and Runtime Stack views provides me with a basis for the following preliminaryconclusions.First, there is much evidence to support the conclusion that the expressiveness criterionfor SPGs has been met. I experienced no di�culties in mapping the semantics of Pascal orof FSAs into components of an SPG.Second, my goal of imbuing SPGs with characteristics that would facilitate their beinggenerally invertible appears to have been less successful. On the one hand, it was easyto create straightforward, unsophisticated mappings that translate an FSA into an SPGand then back again, and similarly for Pascal, so SPGs seem well-suited for mappingsfrom a particular view to an SPG and then back again. The SPG-to-FSA translator alsoperformed well with a Pascal-derived SPG, and I had no di�culty in writing a dynamic
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Figure 7-14: The SPG after modi�cation to have FSA states A and E call newActionas their action routine. Loop annotations have been abbreviated as inFigure 7-7, and the subgraphs representing procedures Error and newActionhave been omitted to save space.



7.8. CONCLUSIONS 179program fsa(input, output);var c: integer;procedure newAction;beginwrite('This is a new action.'); writeln;end;beginnewAction;read(c);if (c < '0') or (c > '9') then begin error; endelse begin end;repeatread(c);until (c < '0') or (c > '9');if (c <> '.') then begin error; endelse begin end;newAction;read(c);if (c < '0') or (c > '9') then begin error; endelse begin end;repeatread(c);until (c < '0') or (c > '9');if (c = 'e') or (c = 'E') thenbeginread(c);case c of'+': begin read(c); end;'-': begin read(c); end;otherwise begin end;end;if (c < '0') or (c > '9') then begin error; endelse begin end;repeatread(c);until (c < '0') or (c > '9');endelse begin end;write('Okay.'); writeln;end.Figure 7-15: The Pascal program resulting from the modi�ed SPG of Figure 7-14. (Pro-cedure error has been omitted to save space.)



180 CHAPTER 7. A PRELIMINARY ASSESSMENTprogram fsa(input, output);var c: integer;procedure error;beginwrite('Error!'); writeln;end;procedure newAction;beginwrite('This is a new action.'); writeln;end;beginnewAction;read(c);if (c < '0') or (c > '9') then begin error; endelse begin end;{ I can't make any more sense of this, so I'm quitting here. }end.Figure 7-16: The Pascal program that results if FSA state B also speci�es newAction asits action routine.
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Figure 7-17: The SPG subgraph corresponding to the loop in state B after newAction isspeci�ed as the action routine.



7.8. CONCLUSIONS 181repeatread(c);if (c < '0') or (c > '9')done := true;elsenewAction;until done;Figure 7-18: A Pascal approach to an exit-from-the-middle loop.Runtime Stack view that works with any SPG. All these mappings lend credence to thethesis that the structure and semantics of SPGs are comprehensible enough to allow fortheir being mapped into a wide variety of views.On the other hand, my SPG-to-Pascal translator produced results of limited utility whenapplied to the SPG generated from an FSA, and it showed itself to be less than robust inthe face of small changes to the SPG originally derived from a Pascal program. It is possiblethat these results imply that SPGs are somehow fundamentally inadequate, but I believea more justi�ed conclusion is that the SPG-to-Pascal mapping I wrote was insu�cientlysophisticated. Either way, it does seem to be a reasonable conclusion that e�ective multiple-view software development (including the kind of multiparadigm development I exploredin Section 7.7) cannot be reliably based on simple, \quick and dirty" mappings that stoptranslating when they see an SPG construct for which there is no straightforward view-speci�c equivalent. It thus seems likely that the development of robust views for an SPG-based MVDE will be a nontrivial undertaking.Further complicating the process of view creation is the nearly unbridled 
exibility ofSPGs themselves. One negative consequence of this great 
exibility is that views mustexpend a fairly large amount of e�ort to make sense of the graph, a task whose di�cultyis compounded by the fact that SPGs support both control-
ow and data
ow. As a result,views must often search for more than one kind of topology when attempting to identifylandmark features in the graph. In the SPG-to-view mappings I developed for this experi-ment, I employed ad hoc (and hence tedious) parsing techniques to perform these searches,but it may well be possible to take advantage of graph grammars to automatically generateSPG parsers that recognize meaningful topologies. Further reduction in the di�culty of im-plementing common view operations may be achieved through the development of librariesof routines that perform functions of use to a variety of views.It may be possible to further simplify the task of generating SPG-to-view mappingsby judiciously adding restrictions to the topology and content of valid SPGs. By furtherrestricting the domain for translators from SPGs to views, it should be easier for suchtranslators to perform their task. On the other hand, adding new constraints to the de�ni-tion of an SPG runs the risk of making SPGs themselves more di�cult for view developersto understand. Furthermore, adding restrictions on SPGs might complicate the activityof building SPGs in the �rst place | thus impinging on their expressiveness | and itmight inadvertently restrict the range of as-yet-unimagined views. The primary reasonsfor my placing few restrictions on SPG topologies in the �rst place were to (1) facilitatethe representation of incomplete programs and programs under construction and (2) allow



182 CHAPTER 7. A PRELIMINARY ASSESSMENTmaximum 
exibility for the development of future views. I believe that these two goals havebeen achieved, and if new restrictions on SPGs are to be imposed, one must be vigilant toensure that the representational baby is not thrown out with the bath water. Nonetheless,I tentatively conclude that adding some topological constraints to the de�nition of SPGswould simplify the problem of writing SPG-to-view mappings, and, if done carefully, wouldprobably not have any deleterious e�ects on their practical expressive power.



Chapter 8Topics for Further ResearchAmple testimony to the interest evinced by the research community in the topic of multiple-view software development can be found in the survey I provided in Chapter 2. However,virtually all of that work (the lone exception being the Garden system) is predicated onthe assumption that a distinguished primary view is the source code, all other views in theenvironment being subsidiary to that view. Within these environments, subsidiary views| by de�nition derivations of the primary view | are almost never editable.My research is fundamentally di�erent from these previous e�orts, because my in-terest is in MVDEs where there is no primary view and where a software system maybe edited through any of a number of views in the environment. My analysis of exist-ing integration mechanisms (Chapter 2), my view model (Chapter 3), my development ofSPGs (Chapter 4), my examination of issues surrounding the use of SPGs in an MVDE(Chapter 6), and my analysis of the strengths and weaknesses of SPGs (Chapter 7) allhelp lay important groundwork for true multiple-view software development, but it hardlyscratches the surface of the topic in its entirety.I see opportunities for additional research in two basic areas. First, there is much thatcould be done with SPGs themselves. For example, SPGs contain a number of limitationsand restrictions, and it would be interesting to know whether these limitations and re-strictions can be relaxed or eliminated without reducing SPGs' suitability as a CR for anMVDE. Similarly, I suggested in Chapter 7 that SPGs might be easier to work with if theywere more constrained, so an equally interesting line of work would be to try to restrict thelegal topologies of SPGs without e�ectively reducing their expressiveness.The second research area is more general, focusing on important issues in multiple-view software development that do not speci�cally concern SPGs. Such issues includethe appropriate granularity of between-view change noti�cation, the relationship betweencanonical program representations and database views, and the impact of a distributeddevelopment environment on the use of a canonical representation in the �rst place.In the sections that follow, I sketch possible research topics in each of these areas.8.1 Further Work on SPGsThe need for some enhancements to SPGs is fairly straightforward. For example, manyreal-world code-level views require better support for data types, the ability to distinguish183



184 CHAPTER 8. TOPICS FOR FURTHER RESEARCHbetween declarations and de�nitions, and a richer set of mechanisms for passing parametersand results. Other potential improvements are less obvious, such as the need to allow forthe expression of design restrictions within an SPG.TypesThe most glaring omission in the current speci�cation of SPGs is its lack of support fordata types. This limits the expressiveness of SPGs, because the only computations that canbe represented are those dealing exclusively with integers. In addition, it precludes supportfor object-oriented languages (see Section 3.4), and it leads to the restriction that STaskgroupings must be statically allocated (see Section 4.3.3).Adding type information to SPGs would be a nontrivial undertaking. In the same waythat SPGs support both control-driven and data-driven execution, both strict and non-strictsubprogram calls, and both serial and parallel execution, it would be highly desirable forSPGs to support both strong and weak typing. This would a�ect the de�nition of manyexecutable components of the graph. For example, tokens, ports, and edges would all needto be augmented with type information. In addition, SPGs would require new features toallow for the de�nition of new types within a software system.Adding support for types to SPGs would also complicate the business of creatingviews. Because the process for determining when a type error has occurred is highly view-dependent,1 the responsibility for detecting type errors, like the responsibility for disam-biguating references to identi�er names (see Section 3.5.4), would fall to views. As in thecase of common name-lookup algorithms, a library of type-checking algorithms could bemade available for use by view writers; this would simplify the process of type checking forviews employing common type-checking rules.Subprogram Parameters and Return ValuesSPGs currently support only pass-by-value for parameters and return values. It wouldcertainly be interesting and worthwhile to add pass-by-reference, possibly by adding a newtoken type | reference tokens | to the formalism. Reference tokens would function muchlike pointers in most programming languages: the value of a reference token would be theVID of a variable containing the value of interest.Declarations versus De�nitionsLanguages supporting the separate compilation of source �les typically distinguish betweenthe declaration of a name (a place where the name is introduced) and the de�nition of thatname (a place where storage for the named object is allocated). Generally speaking, a namemay have multiple declarations, but only a single de�nition.SPGs currently fail to distinguish between declarations and de�nitions, which hamperstheir ability to model \what is going on" in languages like C and C++ that do draw adistinction. It would not be di�cult to add support for this concept, however. All thatis needed is a small set of new annotations and an expanded role for Declaration nodes.1Example: most languages specify that an integer will be automatically converted to a 
oating pointnumber if it is necessary to achieve type-consistency, but Ada performs no such implicit type conversions.



8.1. FURTHER WORK ON SPGS 185Declarations could be distinguished from de�nitions by standard annotations, and unexe-cutable groupings (or edges) could be used to identify equivalence classes of declarations,i.e., those declarations and de�nitions that correspond to the same named object.Interprocess CommunicationIn Section 6.4.2 I described the mismatch between CSP's message-passing facility and SPG'sSTasks. The crux of the problem is that CSP insists on receiving messages from namedcallers, but STasks accept messages only from anonymous callers. It may be possible tounify these disparate approaches, however, in the same way that sequential subprogramcalls were uni�ed with interprocess entry calls, namely, by generalizing Accept nodes sothat they optionally specify the executable grouping from which they will accept a message.Omitting such a speci�cation would yield the current behavior (all calls to the appropriateentry would be accepted), but if a GID is speci�ed for a caller, then only calls from thatgrouping would be accepted.External ComponentsOther than reading from standard input and writing to standard output, there is currentlyno provision in SPGs for interacting with software components that are themselves outsidean SPG. In particular, it is impossible for a software system represented as an SPG to callroutines outside the SPG. For practical MVDEs, the ability to make such calls is probablyessential.Perhaps the most straightforward way to address this need is to create a new kind ofgrouping, the External Routine grouping. In the same way that an Entry grouping currentlyrepresents the interface to an STask entry, an External Routine grouping would represent theinterface to a routine de�ned outside the SPG. Associated with the grouping | perhapsthrough an annotation | would be information on how to invoke the external routine.Calls to routines of this kind would take place through Call nodes, which would identifythe routine to call by specifying the RID of the External Routine grouping representing theexternal routine.Support for RestrictionsSPGs o�er no way to represent restrictions on a software system. For example, it is notpossible to express a design constraint stating that global variables must never exist. Itis possible, of course, to employ a view disallowing global variables for the purposes ofcreating the initial SPG, but there no mechanism within an SPG that can prevent it frombeing edited by another view that is allowed to add a global scope. Another way of lookingat this problem is to say that there is no way to distinguish \may not" from \does not"in an SPG. If an SPG has no global scope, that might simply mean that no view has yetfound a need for one (\does not"), but it might also mean that no such scope is supposedto exist (\may not").Adding support for restrictions in SPGs would increase their expressive power, but itwould also run the risk of con
icting with the general policy of not representing view-speci�c constraints. It is important not to impinge on the integrity of this policy, becausethat policy is a cornerstone of SPGs ability to accommodate a wide range of views.



186 CHAPTER 8. TOPICS FOR FURTHER RESEARCHForm CanonicalizationOne of my design criteria for SPGs was to generalize similar concepts in software develop-ment so that constructs that mean roughly the same thing in di�erent views are representedin a uniform manner in an SPG. If this criterion were pushed to the limit, it would yield acanonical form for SPGs: a one-to-one mapping between concepts in software developmentand representations of those concepts in an SPG. Such a form would yield a number of ben-e�ts. Mapping from views to SPGs would be simpli�ed by virtue of the fact that for anygiven view construct, there would be but a single way to represent it in an SPG. Similarly,mapping from SPGs to views would be straightforward, because each view would have nodi�culty in interpreting portions of an SPG: each part could mean only one thing. Finally,the SPGM would able to assist views in o�ering high-level editing operations, because givenan SPG in the canonical form and a change to be made to that SPG, the SPGM wouldoften be able to deduce the additional changes required to restore the modi�ed SPG to acanonical form.The current speci�cation of SPGs does not guarantee a canonical form for all pro-gramming concepts; views have enough latitude that they can represent similar conceptsin di�erent ways. For example, in Section 5.2.1 I discussed the di�culty of canonicalizingloops expressed as iterative constructs and loops expressed as tail recursion.The problem of designing a canonical form is a di�cult one. Work on the Plan Calculus,for example, has been in progress for over a decade, and there is still no canonical formfor programs using that representation [173, p. 32{33]. That notwithstanding, it would beinteresting to investigate whether some aspects of SPGs could be made to have canonicalforms, because the dividends yielded by such forms are great.Empirically Evaluating SPGsThe prototype implementation I developed for SPGs was su�cient to give me insights intothe problems I was addressing, but it was not designed to act as a full-
edged MVDE forpractical day-to-day use. Similarly, the paper experiment I performed yielded insights intothe aspects of SPGs that a�ect the development of realistic views, but it is no substitute fortrue implementation experience with an SPG-centered MVDE. As a result, signi�cant openquestions remain as to whether an SPG-based environment will scale up to large programsand/or a large number of views, whether it will ultimately ful�ll its promise of supportingas-yet-unwritten views that �t the view model, etc.8.2 Related Research AreasThere is certainly a need for empirical work to assess the impact of multiple views onsoftware development, and a number of questions that have traditionally been approachedin a domain-independent fashion by researchers in the database community are particularlyapplicable to multiple-view development environments.Evaluation of Multiple-View Software DevelopmentIt is still unknown whether multiple-view software development o�ers measurable advan-tages over more traditional program development techniques. The results of experiments



8.2. RELATED RESEARCH AREAS 187performed by Steven P. Reiss and me [137] suggest that increasing the number of views ofa software system increases the performance of the programmers working on that system,but methodological shortcomings present in those experiments throw into question the dataon which the conclusions are based. More empirical research is needed to validate the con-clusions of that experiment, to characterize the nature of the interaction between softwaredevelopment tools, and to more carefully di�erentiate between issues of using a tool andissues of learning to use a tool.Granularity of Change Noti�cationGiven an MVDE, when should modi�cations to a software system made through one viewbe made visible to other views? As I noted in Section 6.1, a policy of immediate noti�cationmay be appropriate for some changes, yet inappropriate for others. This dichotomy impliesthe need for a 
exible approach to change noti�cation, one in which di�erent granularitiescan be supported in an integrated, consistent fashion.It may prove useful to adopt a database perspective when addressing this issue: aprogram representation can naturally be considered a database, and the interval betweenwhen a change is made and when that change becomes apparent to other views can naturallybe considered a transaction. Therefore, it may be possible to adapt the research doneon 
exible transaction models [187, 13, 228, 143] to the particular needs of multiple-viewsoftware development environments.Program Views and Database ViewsThe e�orts expended by researchers interested in multiple views of programs and by re-searchers interested in multiple views of databases have generally been disjoint, Garlan'swork on view-oriented databases being a notable exception (see Section 2.2.4). Work onupdatable database views has usually focused on manipulating simple schemas, while devel-opers of program views have been more concerned with designing appropriate schemas thanwith de�ning database views over those schemas. (This is the case with my work on SPGs,for example.) It would be interesting to cross-pollinate these �elds, with the ultimate goalbeing the development of one or more schemas that are complex enough for practical use,yet still amenable to the kinds of formal manipulations that are necessary to ensure thatconsistency across views is always maintained.Canonical Representations in a Distributed EnvironmentMost software development is carried out by teams of programmers, each member of whichenjoys more or less exclusive use of a powerful personal computer or workstation with its ownCPU, memory, and disk. Given this kind of distributed computing environment, it is not atall obvious that a monolithic CR for software systems is an appropriate foundation for ane�cient, robust environment for software development [146]. However, it may be possible toemploy techniques developed for distributed database systems [152, 153], whereby a CR hasa logical structure that is monolithic, but a physical structure that is actually distributed.Use of such techniques can yield databases that are more e�cient and more forgiving ofnetwork failures than are their physically monolithic counterparts, but further analysis is



188 CHAPTER 8. TOPICS FOR FURTHER RESEARCHrequired to determine whether these techniques will mesh well with the requirements of anMVDE.
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Appendix AMapping Between Petri Nets andAda TasksIn this appendix, I informally describe how restricted versions of Petri nets and Ada taskscan be mapped to and from SPGs, and I sketch how an SPG created through one view canbe viewed through the other. I also examine some of the design choices facing implementersof views and presentations in an SPG-centered MVDE, and I discuss some of the di�cultiesthat may be encountered when designing and implementing views.A.1 Mapping Between Petri Nets and SPGsThe most straightforward mapping from a Petri net to an SPG is to map transitions in thenet into empty nodes in the SPG and to map net places (including their input and outputarcs1) into NP1 control edges. This mapping, which is shown in Table A-1, faithfully re
ectsthe structural features of a Petri net. It also yields the correct executable semantics, withthe limitation that an SPG edge, unlike a Petri net place, may hold no more than onetoken.2 Finally, the mapping is easily inverted: SPG nodes map to Petri net transitions,and NP1 edges without branch conditions map to Petri net places. As usual, features presentin an SPG and absent in a Petri net must be approximated, black-boxed, or omitted (seeSection 6.4.1).1I employ Peterson's terminology [155] in this appendix when I discuss Petri nets, hence transitions andplaces are connected by arcs, not edges. This has the advantage of di�erentiating between components ofSPGs and Petri nets, because the former have edges, the latter, arcs.2There is a recognized class of Petri nets that correspond to this restriction: safe (or binary) Petrinets [46]. Such nets never contain more than one token per place.Petri net SPGTable A-1: A simple mapping from a Petri net to an SPG.189



190 APPENDIX A. MAPPING BETWEEN PETRI NETS AND ADA TASKSPetri net SPGTable A-2: A better mapping from a Petri net to an SPG.Petri net SPG
(View-Specific, Petri net)

(Transition, -)

(View-Specific, Petri net)
(Place, -)Table A-3: Adding annotations when mapping from a Petri net to an SPG.This translation is not entirely satisfactory. The level of abstraction for Petri net placesand transitions is typically much higher than is that for a single SPG edge or node, somapping elements of a Petri net into single SPG components obscures the abstractioninherent in the use of Petri nets. In addition, Petri net transitions and places may themselvesbe replaced by more complicated subnets, but SPG nodes and edges are primitives. Bothof these problems interfere with the goal of having an SPG accurately represent \what isgoing on" in a software system.A better mapping is obtained by translating transitions and places in a Petri net intoregions in the corresponding SPG; such regions are naturally delineated by groupings. Thiskind of mapping is depicted in Table A-2. This approach avoids the shortcomings of theprevious mapping, but now there is a new problem: it is no longer obvious which featuresin an SPG corresponds to a transition or to a place in a Petri net. As a result, this mappingis more di�cult to invert.One way to eliminate the ambiguity is to have each SPG grouping generated by a Petrinet view carry an appropriate annotation (see Table A-3), but that approach sidesteps thefundamental problem of MVDE software development: the challenge lies not in recoveringa view from an SPG when you know the SPG came from that view in the �rst place, thechallenge lies in coming up with ways to display an arbitrary SPG (possibly containingparts generated by di�erent views) in terms of arbitrary views. View-speci�c annotationscannot help solve this problem.It is certainly reasonable for views to add view-speci�c annotations to an SPG as amethod of caching the results of earlier e�orts to \make sense" of the graph, but any SPG-to-view algorithm that is dependent on the existence of such annotations is fundamentallyinadequate. View-speci�c annotations are in this sense similar to compiler hints like C++'sinline directive. Just as a C++ compiler must accurately translate a C++ program, regardlessof whether the program contains inline directives, so must a PM accurately translate an SPG
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aFigure A-1: Left: A grouping with executable semantics that are likely to di�er fromthose of a Petri net transition. Right: A grouping with executable semanticsconsistent with those of a Petri net transition, even though branches enteringthe grouping lead to di�erent nodes.into a presentation, regardless of whether the SPG contains view-speci�c annotations. Andjust as a C++ compiler may be able to produce better code if inline directives are available, somay a PM be able to provide a more meaningful presentation if view-speci�c annotations areprovided. In short, view-speci�c annotations may be reasonably employed for the purposeof improving the presentation of a view, but they should not be necessary to fundamentallyenable the use of a view.That being the case, the algorithm charged with the responsibility of making sense ofan SPG as a Petri net must be designed under the conservative assumption that no view-speci�c annotations are present to guide the process. Such an algorithm could be based onthe following heuristics:� If it is possible for execution in a grouping to commence before tokenshave been placed on all branches leading into that grouping, the groupingcannot represent a transition. Like an SPG node, a Petri net transition may notcommence �ring until it has a token on each of its inputs. A reasonable guidelineis to assume that any grouping where input branches entering the grouping lead todi�erent nodes cannot be a transition, because if di�erent inputs to an SPG groupinglead to di�erent nodes, it might be possible for one node in the grouping to be enabledfor execution before the others are. This would violate Petri net semantics.3In practice, it is more useful to identify how an SPG feature should be translated intoa view than to know how it should not be, because there are generally far fewer validtranslations than invalid ones. In this case, it is better to invert the guideline aboveand follow this heuristic: if all branches leading into a grouping terminate at the samenode, that grouping may correspond to a Petri net transition.� If it is possible for more than one token to leave a grouping for any singletoken entering the grouping, that grouping cannot be a place. Petri netplaces are passive receptacles for tokens, not locations where new tokens are generated.If it is possible for more than one token to leave a grouping when only a single tokenenters, that grouping cannot represent a Petri net place. As before, it is more usefulto develop guidelines that identify which groupings could be viewed as places, so3This guideline is a heuristic, because it is more restrictive than is necessary. If two nodes in the samegrouping both receive tokens from the same NPa or NPn>1 edge, the semantics of a Petri net transition arestill satis�ed. Examples of both of these situations can be found in Figure A-1.
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[max] := [x]

[max] := [y]

default

[x] > [y]Figure A-2: An SPG for the Pascal statement, if x > y then max := x else max := y.a reasonable �rst-order heuristic is that a grouping containing only NP1 edges andcontaining only nodes with no more outputs than inputs may correspond to a place.� If the branch taken by a token leaving a grouping is nondeterministicallychosen, the grouping must be a place. Transitions must always place a tokenon each output arc, but places nondeterministically choose the output arc a tokenshould follow. Hence, if an NP1 edge with more than one destination branch leaves agrouping, that grouping must be a place.In this context, the concept of nondeterminism requires some examination. Non-determinism in an SPG arises from edges with multiple destination branches, butit is important to note that not all edges of this kind allow truly nondeterministictoken 
ow. If an edge's branch conditions are mutually exclusive, no dynamic non-determinism will ever be encountered. Consider again the standard SPG structurefor a conditional construct, originally introduced in Figure 4-25 and repeated here asFigure A-2. In this example, there are two destination branches, but one of them iscontrolled by the condition default. By de�nition, default is true i� the other branchconditions are false. These two branch conditions are mutually exclusive, so no non-deterministic runtime choice between them will ever be required. Conceptually, then,there is no nondeterminism present in the representation of a conditional construct.In the common case where multiple destination branches of an NP1 edge are controlledby mutually exclusive conditions, one usually speaks of conditional execution, notnondeterministic execution. However, the relatively high level of abstraction of aPetri net may make it appropriate consider such execution to be nondeterministic.After all, a token might 
ow to the then part or to the else part; statically, thebehavior cannot be determined. In fact, a Petri net view may wish to ignore some orall branch conditions entirely, treating all NP1 edges with more than one destinationbranch as nondeterministic.4 Such an approach would considerably simplify the taskof generating a Petri net from an SPG, because branch conditions could be ignored.� Transitions can lead only to places, places can lead only to transitions, andeverything is a place or a transition. These are the fundamental restrictionsgoverning the topological validity of Petri nets. Given an SPG grouping that is known4This heuristic can be generalized. Given an NPn edge with m destination branches, that edge can beconsidered nondeterministic whenever m > n. The Petri net translation of such an edge is a place with(mn ) output arcs, each leading to a di�erent transition with n outputs. Each transition represents a di�erentcombination of n of the m destination branches, and each output arc from such a transition represents oneof the destination branches in the combination represented by the transition.
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t1 t2 t3 t4

t5

t6

p5

p7p6

p4

p3

p1

p2Figure A-3: A sample Petri net. This is essentially identical to Figure 1 of Peterson'ssurvey [155].to represent either a transition or a place, then, it becomes easy to determine whethergroupings near the given grouping represent places or transitions.Because everything must be a place or a transition, it is appropriate to adopt theinverse mapping of Table A-1 for nodes and edges in SPGs, i.e., to assume that nodesand edges correspond to transitions and places, respectively. However, an equallyreasonable decision would be to ignore SPG nodes when mapping into a Petri netview, the justi�cation being that individual SPG nodes are at too low a level ofabstraction to be depicted in a Petri net view of a software system.� Nested groupings correspond to abstracted subnets. This guideline followsfrom the fundamental assumption that SPG groupings correspond to Petri net tran-sitions and places and from the fact that transitions and places may themselves beabstractions of more detailed subnets. It also implies that a reasonable strategy formaking Petri net \sense" of an SPG is to perform a bottom-up analysis of the nestedgrouping structure.� Except for groupings, unexecutable components can be ignored. A Petri netis a view of the executable aspects of a software system, so most unexecutable SPGcomponents can be ignored when translating from an SPG to a Petri net. In general,unexecutable groupings cannot be ignored, however, because a transition or placemight refer to some region of a program that does not correspond to a fundamentallyexecutable structure. In fact, one can imagine views that display raw SPGs (i.e., ina form similar to the Gelo view of Figure 6-8) and allow users to specify subgraphsto enclose in unexecutable groupings corresponding to Petri net transitions or places.Such views could be used to add to these groupings the view-speci�c annotations ofTable A-3.Consider the Petri net shown in Figure A-3. A straightforward application of the map-ping rules of Table A-2 yields the SPG in Figure A-4. To map this SPG back into a Petrinet, it su�ces to identify grouping p3 as a place, not a transition. The structural featureof the SPG that signals this as the correct interpretation is the NP1 edge with more thanone destination branch leaving the grouping. This indicates the presence of nondetermin-istic token 
ow from the grouping, which can arise only in the form of a place in a Petri
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(Name, p1)

(Name, p2)

(Name, t1)

(Name, t2)

(Name, p4)

(Name, p5)

(Name, t3)

(Name, t4)(Name, p3)

(Name, p7)(Name, p6)

(Name, t6)

(Name, t5)Figure A-4: An SPG corresponding to the Petri net of Figure A-3.net. Once p3 has been determined to be a place, the remaining groupings (each of whichis consistent with the semantics of both a place and a transition) are quickly pigeonholed,domino-style, based on the rule that places and transitions must alternate. Of course, ifeach grouping contained a view-speci�c annotation indicating its role in a Petri net, theback-mapping from an SPG to a Petri net would be trivial.A.2 Mapping Between Ada Tasks and SPGsFigures A-5 and A-6 show an Ada program for an asynchronous, concurrent system con-sisting of one producer, two consumers, and a shared bu�er. A high-level SPG for thisprogram is shown in Figure A-7. The outermost grouping represents the global scope ofthe program, while the File grouping nested immediately within it represents the single �lemaking up this example. In a real Ada program, each package would probably be containedwithin a separate �le; that organization, too, would be easy to represent in an SPG. It isinteresting to compare the File grouping of Figure A-7 with the File grouping of Figure 4-43(the \hello, world" program), because the latter grouping demarcates a scope, while theformer does not. This di�erence in representation re
ects a di�erence in semantics betweenAda and C. In C, a �le comprises a scope, but in Ada it does not.Each of the packages in the Ada program is represented as an unexecutable Scopegrouping. This representation faithfully indicates the presence of an important structuralunit in the program, but it fails to re
ect the abstraction inherent in an Ada package(i.e., the fact that the internals of a package are inaccessible to code outside the package).Coming up with appropriate ways to represent such access restrictions is an interestingresearch question | see Section 8.1. In an open MVDE, it must be expected that one ormore views will o�er structural building-blocks that do not map directly to any of the SPGgrouping types, and unexecutable groupings provide a 
exible facility for indicating thepresence of such structural features.



A.2. MAPPING BETWEEN ADA TASKS AND SPGS 195package Buffer_Package istask Buffer isentry insert(item: in Integer);entry remove(item: out Integer);end Buffer;end Buffer_Package;package body Buffer_Package istask body Buffer iscount: Integer := 0;beginloopselect when count < 10 =>accept insert(item: in Integer) do-- insert item into the buffernull;end insert;count := count + 1;or when count > 0 =>accept remove(item: out Integer) do-- remove an object from the buffer and assign it to itemnull;end remove;count := count - 1;end select;end loop;end Buffer;end Buffer_Package;package Producer_Package istask Producer;end Producer_Package;package body Producer_Package istask body Producer isn: integer;beginloop-- give n an appropriate valueBuffer.insert(n);end loop;end Producer;end Producer_Package;Figure A-5: Ada code for implementing the bu�er and producer tasks in an asynchronous,concurrent system consisting of one producer, two consumers, and a sharedbu�er. This code is modeled on that found in Ben-Ari's book [20]. In theinterest of brevity, with and use directives have been omitted.



196 APPENDIX A. MAPPING BETWEEN PETRI NETS AND ADA TASKSpackage Consumer1_Package istask Consumer1;end Consumer1_Package;package body Consumer1_Package istask body Consumer1 isn: integer;beginloopBuffer.remove(n);-- do something with nend loop;end Consumer1;end Consumer1_Package;package Consumer2_Package istask Consumer2;end Consumer2_Package;package body Consumer2_Package istask body Consumer2 isn: integer;beginloopBuffer.remove(n);-- do something with nend loop;end Consumer2;end Consumer2_Package;procedure producer_consumer isbeginnull;end producer_consumer;Figure A-6: Ada code for implementing the consumer tasks and the main routine inan asynchronous, concurrent system consisting of one producer, two con-sumers, and a shared bu�er. This code is modeled on that found in Ben-Ari's book [20]. In the interest of brevity, with and use directives have beenomitted.
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R := [producer_consumer]

R.p1 :=

(Start, -)

p1

(File, producer_consumer.ada)

Buffer_Package(Scope, -)

producer_consumer(Subprogram, -)

Consumer1_Package(Scope, -)

Producer_Package(Scope, -) Consumer2_Package(Scope, -)

(Scope, -)

(Scope, -)

:= R.r1
r1Figure A-7: A high-level SPG for the Ada producer-consumer program.The presence of such undi�erentiated groupings may or may not complicate the problemof mapping from an SPG to views. In this case, an Ada view can use a process of eliminationto deduce that the four unexecutable Scope groupings inside the File grouping are bestpresented as Ada packages. The crux of the deductive process is the fact that each of thefour groupings contains an STask grouping (see Figures A-9, A-10, and A-11), and an STaskgrouping always maps to an Ada task. Each grouping thus contains a task, and Ada tasksmay only exist inside a subprogram, a block, a package or another task, so the unexecutablegroupings must map to one of these structural features. However, they cannot representsubprograms or tasks, because such entities would be represented by Subprogram and STaskgroupings, respectively, nor can they correspond to a free-standing block, because blocks inAda must themselves be contained inside other executable structures. The only remainingpossibility is for the unexecutable groupings to correspond to packages.The routine producer consumer exists only to satisfy the Ada requirement that each pro-gram contain a main subprogram. As shown in Figure A-8, this routine returns immediatelyafter being invoked. Similarly, the Call node that invokes producer consumer exists only toinvoke the main subprogram. Shortly after execution of the SPG is initiated, then, this Callnode will have completed execution, and the only remaining active portions of the SPG willbe those subgraphs contained in the unexecutable groupings representing packages.
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producer_consumer

p1

(Subprogram, -)
(Scope, -)

(Return, -) r1Figure A-8: An SPG for the producer consumer routine.The contents of these groupings are shown in Figures A-9, A-10, and A-11. The �rsttwo of these are not only straightforward translations of the features in the Ada source code,they are also structurally quite similar. The primary di�erence between them is the locationof the comments in the loops. It would have been possible to associate the comments withthe Call nodes (rather than with the Epsilon nodes), but that approach would make it moredi�cult for a view to discern that in the case of a producer, the comment precedes the entrycall, but for consumers, it follows the call.5The SPG for the bu�er task was discussed in Section 5.2.4. The only di�erence isthat here the STask grouping is shown in context, i.e., within an unexecutable groupingrepresenting a package, while in Section 5.2.4, it was shown in isolation.Like the Ada tasks they represent, none of the threads of execution in the SPG STasksof Figures A-9, A-10, or A-11 ever returns or terminates.A.3 Viewing Ada Tasks as Petri NetsOne of the primary uses for Petri nets is to gain a high-level understanding of how con-currently and asynchronously executing agents may interact | typically communicate |with one another. These interactions may take many forms, but they are almost alwaysbased on one or more of the types of IPC I discussed in Section 3.5.5; even programs thatcommunicate via shared memory rarely do so without some kind of concurrency control.All such IPC mechanisms are represented as STasks in SPGs, so it is possible to develop ageneral algorithm for mapping from SPGs to Petri nets by ignoring most of the graph andfocusing exclusively on the STask groupings and the calls to the entries contained withinthem. The foundation of the algorithm is this simple observation:� STasks synchronize when the Call node in the caller and the Accept node in the calleeare both eligible for execution;� Petri nets synchronize when each of the input places to a multiple-input transitioncontains tokens.Each STask grouping can thus be viewed as a place in a Petri net, and each combinationof a Call node and an Accept node that can handle that call can be viewed as a unique5Another way to indicate which of the unexecutable (comment) node and the Call node in each �gureshould be presented �rst would be to use the Precedes annotation.
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T := [Buffer], R := [insert]

R.p1 := [n]

:= R.r1

(Start, -)

Producer_Package(Scope, -)

Producer(Scope, -)

n

(Loop Return, -)

(Loop Entrance, -)

(Loop Return, -)

(Loop Entrance, -)

(Loop, -)

give n an

(Comment, -)

(Has Comment, -)

(Comments On, -)
appropriate

value

Figure A-9: An SPG for Producer Package.transition.6 Interestingly, the SPG subgraph corresponding to the transition is easy toidentify: it is the Rendezvous grouping executed at the behest of the Accept node. Thiscorrespondence is shown in Figure A-12.Applying this simple algorithm to the SPG generated by the Ada producer-consumerprogram yields the Petri net of Figure A-13. Each STask in the SPG has become a place inthe Petri net, and each of the Call/Accept node combinations has become a transition. Aplace has also been generated for the executable portion of the program not contained insideany task, i.e., for the subprogram producer consumer. In general, the code not containedinside an Ada task executes in parallel with the code inside the tasks, and this code maycontain entry calls, so it makes sense to treat all the non-task code as a \pseudo-task" (herecalled No Task) and to display it as a place in a Petri net view.In this particular example, there is no interaction between the No Task code and theprogram's tasks, so it may seem appropriate for a view to elide No Task from the presen-tation. This is certainly a legitimate approach, but the presence of the No Task place mayactually be useful when a static Petri net is modi�ed to provide dynamic information aboutthe execution of a system.The most natural way to implement such a dynamic view is to show the movement of to-kens through a static Petri net view. Unfortunately, the display of Figure A-13 contains too6Branch conditions on Accept nodes can be ignored, the only drawback being that the resulting Petri netview may contain transitions corresponding to combinations of Call and Accept nodes that can, in practice,never occur.
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T := [Buffer], R := [remove]

R.p1 :=

[n] := R.r1

(Start, -)

Consumer1_Package(Scope, -)

Consumer1(Scope, -)

n

(Loop Return, -)

(Loop Entrance, -)

(Loop Return, -)

(Loop Entrance, -)

(Loop, -)

do

(Comment, -)

(Has Comment, -)

(Comments On, -)
something

with nFigure A-10: An SPG for Consumer1 Package. The SPG for Consumer2 Package is essen-tially identical.few places to yield any useful information | the level of abstraction is too high. However,it is a simple matter to increase the detail su�ciently to distinguish between two importantkinds of task states: when a task is running independently and when it is awaiting syn-chronization with another task. This can be accomplished by dividing the SPG subgraphcorresponding to a task (or to No Task) into two components: Call and Accept nodes, andeverything else. Elements of the former component are depicted as unique places with arcsleading to and from synchronizing transitions, while all elements of the latter componentare lumped together into a single place. Applying this more re�ned SPG-Petri net mappingto the producer-consumer example results in the Petri net of Figure A-14.An interesting aspect of this second algorithm is that it maps STasks and their contentsprimarily into places; transitions arise only when a coupling exists between a Call andan Accept node. To indicate the 
ow of control among this plethora of places, the Petrinet view introduces new transitions to enable the movement of tokens from places awaitingsynchronization to places running independently. These transitions do not correspond to anypart of the underlying SPG, but instead exist only to yield a Petri net that is topologicallyvalid.Because of its greater number of places, the kind of Petri net depicted in Figure A-14is a much more suitable basis for dynamic views than is that shown in Figure A-13. Theeasiest way to provide such views is to show a Petri net token inside each place in the
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remove an object
from the buffer

and assign it to item

(Comment, -)

(Has Comment, -)

(Comments On, -)

(Rendezvous, -)
removeR

[count] := [count] + #1
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(Start, -)

[count] := #0

insert item
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buffer

(Comment, -)
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(Rendezvous, -)
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[count] < #10
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E := [insert]

E := [remove]

Z := [insertR]

Z := [removeR]

r1

p1

E.r1 := Z.r1

E.r1 := Z.r1

r1

p1(item)

Z.p1 := E.p1

Z.p1 := E.p1

(Loop, -)

(Loop Entrance, -)

(Loop Entrance, -)

(Loop Return, -)

(Loop Return, -)

(Entry, -)(Entry, -)r1

p1

r1

p1(item)

removeinsert

Buffer(Scope, -)

Buffer_Package(Scope, -)

(Scope, -) (Scope, -)

[count] := [count] - #1

Figure A-11: An SPG for Bu�er Package.
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RendezvousFigure A-12: Left: Representing rendezvous as a Petri net transition. Right: RepresentingSTask groupings as places.
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No TaskFigure A-13: A Petri net view of the producer-consumer program. The No Task placerepresents all the code in the program not contained inside any task.
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NTFigure A-14: A more detailed Petri net view of the producer-consumer program. Statesin which the program is waiting for synchronization are shown as shadedplaces. P = Producer, B = Bu�er, C = Consumer, NT = No Task.
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Buffer No TaskPP

C1C1

C2C2Figure A-15: A Petri net view of the producer-consumer program that combines the fea-tures of Figures A-13 and A-14.presentation that has at least one SPG token in the underlying subgraph corresponding tothat place. For example, when execution of the SPG initially begins, a token would appearin each Petri net place corresponding to a start node in the SPG. In the producer-consumerexample, one such place would be No Task, but after execution of the producer consumersubprogram had �nished, the token would disappear. This behavior might be of interest toa developer working on the system, hence my comment earlier about not eliding No Taskfrom the presentation.Of course, it is possible to combine the algorithms used to yield Figures A-13 and A-14so that a single presentation o�ers both capabilities. Such a view might allow a softwaredeveloper to start with a view like Figure A-13, then selectively expand places until animage such as that shown in Figure A-15 had been produced. Further expansion of placesand/or transitions could be based on the heuristics I presented in Section A.1.Figure A-15 is in many ways similar to Figure A-3. This is far from coincidental |both are Petri net views of systems consisting of a producer, two consumers, and a sharedbu�er. Figure A-3 was produced by hand, however, while Figure A-15 could be gener-ated automatically. That simple algorithms can be applied to SPGs to yield useful viewssuch as Figure A-15 is important evidence that Semantic Program Graphs provide a solidfoundation for extensible MVDEs.Nonetheless, one might criticize Figure A-15 on the basis of the fact that it is notidentical to Figure A-3, i.e., that the machine-generated Petri net fails to match the hand-drawn version exactly. Such criticism is unwarranted. The measure of success of an MVDEshould not be whether it can generate output that is comparable to that of a human.Not even AI-based development environments are that ambitious [171]. Rather, it shouldbe whether the MVDE is able to automatically produce useful views. The Petri net ofFigure A-15 indisputably provides useful information | the independent, yet cooperativeexistences of the producer, the consumers, and the bu�er are clearly delineated | and thatis enough to deem its generation a success. It demonstrates that a software developer whocreates a program using Ada can view that program as a Petri net by taking advantage ofa tool that knows nothing about Ada, but much about SPGs.
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A B

Subgraph
corresponding to

rendezvousFigure A-16: An SPG subgraph (shaded) likely to correspond to the actions to be executedduring a rendezvous. All tokens entering the subgraph come from node A,and all tokens leaving the subgraph are emitted by node B.A.4 Viewing Petri Nets as Ada TasksBecause of the close correspondence between tasking features in Ada and in SPGs, it is notdi�cult to translate an SPG containing STask groupings into an Ada view. The problembecomes more challenging, however, when the SPG contains no STask groupings to markthe boundaries of SPG subgraphs that are best viewed as Ada tasks. Nonetheless, sucha translation may still be desirable, so it is possible to employ the following heuristics toidentify features in an SPG that may indicate the presence of task-like interactions:� A node with two input ports corresponds to the onset of a rendezvous. Sucha node acts as a synchronization point for the two 
ows of control that place tokens onthe ports. As a synchronization point, the node can be translated as either an acceptstatement (callee synchronization point) or an entry call (caller synchronization point)in an Ada program.� A node with two output ports corresponds to the completion of a ren-dezvous. This kind of node transforms the single 
ow of control that comprises itsexecution into two separate 
ows of control, one beginning at each output port. Itcan thus be viewed as the endpoint of a rendezvous, i.e., as the termination of an Adaaccept statement or entry call.7� The subgraph between a node marking the onset of a rendezvous and anode marking the completion of a rendezvous corresponds to the actionsto be taken during a rendezvous. A subgraph is \between" two nodes if the�rst node acts as a source for tokens 
owing into the subgraph, and the second nodeacts as a sink for tokens leaving the region. This idea is shown in Figure A-16.The two nodes marking the onset and completion of rendezvous are likely to be bestviewed as an accept statement, because they are topologically adjacent to the subgraphcorresponding to the rendezvous, and, in an Ada program, the actions to be takenduring rendezvous are speci�ed in the called task (i.e., in the task accepting the call),not in the calling task.7Of course, a node with two output ports can also be viewed as a node that has nothing to do with arendezvous, but instead spawns a new 
ow of control. The fact that two di�erent interpretations are possibleshould not be surprising; the notion of interpreting a node with two output ports as the end of a rendezvousis only a heuristic. The goal of an Ada view is to make sense of an SPG in any way it can, so it mighteven employ one interpretation in one place and a second interpretation in another. In general, there is no\right" way to present an SPG in terms of a particular kind of view, there are only better and worse waysto do it.
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(Name, p1)

(Name, p2)

(Name, t1)

(Name, t2)

(Name, p4)

(Name, p5)

(Name, t3)

(Name, t4)(Name, p3)

(Name, p7)(Name, p6)

(Name, t6)

(Name, t5)Figure A-17: Nodes and edges in the SPG of Figure A-4 that trigger heuristics for mappingfrom SPGs to Ada tasks.� An NP edge allowing nondeterministic token 
ow corresponds to a selectstatement. The only Ada construct that exhibits nondeterministic behavior is theselect statement, so any truly nondeterministic choice in an SPG (see Section A.1)must be translated into a select statement.Application of these heuristics to the SPG derived from the Petri net of Figure A-3identi�es three nodes and one edge that are likely to be components of tasking interactions.These SPG components are highlighted in Figure A-17. Given these components, the nextproblems to tackle are those of determining how many tasks are present and which SPGsubgraphs make up the contents of each identi�ed task.A reasonable approach to solving these problems is to examine the topology of an SPGaround rendezvous sites, because such sites correspond to locations where disjoint 
ows ofcontrol merge (at the onset of rendezvous) and then later break apart (at the completionof rendezvous). By identifying the subgraphs making up the independent 
ows of controlparticipating in each rendezvous, the SPG can be partitioned into subgraphs that mustbe assigned to separate Ada tasks. These subgraphs will not quite be disjoint, becausenodes representing the onset and completion of rendezvous correspond to both call andaccept statements in Ada. Such nodes will therefore map to two Ada tasks, not one. Apresentation of the SPG as a collection of Ada tasks can then be generated that is consistentwith the partitioning of the subgraphs.Unfortunately, it is not a simple matter to determine which of the two 
ows of controlleaving a rendezvous corresponds to either of the two 
ows of control entering that ren-dezvous. Consider the leftmost diagram of Figure A-18. Nodes w and x (and the subgraphsleading to them) are clearly parts of separate 
ows of control, one corresponding to thecalling task and one corresponding to the called task. Hence they should be assigned toseparate tasks in an Ada view of their SPG. Similarly, nodes y and z (and the subgraphsemanating from them) must also be assigned to separate tasks. Finally, the task to which
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zFigure A-18: Ambiguity in determining task assignments. Left: Does w belong to thesame task as y or as z? Right: A path from y to w (only) indicates that theyare part of the same task and that x and z are part of a separate task.w is assigned must be the same as the task to which either y or z is assigned (and similarlyfor x, y, and z), but how is it to be determined whether w belongs with y or with z?In general, it may not be possible to make such a determination, but if there is a paththrough the executable portion of the SPG from a 
ow of control leaving a rendezvous toexactly one of the 
ows of control entering that rendezvous, the subgraph corresponding tothose 
ows of control must be assigned to the same Ada task. This heuristic is shown inthe rightmost diagram of Figure A-18, where the existence of a path from y to w establishesthat they belong in the same task. It also indirectly establishes that x and z belong in thesame task, but one that is separate from the task containing w and y.8The results of applying this heuristic to the SPG of Figure A-17 is shown in Figure A-19.In this example, the nodes in the groupings t2, t3, and t5 \look like" the end, the beginning,and the beginning of rendezvous regions, respectively, but traversal of the graph yields nocorresponding beginning, end, or end nodes, respectively. A view might reasonably chooseto black box such incomplete rendezvous sites, but in this case I have adopted the conventionthat if no complimentary delimiter can be found for a node seeming to mark the beginningor ending of a rendezvous region, that node will be assumed to comprise the entire region.It then becomes easy to establish the following:� Nodes in the t2-p2-t1-p1 cycle must be in the same Ada task and, except for t2, mustbe in a di�erent task from the subgraph reachable from p3.� Nodes in the t3-p4-t4-p5 cycle must be in the same Ada task and, except for t3, mustbe in a di�erent task from the subgraph reachable from p3.� Nodes in the t5-p6-t6-p7 cycle must be in the same Ada task and, except for t5, mustbe in a di�erent task from the subgraph reachable from p3.The only task assignment consistent with these restrictions is a separate task for each ofthe three cycles, with the node in the grouping p3 being outside each of those tasks. Thereis no a priori reason to place p3 in its own task rather than in the non-task portion of anAda program, but the \nondeterministic-looking" edge leaving p3 maps to an Ada selectstatement (by an earlier heuristic), and Ada requires that such statements occur only insidea task body.8If it is not possible to unscramble the 
ows of control entering and exiting a putative rendezvous,it becomes more di�cult to identify tasks and their interaction sites, hence to generate an intelligiblepresentation of the SPG. In the worst case, black boxes must be employed. However, even a view thatsuccessfully generates a good presentation only some of the time may well be useful to software developers.
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(Name, t5)Figure A-19: Task divisions in the SPG of Figure A-4. Nodes in the groupings t2, t3, andt5 are each part of two tasks because of their roles as rendezvous sites.An Ada view must provide a name for each of the tasks it puts in a presentation, and, inthis case, there is no obvious way to derive task names from the SPG. One might reasonablyexpect an Ada view to generate generic names like Task1, Task2, etc., but for purposes ofexposition here, I use the task names T2 (for the task containing the t2-p2-t1-p1 cycle), T3(for the task containing the t3-p4-t4-p5 cycle), T5 (for the task containing the t5-p6-t6-p7cycle), and P3 (for the task containing p3).Having determined the number and content of each of the tasks to be presented in theAda view of this SPG, the primary remaining di�culty is that of determining, for eachrendezvous site, which task is the caller and which is the callee. The P3-T3 rendezvousand the P3-T5 rendezvous are easy to analyze, because the edge leading from P3 to thesetwo rendezvous sites has already been determined to correspond to a select statement,and a select statement can lead only to an accept statement. Hence, T3 and T5 must becallers, and P3 must be the callee. The P3-T2 rendezvous is more troublesome, because thetopology of the SPG is consistent with both possibilities: both P3 and T2 can be viewed aseither caller or callee. There being no way to resolve this ambiguity based on the structureof the SPG, the best approach is probably to black-box the call in both tasks.Given task boundaries, task contents, and a characterization of the caller and callee ateach task interaction site, it is possible to present an Ada view of the SPG generated fromthe Petri net of Figure A-3. Such a view can be found in �gures A-20 and A-21. BecauseAda does not allow free-standing tasks at global scope, the view has added packages tosurround each task. The view has also generated names (entry1 and entry2) for the entriescalled at the sites of the P3-T3 and the P3-T5 interactions. There is no main program inthis view, but there are no subprogram groupings in the underlying SPG, either. This is



208 APPENDIX A. MAPPING BETWEEN PETRI NETS AND ADA TASKSpackage P3_Package istask P3 isentry entry1;entry entry2;end P3;end P3_Package;package body P3_Package istask body P3 isbegin-- ??? Call T2 or accept call from T2 ???selectaccept entry1 donull;end entry1;oraccept entry2 donull;end entry2;end select;end P3;end P3_Package;package T2_Package istask T2;end T2_Package;package body T2_Package istask body T2 isbeginloopnull;-- ??? Call P3 or accept call from P3 ???null;null;end loop;end T2;end T2_Package;Figure A-20: Partial Ada view (tasks P3 and T2) of the Petri net of Figure A-3. In theinterest of brevity, with and use directives have been omitted.
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package T3_Package istask T3;end T3_Package;package body T3_Package istask body T3 isbeginloopnull;P3.entry1;null;null;end loop;end T3;end T3_Package;package T5_Package istask T5;end T5_Package;package body T5_Package istask body T5 isbeginloopnull;P3.entry2;null;null;end loop;end T5;end T5_Package;Figure A-21: Partial Ada view (tasks T3 and T5) of the Petri net of Figure A-3. In theinterest of brevity, with and use directives have been omitted.



210 APPENDIX A. MAPPING BETWEEN PETRI NETS AND ADA TASKSnot a problem, because an SPG need not represent an entire program.More signi�cant is the lack of start nodes in the SPG. The rami�cations of this omissionfor dynamic views are less serious than might be supposed, because tokens can be manuallyplaced on an SPG by making appropriate calls to the SPGM (see Section 6.2.1). However,the fact that there are no start nodes in the tasks T2, T3, and T5, in conjunction with thefact that the SPG subgraph in each task forms a cycle, makes it impossible to determinean ordering for the statements making up the loop in the Ada view of each of the cycles.In Figures A-20 and A-21, a statement ordering for the contents of these loops has beenchosen arbitrarily, but this is unlikely to be a satisfactory general solution to the problem.9Fortunately, it is unlikely that, in practice, SPGs will often contain cycles without entrypoints.This Ada program has a structure that is remarkably faithful to \what is going on" inthe original Petri net. The primary omission is the looping control structure one expectsto be present in task P3, i.e., the task corresponding to the bu�er. The body of task P3in Figure A-20 consists of a black-boxed interaction with T2 (indicated by a comment)followed by a single nondeterministically selected rendezvous with a caller of either entry1or entry2. Upon completion of the rendezvous, P3 ceases execution. Clearly, this is not thebehavior one expects from a bu�er in a producer-consumer system.Examination of the original Petri net (Figure A-3), however, reveals that this loopingstructure is not present in the bu�er portion of the net, either, even though it is present forthe portions of the net corresponding to the producer and the two consumers. In fact, it isapparent that the original (human-generated) Petri net is actually modeling two di�erentaspects of the system at the same time. Within the t2-p2-t1-p1 cycle (the producer), the t3-p4-t4-p5 cycle (a consumer), and the t5-p6-t6-p7 cycle (the other consumer), tokens representcontrol 
ow , but for arcs leading to and from p3 (the bu�er), tokens represent data
ow .When translating from SPGs to Ada, however, the view uniformly interpreted executableedges as indicating control 
ow.This kind of inconsistency in modeling is di�cult to detect algorithmically, especially forabstract views like Petri nets, but it is probably not uncommon for systems produced by realdevelopers. That being the case, it is encouraging that it is possible to develop a mappingfrom SPGs to Ada that yields meaningful results even in the presence of such underlyinginconsistencies. The existence of such mappings is important evidence that SPGs can serveas a reasonable foundation on which to build multiple-view development environments.
9In this example, the information in the SPG so underconstrains an Ada view that it might be advisableto prohibit editing through that view. Other SPGs, of course, might not be so underconstrained. This leadsto the possibility that a view might dynamically decide whether to be read-write or read-only depending onthe input it has to work with.



Appendix BPseudocode for Sample MappingsIn this appendix I provide pseudocode for the mappings I discussed in Chapter 7. I employa generic Algol-like syntax within the pseudocode, I use C++'s // symbol to indicate thebeginning of a comment-to-end-of-line, and I also occasionally use C++'s notation for defaultparameter values. I assume short-circuit evaluation of logical expressions (as in C), and Iindicate the extent of compound commands through indentation rather than through theuse of explicit begin...end delimiters.The pseudocode programs in this appendix were designed only to demonstrate thatthe various mappings could be implemented without undue e�ort. As \quick and dirty"programs, they were not designed with e�ciency in mind. They can therefore be expectedto be both more comprehensible and less e�cient than would be the more performance-sensitive implementations that one would be likely to employ in practice.The entry point of each program that follows is at the beginning of the code. Proceduresand functions that are used in a mapping follow the end of the \main block."
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212 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGSB.1 Translating an FSA into an SPGThe program below assumes that auxiliary data structures exist to store the followinginformation for each state: its name (possibly null); whether it is a start state; whether itis a �nal state; and the name of the routine to call when the state is entered (also possiblynull). Similarly, the program presupposes the existence of a local data structure that storesthe following information for each arc: a way of identifying the state at which it originates;a way of identifying the state at which it terminates; and a description of the inputs thatenable traversal of the arc.// If there is no default action routine in the FSA, create a routine for// the purpose and add it to the SPG.If (no default action routine has been specified)Create a new Subprogram grouping G;Give G an annotation ("View-Specific", "FSA") and give this annotationan annotation ("Default Action", "");Give G an annotation ("Name", "DefaultFSAAction");Give G an annotation ("Scope", "");Give G a single control InOut port with annotation ("PR Name", "p0");Give G a single control OutIn port with annotation ("PR Name", "r0");Create a new Epsilon node N and add N to G;Give N a single control input port P;Give N an annotation ("Return", "");Add to G a control NP1 edge from p0 to P -- put no condition on theedge's destination branch;Add G and everything in/on G to the SPG;// If there is no default error-handling routine in the FSA, create one.If (no default error-handling routine has been specified)Create a new Subprogram grouping G;Give G an annotation ("View-Specific", "FSA") and give this annotationan annotation ("Error Routine", "");Give G an annotation ("Name", "DefaultFSAErrorRoutine");Give G an annotation ("Scope", "");Give G a single control InOut port with annotation ("PR Name", "p0");Give G a single control OutIn port with annotation ("PR Name", "r0");Create a new Multiassignment node N containingOUTPUT := "Error!\n"and add N to G;Give N a single control input port P;Give N an annotation ("Stop", "");Add to G a control NP1 edge from p0 to P -- put no condition on theedge's destination branch;Add G and everything in/on G to the SPG;// Translate each connected component of the FSA into a subprogram.For each connected component CC of the FSA:Create a new Subprogram grouping G;If (CC has a name)Give G an annotation ("Name", name of CC);



B.1. TRANSLATING AN FSA INTO AN SPG 213ElseGenerate a unique name N for G and give G an annotation ("Name", N);Give G an annotation ("Scope", "");Give G a single control InOut port with annotation ("PR Name", "p0");Give G a single control OutIn port with annotation ("PR Name", "r0");// Translate each state into a Call node.For each state S in CC:Create a new Call node C in G;If (S has a name)add an annotation to C: ("Name", name of S);Give C a control input port named "from_prior_state";Give C a control output port named "to_next_state";Give C a control output port named "to_input_statement";Insert the following information as C's second and third parts:R.p0 :=:= R.r0If (the name N of the routine to call when entering C is null)insert the following into C as its first part:R := the RID of NoOpRoutineElse if (there is no connected component CC' in the FSA named N)error("Undefined action routine");ElseInsert the following into C as its first part:// This assumes that the SPG subgraph for CC' has already been// generated, and in general this may not be true. There are ways// to solve this problem, e.g., generate only the grouping for CC'// now, save the RID for it, then go back later and fill in the// rest of the subgraph for CC'.R := the RID of the SPG grouping representing CC'// Final states become subprogram returns.If (S is a final state)Give C an annotation ("Return", "");// Translate each arc into a small subgraph.For each state S in CC:If (there is at least one arc in the FSA originating at S)// Check to see if S has an arc leading back to S.If (at least one of the arcs leaving S also terminates at S)Create a new Loop grouping LG;Add to LG the Call node representing S;CG := LG; // CG = current groupingelseCG := G;// Set up the basic structure to read the next input value a// go to a new state based on that value.Create a new Multiassignment node N in CG with one control inputport named "input" and one data output port named "value"Give N the following content



214 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGSvalue := INPUTCreate a new NP1 edge in CG and attach its single source branch toport "to_input_statement" of the Call node representing S;attach its single destination branch (with no condition) to N'sinput port;Create a new NPa edge VAL in CG and attach its single source branchto port "value" of node N;// Now create the edge corresponding to the arcs leading out of SCreate a new NP1 edge E in CG and attach its single source branch toport "to_next_state" of the Call node representing S;For each arc A originating at S:Create a new destination branch B of E leading to the port"from_next_state" on the node corresponding to the state led toby A;Give B a single data input port named "from_input";Create a new conditionless destination branch of edge VAL andattach it to port "from_input" of branch B;// Create a branch condition corresponding to the inputs enabling// travel along A. Each single value or range of values enabling a// transition is called a "component" of the enabling condition.For each single-valued component SVC of A's enabling condition addthe following disjunct to B's condition:(from_input = SVC)For each range-valued component RVC of A's enabling condition addthe following disjunct to B's condition:((from_input >= lower value of RVC) and(from_input <= upper value of RVC))// Add loop annotations if A leads from S to SIf (A terminates at S)Add to B the annotation ("Loop Return", "");Create a new unexecutable edge from LG to B with theannotation ("Loop Return", "");// Add a default branch to a call to the error routine in case the// input is invalidCreate a new Stop Call node CN in CG with a single control input portnamed "from_state" and with the following contents:R := the RID of the Error routine for this FSAR.p0 :=:= R.r0Create a new destination branch B of E with condition "default" andattach it to CN's input port;// Locate the state in which to begin execution if the subprogram// representing CC is invokedIf (CC contains a start state SS)Add to G a control NP1 edge from p0 of CC to from_previous_state ofthe node corresponding to SS -- put no condition on the edge'sdestination branch;



B.1. TRANSLATING AN FSA INTO AN SPG 215ElseIf (there is exactly one node n such that all other nodes in CC arereachable from n)Add to G a control NP1 edge from p0 of CC to p0 of n -- put nocondition on the edge's destination branch;Elseerror("Can't translate component -- first state to enter is ambiguous");// The translation of CC is complete -- add it to the SPGAdd G and everything in/on G to the SPG;// Create a Start node calling G if CC contains a start state. Control// will return to the Start node only if CC executes a final state, in// which case overall execution of the SPG should stop. Hence the Call// node is also a Stop node.If (CC contains a start state SS)Create a new Call node CN with the following contents:R := G's RIDR.p0 :=:= R.r0Give CN a single control input port;Give CN an annotation ("Start", "");Give CN an annotation ("Stop", "");Add CN to the SPG;



216 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGSB.2 Translating Pascal into an SPGThe program that follows doesn't actually add anything to the SPG until the entire Pascalprogram has been processed. For the batch-translation environment in which this mappingwas developed (see Section 7.1), this is not a problem, but for more interactive MVDEs,it would be important to avoid such large-grain modi�cations to the SPG. For a furtherdiscussion of this issue, see Section 8.2.In places where Pascal expressions are to be written out as SPG expressions, it isimplicit that the necessary syntactic transformations take place. Thus, all variable namesare replaced with the corresponding VIDs, parentheses in the Pascal are translated into user-speci�ed parentheses in the SPG ($( . . . )$), and literal values in the Pascal are precededby a pound sign (\#"). For details on the syntax of SPG expressions, see Section 4.3.1.// Create file grouping and a global scopeCreate a new unexecutable Scope grouping GS;Give GS an annotation ("File", name of source file);Give GS an annotation ("Name", name of program);// Often we'll have a current destination branch that's waiting to be// attached to a node. CurrentBranch is that branch.CurrentBranch := null;// translate global variable declarationstranslateVarDecls(GS, CurrentBranch); // see below// Translate procedure declarationsFor each procedure PROC in the program considered in order:Create a new Scope Subprogram grouping PG in GS;Give PG an annotation ("Name", name of PROC);// create control inputs and outputs for this procedureCreate a new control InOut port, give it an annotation ("PR Name", "p0"),and add it to PG;Create a new NP1 edge in PG with a single source branch attached to p0;LocalCurrentBranch := a new conditionless destination branch of this newedge;Create a control OutIn port, give it an annotation ("PR Name", "r0"),and add it to PG;// translate formal parameters into ports, var decls, and initsIf (PROC has at least one declared parameter)Create a new unexecutable grouping INIT in PG;Give INIT an annotation ("Parameter Init", -);Create a new Declaration node PARAMS and add it to INIT;Give PARAMS a single control input port and a single control output port;Attach LocalCurrentBranch to the input port of PARAMS;Create a new Multiassignment node INITS and add it to INIT;Give INITS a single control input port and a single control output port;Create a new NP1 edge and attach its single source branch to the output



B.2. TRANSLATING PASCAL INTO AN SPG 217port on PARAMS and its single destination branch (w/no condition) tothe input port on INITS;Create a new NP1 edge in PG with a single source branch attached to theoutput port of INITS;LocalCurrentBranch := a new destination branch of this new edge;paramNumber := 1;For each parameter PARAM in PROC's parameter list considered in order:Create a data InOut port IOP and add it to PG;Give IOP an annotation ("PR Name", "p"paramNumber);Give IOP an annotation ("Name", name of PARAM);Add PARAM's name to the list of variables declared inside PARAMS --call the VID for this variable PVID;Give INITS a new data input port DIP withannotation ("Name", name of PARAM);Create a new NP1 edge in PG and attach its single source branch to IOPand its single destination branch (w/no condition) to DIP;Add to the contents of INITS the following assignment:PVID := name of PARAMparamNumber++;// translate local variable declarationstranslateVarDecls(PG, LocalCurrentBranch); // see below// translate body of proceduretranslateBlock(PG, LocalCurrentBranch); // see below// put a return node at the end of the procedureCreate a new Epsilon node END in PG with a single control input port;Attach LocalCurrentBranch to END's port;Give END the Annotation ("Return", "");// Translate main blocktranslateBlock(GS, CurrentBranch); // see below// Put a Stop node at the end of the programCreate a new Epsilon node END in GS with a single control input port;Attach CurrentBranch to END's port;Give END the Annotation ("Stop", "");// Now add the whole thing to the SPGAdd GS to the SPG;// The following routine generates the SPG subgraph corresponding to a VAR// declaration block. The parameters of this routine are:// CG: The "current" grouping (to which the generated SPG should be added).// CDB: The "current" NP1 destination branch. The code generated by this// routine will be led to by CDB. If CDB is null, no SPG has been// generated "above" the subgraph that this routine will generate.// This can only happen if we are processing the global variable



218 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGS// declarations, which means we have to make the first node we// generate a start node. The value of CDB is updated by this// routine.procedure translateVarDecls(Grouping CG, DestinationBranch CDB)For each "Var" section VS considered in order:Create a new Declaration node DN in CG with one input control port andone output control port;For each variable name V in VS, add V to DN;If (CDB == null)Give DN an annotation ("Start", "");ElseAttach CDB to the input port of DN:Create a new NP1 edge in CG;Give the new edge a source branch attached to the output port of DN;Give the new edge a destination branch and make CDB that branch;// The following routine generates the SPG corresponding to a Begin...End// block. The parameters of this routine are:// CG: The "current" grouping (to which the generated SPG should be added).// CDB: The "current" destination branch. The code generated by this// routine will be led to by CDB. If CDB is null, no SPG has been// generated "above" the subgraph that this routine will generate.// This can only happen if we are processing the main block, which// means we have to make the first node we generate a start node.// The value of CDB is updated by this routine.// Note that a block is never empty -- it always contains at least one// statement, although that statement may be the empty statement.procedure translateBlock(Grouping CG, DestinationBranch CDB)For each statement S in the block considered in order:translateStatement(S, CG, CDB);procedure translateStatement(Statement S, Grouping CG, DestinationBranch CDB)Case (type of S) of:compound-statement:Create a new unexecutable grouping UG in CG; // for the blocktranslateBlock(UG, CDB);conditional-statement: translateConditional(CG, CDB);case-statement: translateCase(CG, CDB);repeat-until-statement: translateRepeat(CG, CDB);for-statement: translateFor(CG, CDB);procedure-call-statement: translateCall(CG, CDB);assignment-statement: translateAssignment(CG, CDB);read-statement: translateRead(CG, CDB);write-statement: translateWrite(CG, CDB, false);writeln-statement: translateWrite(CG, CDB, true);empty-statement: translateEmpty(CG, CDB);end;// This routine does a straightforward translation. It does not examine



B.2. TRANSLATING PASCAL INTO AN SPG 219// the body of the loop and the termination condition to see if it can// identify a loop initialization or a loop update.procedure translateRepeat(Grouping CG, DestinationBranch CDB)Create a new Loop Grouping LG in CG;EntranceBranch := CDB;For each statement S inside the loop considered in order:translateStatement(S, LG, CDB);Give CDB a condition corresponding to the loop's UNTIL expression;Create a new destination branch RETURN with the condition "default";E := the edge containing CDB;Add RETURN to E;Attach RETURN to the same port as EntranceBranch;// add loop annotations to loop componentsAdd to EntranceBranch: ("Loop Entrance", "");Add to CDB: ("Loop Exit", "");Add to E: ("Loop Test", "");Add to RETURN: ("Loop Return", "");// add loop annotations to Loop groupingCreate an unexecutable edge from LG to EntranceBranch and give it theannotation ("Loop Entrance", "");Create an unexecutable edge from LG to CDB and give it theannotation ("Loop Exit", "");Create an unexecutable edge from LG to E and give it theannotation ("Loop Test", "");Create an unexecutable edge from LG to RETURN and give it theannotation ("Loop Return", "");// This routine translates an Pascal statement of this form:// for VARIABLE := EXP1 [down]to EXP2 do STMTprocedure translateFor(Grouping CG, DestinationBranch CDB)Create a new Loop Grouping LG in CG;EntranceBranch := CDB;// generate the subgraph for the loop initializationCreate a new Multiassignment node INIT in LG with a single control inputport and a single control output port and with the following content:VARIABLE := EXP1Attach CDB to INIT's input port;Create a new NP1 edge in LG;Give the new edge a source branch attached to the output port of INIT;Give the new edge a destination branch and make CDB that branch;// generate the subgraph for the loop's bodytranslateStatement(STMT, LG, CDB);// generate the subgraph for the loop update and testCreate a new Multiassignment node UPDATE in LG with a single control inputport and a single control output port;Attach CDB to INIT's input port;



220 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGSCreate a new NP1 edge E in LG;Give E a source branch attached to the output port of INIT;Give E two destination branches, and make CDB one of thosebranches and RETURN the other one;if (this is a "to" loop (as opposed to a "downto" loop))Give UPDATE this as its content:VID of VARIABLE := VID of VARIABLE + #1Give RETURN the following condition:VARIABLE <= EXP2else // this is a "downto" loopGive UPDATE this as its content:VID of VARIABLE := VID of VARIABLE - #1Give RETURN the following condition:VARIABLE >= EXP2Attach RETURN to the same port as EntranceBranch;Give CDB the condition "default";// add loop annotations to loop componentsAdd to EntranceBranch: ("Loop Entrance", "");Add to CDB: ("Loop Exit", "");Add to INIT: ("Loop Init", "");Add to UPDATE: ("Loop Update", "");Add to E: ("Loop Test", "");Add to RETURN: ("Loop Return", "");// add loop annotations to Loop groupingCreate an unexecutable edge from LG to EntranceBranch and give it theannotation ("Loop Entrance", "");Create an unexecutable edge from LG to CDB and give it theannotation ("Loop Exit", "");Create an unexecutable edge from LG to INIT and give it theannotation ("Loop Init", "");Create an unexecutable edge from LG to UPDATE and give it theannotation ("Loop Update", "");Create an unexecutable edge from LG to E and give it theannotation ("Loop Test", "");Create an unexecutable edge from LG to RETURN and give it theannotation ("Loop Return", "");procedure translateCase(Grouping CG, DestinationBranch CDB)// check to see if a prior conditional/case might have preceded usIf (CDB is conditionless (i.e., has a null condition))Edge := the edge to which CDB belongs;Remove CDB from Edge;else// a prior conditional may have led here -- start anew at an Epsilon nodeCreate a new Epsilon node EN in CG with one control input port and onecontrol output port;Attach CDB to EN's input port;



B.2. TRANSLATING PASCAL INTO AN SPG 221Edge := a new NP1 edge in CG with a source branch connected to EN'soutput port;// create a set to hold all the destination branches eminating from the// statements led to by the case statementDestBranches := the empty set;// translate each arm of the case statementFor each arm A of the case statement:CDB := a new conditionless destination branch in Edge;If (A's case-constant == "otherwise")Give CDB the condition "default";elseGive CDB this condition:The Case statement's case-index == A's case-constantFor the statement S led to by A, translateStatement(S, CG, CDB);Add CDB to DestBranches;// If possible, make all the elements of DestBranches source branches of// the same edgeif (for each branch B in DestBranches, B has no condition and is the onlydestination branch of an edge with exactly one source branch)Ports := the empty set;For each branch B in DestBranches:Add to Ports the port P at which B's edge originates;Remove from the SPG the edge attached to P (including its branches);Create a new NP1 edge E in CG;For each port P in Ports:Add to E a source branch that attaches at P;Give E a destination branch and make CDB that branch;else// the branches in DestBranches can't be unified -- insert an epsilon nodeCreate a new Epsilon node N in CG and give it one control input port andone control output port;For each branch B in DestBranches, attach B to N's input port;Create a new NP1 edge in CG;Give the new edge a source branch attached to the output port of N;Give the new edge a destination branch and make CDB that branch;// This routine translates an Pascal statement of this form:// If EXPRESSION Then STATEMENT1 [ Else STATEMENT2 ]procedure translateConditional(Grouping CG, DestinationBranch CDB)// check to see if a prior conditional/case might have preceded usIf (CDB is conditionless (i.e., has a null condition))Edge := the edge to which CDB belongs;else// a prior conditional may have led here -- start anew at an Epsilon nodeCreate a new Epsilon node EN in CG with one control input port and onecontrol output port;Attach CDB to EN's input port;Edge := a new NP1 edge in CG with a source branch connected to EN's



222 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGSoutput port;CDB := a new conditionless destination branch in Edge;// translate the if partGive CDB a branch condition corresponding to the EXPRESSION part of theconditional being translated;For the STATEMENT1 part S1 of this conditional,translateStatement(S1, CG, CDB);// translate the else part (it always exists, though it may be an empty// statement)Create a new destination branch NDB of Edge with the condition "default";For the STATEMENT2 part S2 of this conditionaltranslateStatement(S2, CG, NDB);// CDB needs to be part of an edge that can be replaced, so if it isn't// already dispensible, make it terminate at an Epsilon node and then// create a dispensible edge that starts at the new node.If (CDB has a non-null condition on it) or(the edge containing CDB has more than one destination branch) or(the edge containing CDB has more than one source branch)insertEpsilon(CG, CDB);// Ditto for NDBIf (NDB has a non-null condition on it) or(the edge containing NDB has more than one destination branch) or(the edge containing NDB has more than one source branch)insertEpsilon(CG, NDB);// Now make CDB and NDB source branches of the same edgeP1 := the port at which CDB's edge originates;P2 := the port at which NDB's edge originates;Remove from the SPG the edge attached to P1 (including its branches);Remove from the SPG the edge attached to P2 (including its branches);Create a new NP1 edge in CG with two source branches, one eachattached to P1 and P2;Give the new edge a destination branch and make CDB that branch;// This routine makes DB terminate at a new Epsilon node and updates DB so// it refers to the sole destination branch of the edge leaving the new node.procedure insertEpsilon(Grouping CG, DestinationBranch DB)Create a new Epsilon node N in CG and give it one control input port andone control output port;Attach DB to N's input port;Create a new NP1 edge E in CG;Give E a source branch attached to the output port of N;Give E a destination branch DB2;DB := DB2;procedure translateCall(Grouping CG, DestinationBranch CDB)



B.2. TRANSLATING PASCAL INTO AN SPG 223Create a new Call node CN in CG with one control input port and onecontrol output port and give it the following contents forits first and third parts:R := the RID of the grouping corresponding to the procedure being called:= R.r0Attach CDB to CN's input port;if (there are no actual params)make this the content of the 2nd part of CN:R.p0 :=elseFor each actual param PARAM in position P, considered in order:Case (type of PARAM):Literal value V: Add this to the 2nd part of CN: R.pP := #VVariable name V: Add this to the 2nd part of CN: R.pP := V's VIDExpression E: Add this to the 2nd part of CN:R.pP := ECreate a new NP1 edge in CG;Give the new edge a source branch attached to the output port of CN;Give the new edge a destination branch and make CDB that branch;procedure translateAssignment(Grouping CG, DestinationBranch CDB)Create a new Multiassignment node N in CG with one control input portand one control output port and with the following content:target variable := the right-hand side expressionAttach CDB to N's input port;Create a new NP1 edge in CG;Give the new edge a source branch attached to the output port of N;Give the new edge a destination branch and make CDB that branch;procedure translateRead(Grouping CG, DestinationBranch CDB)// put everything in a statement grouping if there is more than one// variable to readIf (there is more than one variable to read)Create a new Statement grouping SG in CG;LCG := SG; // LCG = Local current groupingelseLCG := CG;// now build the subgraph for the readsFor each variable V to read, considered in order:Create a new Multiassignment node N in LCG with one control input portand one control output port and with the following content:V's VID := INPUTAttach CDB to N's input port;Create a new NP1 edge in CG;Give the new edge a source branch attached to the output port of N;Give the new edge a destination branch and make CDB that branch;



224 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGSprocedure translateWrite(Grouping CG, DestinationBranch CDB, Boolean AddNL)// put everything in a statement grouping if there is more than one// thing (variable, integer literal, string literal, expression) to writeIf (there is more than one thing to write) or (AddNL == true)Create a new Statement grouping SG in CG;LCG := SG; // LCG = Local current groupingelseLCG := CG;// now build the subgraph for the writesFor each thing T to write, considered in order:Create a new Multiassignment node N in LCG with one control input portand one control output port;Case (type of T) of:Variable name V: Give N this content: OUTPUT := V's VIDLiteral string S: Give N this content:OUTPUT := SLiteral value V: Give N this content: OUTPUT := #VExpression E: Give N this content:OUTPUT := Eend;Attach CDB to N's input port;Create a new NP1 edge in CG;Give the new edge a source branch attached to the output port of N;Give the new edge a destination branch and make CDB that branch;// check to see if a newline has to be added at the endIf (AddNL == true)Create a new Multiassignment node N in LCG with one control input portand one control output port and this content:OUTPUT := "\n"Attach CDB to N's input port;Create a new NP1 edge in CG;Give the new edge a source branch attached to the output port of N;Give the new edge a destination branch and make CDB that branch;procedure translateEmpty(Grouping CG, DestinationBranch CDB)Create a new Epsilon node N in CG and give it one control input port andone control output port;Attach CDB to N's input port;Create a new NP1 edge in CG;Give the new edge a source branch attached to the output port of N;Give the new edge a destination branch and make CDB that branch;



B.3. TRANSLATING AN SPG INTO AN FSA 225B.3 Translating an SPG into an FSAI explained in Section 7.4 that the input to this algorithm is an SPG subgraph correspondingto a subprogram or an STask, etc. In the pseudocode that follows, I refer to this subgraphas TSPGS, \The SPG Subgraph."I assume that there is an auxiliary data structure with the following �elds for each FSAarc:� SPGstart: The SPG port where the arc originates.� SPGend: The SPG port where the arc terminates.� FSAstart: The FSA state where the arc originates.� FSAend: The FSA state where the arc terminates.� values: The set of value ranges enabling traversal of the arc.� subgraph: The set of components in TSPGS corresponding to this arc.Similarly, I assume that there is an auxiliary data structure with the following �elds foreach FSA state:� inArcs: The set of arcs terminating at this state.� outArcs: The set of arcs originating at this state.� actionRoutine: The (TID, RID) pair for the routine to be invoked when this stateis entered.� initialState: True i� this state is the FSA's initial state.� �nalState: True i� this state is a �nal state of the FSA.� subgraph: The set of components in TSPGS corresponding to this state.All references to SPG nodes, edges, and ports in this algorithm are to executable nodes,edges, and ports; unexecutable components are not considered when trying to make senseof TSPGS as an FSA.// first we look for TSPGS subgraphs that look like FSA arcsarcs := the empty set;findArcs();// next we look for TSPGS subgraphs that look like FSA statesstates := the empty set;if (the cardinality of arcs > 0)findStates();else// we didn't find any arcs, so make all of TSPGS a single FSA statecreate a new state S;S.inArcs := the empty set;



226 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGSS.outArcs := the emtpy set;S.subgraph := TSPGS;add S to states;// At this point, the states know which arcs attach to them, but not vice// versa. Rectify this inconsistency.for each arc A in arcs:P := the port in A.SPGstart;if (there exists a state S such that S.subgraph contains P)A.FSAstart := S;P := the port in A.SPGend;if (there exists a state S such that S.subgraph contains P)A.FSAend := S;// It's time now to look for an FSA start statefor each state S in states:S.initialState := false;if TSPGS is a Subprogram grouping G// Look for a node that must be executed first when G is invokedif (G has an InOut port IOP with PR Name "p0") and(at least one source branch in G is attached to IOP) and(all destination branches of all edges containing source branchesattached to IOP are attached to ports on a single node N) and(N is contained in S.subgraph for some state S)S.initialState := true;if (N is a Call Node)setActionRoutine(N, S);else// look for a node that must be executed immediately after// parameters have been initializedif (there exists exactly one Parameter Init grouping PIG in G)edgesFromPIG := every edge in TSPGS that contains a source branchattached to a port in PIG and contains a destinationbranch attached to a port outside PIG;if (there exists a node N in TSPGS such that every destination branch ofevery edge in edgesFromPIG is attached to a port on N) and(N is contained in S.subgraph for some state S)S.initialState := true;if (N is a Call Node)setActionRoutine(N, S);else // TSPGS is not a Subprogram groupingif there is exactly one Start node SN in TSPGSif there exists a state S such that S.subgraph contains SNS.initialState := true;if (SN is a Call Node)setActionRoutine(SN, S);// Look for FSA accepting statesfor each state S in states:if S.subgraph contains at least one Return node or at least one Stop node



B.3. TRANSLATING AN SPG INTO AN FSA 227S.finalState := true;elseS.finalState := false;// now we try to identify the action routines for the states of the FSAfor each state S in states:OldAR := S.actionRoutine; // this may have been set when looking for// a start stateroutineSpecs := the empty set;allNodesAgree := true;for each arc A in S.inArcs:if (A.SPGend is on a Call node CN) and (CN is in S.S.subgraph)if (the TID specification part of CN is missing) or(the TID specification part of CN can be statically evaluated)if (the RID specification part of CN can be statically evaluated)routineSpecs += ( the value of CN's TID specification,the value of CN's RID specification );elseallNodesAgree := false;break;elseallNodesAgree := false;break;elseallNodesAgree := false;break;if (allNodesAgree) and (|routineSpecs| == 1)A := some arc in S.inArcs;setActionRoutine(the node containing A.SPGend, S);// make sure the current action routine is consistent with the one we// came in withif (OldAR != UNDEFINED) and (OldAR != S.actionRoutine)S.actionRoutine := UNDEFINED;// Finis! Display the FSA. Unconstrained arcs lead to the implicit error// state, so they are not displayed.For each state S in states:display S;For each arc A in arcs:if A.values is constraineddisplay A;// Identify subgraphs that look like FSA arcs. Start by looking for the// right kind of Multiassignment nodes. There are two kinds to look for,// one using data flow, the other using control flow. We look for the data// flow variety first.procedure findArcs()For each Multiassignment node N in TSPGS:



228 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGS// see if N has a dataflow edge that controls token flow on another edgeIf (N has a single output port OP) and(OP is a data port) and(N's content is of the form "OP := INPUT") and(there is an NPa edge E1 attached to OP) and(E1 has exactly one source branch) and(E1 has at least one destination branch) and(each of E1's destination branches has no condition)// N and E1 have the right topology -- see if E1 controls token flow// along another edgeIf (there exists an NP1 or Select edge E2 such thatE2 has at least two destination branches andone of those branches has the condition "default" andeach of E2's destination branches that does not have thecondition "default" has a data input port to which a branch of E1attaches)// E2 has the right topology and relationship to E1. Now make sure// that E2 and edges leading to N come from the same node.portSet := the set of ports to which source branches of E2 areattached;for each edge E with a destination branch terminating at a port on N:add to portSet each port to which a source branch of E is attached;if (all the ports in portSet belong to the same node)// Topologically we are in good shape. Set up pending arcs for// each of E2's destination branches.pendingArcs := the empty set;for each destination branch DB of E2:Create a new arc A;A.SPGstart := some randomly chosen port in portSet;A.SPGend := port to which DB is attached;A.FSAstart := UNDEFINED;A.FSAend := UNDEFINED;A.subgraph := N + E1 + E2's source branches + DB;for each edge E leading to an input port on N:add E's source branches to A.subgraph;for each destination branch B in E attached to an input porton N:add B to A.subgraph;// All that remains is to verify that the conditions on E2's// destination branches "look like" values on FSA arcs and to// assign a value range to the arc represented by each branch.// The calls to "List" below simply indicate that the given data// is being put in the proper order for a the call to verifyArcsDF.// See the description of verifyArcsDF for details on this order.if (verifyArcsDF(List(E2's destination branches),List(ports on E2 to which E1's branches attach),List(pendingArcs)))



B.3. TRANSLATING AN SPG INTO AN FSA 229add the contents of pendingArcs to arcs;// The Multiassignment node N didn't look like an arc based on// dataflow, but we now have to see if it looks like an arc based on// control flow.elseif (N has a single output port OP) and(OP is a control port) and(N has a single input port) and(N's content is of the form "VID := INPUT" for VID VID) and(there is an NP1 or Select edge E attached to OP) and(E has at least two destination branches) and(all of E's destination branches have a non-null condition) and(one of E's destination branches has the condition "default")// N has the right topology and content and E has the right// topology. Set up pending arcs for each of E2's destination// branches.pendingArcs := the empty set;for each destination branch DB of E:Create a new arc A;A.SPGstart := N's input port;A.SPGend := port to which DB is attached;A.FSAstart := UNDEFINED;A.FSAend := UNDEFINED;A.subgraph := N + E - (N's input ports);// All that remains is to verify that the conditions on E's// destination branches "look like" values on FSA arcs and to// assign a value range to the arc represented by each branch.if (verifyArcsCF(List(E's destination branches),VID,List(pendingArcs),[-infinity, +infinity]))// Everything in pendingArcs is in fact an arc now, but we have// to check each arc with an unconstrained set of values to see// if the SPG subgraph representing it can be extended by passing// through Epsilon nodes. If so, we may be able to discover more// arcs, possibly with constrained values. This kind of SPG// topology arises from cascaded if-then-else constructs, as// discussed above. The cascading may be arbitrarily deep, so// we have to keep doing this check until we can't extend an arc// any longer.repeatsomethingChanged := false;for each arc A1 in pendingArcs such that A1.values isunconstrained:if (the port in A1.SPGend is the only input port on an Epsilonnode EN) and(EN has only one output port OP) and(there is an NP1 or Select edge E attached to OP) and



230 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGS(E has at least two destination branches) and(all of E's destination branches have a non-nullcondition) and(one of E's destination branches has the condition "default")// again, we have the right topology, so we have to check the// branch conditionsmorePendingArcs := the empty set;for each destination branch DB of E:create a new arc A2 that is a copy of A1;A2.SPGend := port to which DB is attached;A2.subgraph += EN + DB + E's source branch;// All that remains is to verify that the conditions on E's// destination branches "look like" values on FSA arcs and to// assign a value range to the arc represented by each branch.if (verifyArcsCF(List(E's destination branches),VID,List(morePendingArcs),A1.values))// if all the value ranges of the arcs in morePendingArcs// are subsets of A1.values, we can replace A1 with the// contents of morePendingArcslegalValues := true;for each arc A3 in morePendingArcs:if (there exists a value V such that A3.values acceptsV and A1.values does not accept V)legalValues := false;if (legalValues == true)remove A1 from pendingArcs;pendingArcs += morePendingArcs;somethingChanged := true;until (somethingChanged == false);// finally the pending arcs can become full-fledged arcsadd the contents of pendingArcs to arcs;// This function takes a list of destination branches, a list of data input// ports, and a list of arcs such that the same conceptual object is in the// same position in the three lists. That is, the destination branch// DBL[i] has a data input port DIPL[i] and is part of the subgraph// representing the arc AL[i]. If a branch in DBL has the condition// "default", the corresponding position in PL is null.//// The function checks each branch condition to see if it "looks like" the// kind of condition we expect to see on an FSA arc, and if so, it fills in// the value field of each arc in AL and returns true. Otherwise it// returns false.



B.3. TRANSLATING AN SPG INTO AN FSA 231//// Because we are implementing deterministic FSAs, this function also// returns false if there is an overlap in the allowed values on the// destination branches.function verifyArcsDF(List_of_Destination_Branch DBL,List_of_Data_Input_Ports DIPL,List_of_Arc AL) return booleanfor i := 1 to number of list elements do:// reject conditions that are null, don't involve the branch's input// port, or can't be statically evaluatedif the condition C controlling DBL[i] is nullreturn false;if C is "default"AL[i].values = {[-infinity, +infinity]};defaultBranch := i;elsefor each conjunct and disjunct in C (i.e., each LogicalExp in the grammarof Figure 4-23 of the thesis):if a name for DIPL[i] does not comprise the entire expression on oneside of the relational operatorreturn false;if the expression being compared with the value on DIPL[i] cannot bestatically evaluated by looking only at Creturn false;// we can now do the following because we know that all the constraints// on the value of DIPL[i] can be statically evaluatedexamine C and determineVR = the ranges of values such that if the value of the token onDIPL[i] is within VR, C will be true;AL[i].values := VR;// check to make sure there is no overlap in the values of the arcsfor i := 1 to number of list elements do:for j := 1 to number of list elements do:if (i != defaultBranch) and (j != defaultBranch) and (i != j)if (there is any overlap in AL[i] and AL[j])return false;// The default branch is taken only if all other branch conditions// evaluate to false, so remove from the value range for the default// branch the valid ranges of all the other branches. The result may be// either a constrained or an unconstrained value range.for i := 1 to number of list elements do:if i != defaultBranchA[defaultBranch].values -= A[i].values;// This function takes a list of destination branches, a VID, and a list of// arcs such that the same conceptual object is in the same position in the// two lists. That is, the destination branch DBL[i] is part of the// subgraph representing the arc AL[i]. VID is the VID of the variable



232 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGS// whose value is expected to control token flow along the branches in DBL.//// The function checks each branch condition to see if it "looks like" the// kind of condition we expect to see on an FSA arc, and if so, it fills in// the value field of each arc in AL and returns true. Otherwise it// returns false.//// Because we are implementing deterministic FSAs, this function also// returns false if there is an overlap in the allowed values on the// destination branches.function verifyArcsCF(List_of_Destination_Branch DBL,Variable_Identifier VID,List_of_Arc AL,Value_Range TotalVR) return booleanfor i := 1 to number of list elements do:// reject conditions that are null, don't involve the branch's input// port, or can't be statically evaluatedif the condition C controlling DBL[i] is nullreturn false;if C is "default"AL[i].values = TotalVR;defaultBranch := i;elsefor each conjunct and disjunct in C (i.e., each LogicalExp in the grammarof Figure 4-23 of the thesis):if VID does not comprise the entire expression on oneside of the relational operatorreturn false;if the expression being compared with VID cannot bestatically evaluated by looking only at Creturn false;// we can now do the following because we know that all the constraints// on the value of the variable represented by VID can be statically// evaluatedexamine C and determineVR = the ranges of values such that if the value of the variablerepresented by VID is within VR, C will be true;AL[i].values := VR;// check to make sure there is no overlap in the values of the arcsfor i := 1 to number of list elements do:for j := 1 to number of list elements do:if (i != defaultBranch) and (j != defaultBranch) and (i != j)if (there is any overlap in AL[i] and AL[j])return false;// The default branch is taken only if all other branch conditions// evaluate to false, so remove from the value range for the default// branch the valid ranges of all the other branches. The result may be// either a constrained or an unconstrained value range.for i := 1 to number of list elements do:



B.3. TRANSLATING AN SPG INTO AN FSA 233if i != defaultBranchA[defaultBranch].values -= A[i].values;// Identify subgraphs that look like FSA states. The general strategy is// straightforward: given n arcs, simultaneously perform 2n breadth-first// graph traversals, one starting at each arc endpoint, and continue each// traversal until it has nowhere to go that no other traversal has gone// before. The extent of each traversal then corresponds to the subgraph// of an FSA state. When two traversals bump into one another, attempt to// merge the putative states they are discovering.//// There are two situation where merging states is not allowed. The first// is when two traversals belong to the same FSA arc (i.e., correspond to// searches initiated at opposite ends of the same arc). This is because// the kinds of subgraphs that identify FSA arcs are expected to be// relatively rare, and it would not be uncommon for an SPG to be fully// connected even when the subgraphs corresponding to such arcs were// removed from the SPG. If that were the case, only a single FSA state S// would be discovered, and all arcs would go from S to S. To prevent// this, an arc A is allowed to both originate and terminate at the same// state S only if A.subgraph and the connection points (ports) between A// and S are all contained inside the same Loop grouping. If this// constraint would be violated by the merging of two putative states, the// states are not merged.//// The second situation in which we don't merge states is when the result// of that merge would be a state where two or more arcs could be enabled// by the same input value.procedure findStates()For each arc A in arcs:// we don't search the parts of TSPGS led to by unconstrained arcs,// because they presumably lead to the implicit error stateif A.values is constrained// create a new putative state for each arc endpointcreate a new state S1; // for the state where A originatesS1.inArcs := null;S1.outArcs := { A };S1.actionRoutine := UNDEFINED;S1.subgraph := { A.SPGstart };add S1 to states;create a new state S2; // for the state where A terminatesS2.inArcs := { A };S2.outArcs := null;S2.actionRoutine := UNDEFINED;S2.subgraph := { A.SPGend };add S2 to states;// It is possible for a single input port to be at the end of more than one// arc, but we only need a single state there, because there are no



234 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGS// restrictions in arcs entering a state. The following loop thus merges all// putative states consisting of the same input port.for all states S1 in states:P := the element in S1.subgraph;for all states S2 in states such that S2 != S1;if (the element in S2.subgraph == P)mergeStates(S1, S2);// set up a BFS for each putative statefor each state S in states:create an empty queue of ports (portQueue) for S;P1 := the port in S.subgraph;add P1 to S.portQueue;// S.portQueue will hold ports such that the branch(es) connected to each// port should be traversed during a search step. The only port we have// now, however, is the one in S.subgraph, which is a port at the *end*// of a branch (because the branch belongs to an arc). To prevent the// state search from failing at the outset, we have to see if we can add// to S.portQueue the other ports on the SPG component containing the// port in S.subgraph.C := the SPG component of which P1 is a part;if (C is a node) and(C is not in a subgraph of an element of arcs)add C to S.subgraph;for each port P2 on C such that P2 != P1:if (P2 is in S2.subgraph for some state S2) and (S != S2)if (okayToMerge(S, S2)mergeStates(S, S2);elseremove P2 from S.subgraph;elseadd P2 to S.portQueue;// now cycle through the states, performing a single BFS traversal step each// time around the looprepeatdidSomething := false;for each state S1 in states:if S1.portQueue is not emptyremove the port P1 at the front of S1.portQueue;didSomething := true;for each edge E containing a branch connected to P1:if (there exists an arc A such that a branch of E is in A.subgraph)// do nothing -- we've bumped up against// a (possibly unconstrained) arcelse if (there exists a state S2 such that E is in S2.subgraph) and(S1 != S2)if (okayToMerge(S1, S2) == true)mergeStates(S1, S2);else



B.3. TRANSLATING AN SPG INTO AN FSA 235// E isn't part of the FSA yet -- add it to S1add E to S1.subgraph;for each port P to which a branch of E is attached:if (P is not in a subgraph of an element of arcs or states)add P to S1.subgraph;C := the SPG component of which P is a part;if (C is a node) and(C is not in a subgraph of an element of arcs or states)add C to S1.subgraph;for each port P2 on C:if (P2 is not in a subgraph of an element of arcs or states)add P2 to S1.portQueue;until (didSomething == false);function okayToMerge(State S1, State S2) return boolean// it doesn't make a lot of sense, but it's always okay to merge a state// with itselfif (S1 == S2)return true;sameArcs := the intersection of S1.inArcs and S2.outArcs;sameArcs += the intersection of S2.inArcs and S1.outArcs;if (sameArcs is the empty set)// no arc runs between S1 and S2; check to see if the outgoing// arcs have disjoint enabling conditionsfor each arc A1 of S1.outArcs such that A1.values is constrained:for each arc A2 of S2.outArcs such that A2.values is constrained:if (there exists a value V such that V is in bothA1.values and A2.values)return false;return true;else// sameArcs has at least one arc in it that runs between S1// and S2; merging is okay only if each arc and its connecting// points is inside a Loop groupingfor each arc A in sameArcs:if (there exists a Loop grouping LG such thateach component of A.subgraph is contained in LG andA.SPGstart is contained in LG andA.SPGend is contained in LG)// do nothingelsereturn false;return true;



236 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGSprocedure mergeStates(State S1, State S2)// there's no point in merging a state with itselfif (S1 != S2)S1.inArcs += S2.inArcs;S1.outArcs += S2.outArcs;S1.subGraph += S2.subGraph;S1.portQueue += S2.portQueue;remove S2 from states;// if the routine to be invoked from CN can be statically determined, this// routine sets S.actionRoutine to that routine. Otherwise it has no effect.procedure setActionRoutine(Call_Node CN, State S)if (there is an STask specification SS in the first part of CN)if (the value of SS can be evaluated statically)TID := the value of SS;elsereturn; // STask to call is undefinedelseTID := null;if (the RID of the routine to be invoked by CN is an expression whosevalue can be evaluated statically)RID := the value of that expression;elsereturn; // Routine to call is undefinedS.actionRoutine := (TID, RID);



B.4. TRANSLATING AN SPG INTO PASCAL 237B.4 Translating an SPG into PascalThe program below makes calls to a routine called emit. This routine, which is called likethe Pascal write routine, adds code to the view, i.e., it is the mechanism through which thetranslator indicates what the translation of an SPG should be. The routines startCommentand endComment are used to demarcate comment boundaries; all emitted text within sucha region is written as a comment in the concrete representation of the program.In the code that follows, a simple edge is an NP1 control edge with exactly one sourcebranch and exactly one destination, and the destination branch is restricted to having nocondition on it. A simple data edge is a simple edge for data tokens.// We use the following global variable to keep track of the SPG node most// recently translated into Pascal. (It facilitates the detection of loop// entries.) Of course, this variable could be eliminated through better// parameterization, but, like software in real life, sometimes a kludge is// simply the most cost-effective short-term way to get things done.lastNode := null;// We use the global stack variable "loops" to keep track of loops we're// inside of. Each element of loops must be either FOR or REPEAT,// reflecting the type of loop we're inside of. There are three operations// defined for loops: push, pop, and top, the latter function returns the// element at the top of the stack without returning it.loops := the empty stack;// STasks will be ignored, because they make no sense in Pascal, but we do// generate a comment for each one listing its entries.for each STask grouping STG in the SPG:startComment();emit("There is an STask grouping ");emit(nameOf(STG));emit(" in the SPG. Entries are:\n"):for each Entry grouping EG in STG:emit(nameOf(EG), "\n");endComment();// We start with the pro forma stuff at the beginning of the program.emit("program ");groupingSet := set of all groupings G such that(all executable components of the SPG are containedinside G) and(G has an annotation named "Name");if (groupingSet is the empty set)create a new grouping GLOBAL;for each executable component EC of the SPG:add EC to GLOBAL;generate a name N of the form PASCALnnn for GLOBAL;give GLOBAL an annotation ("Name", N);add GLOBAL to the SPG;else



238 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGSGLOBAL := the grouping in groupingSet with the lexicographically smallestvalue for the "Name" annotation;emit(the value of GLOBAL's "Name" annotation);emit("(input, output);");// Now we declare global variables.declareVariables(the SPG subgraph from which STask and Subprogram groupings(and their contents) have been removed);// Next we declare global procedures.for each Subprogram grouping SG in the SPG such that SG is not containedinside a Subprogram or STask grouping:// if it looks like a function, just list its nameif (SG doesn't have exactly one OutIn port OIP) or(OIP is a data port) or(OIP lacks the PR name "r0")startComment();emit("There appears to be a function called ", nameOf(SG)," in the program.\n");endComment();continue; // move on to next subprogram grouing// okay, what we have looks like a procedure (so far)emit("procedure ")nameOf(SG);// now generate a parameter listparams := set of InOut ports on SG;if (params has zero members) or(there is a member of params with no PR name) or(the PR names of the member of params don't form a sequencep0, p1, p2, ... pn for n = |params|-1) or(the member of params with PR name p0 isn't a control port) or(the other members of params aren't data ports)mark SG as having a confusing parameter list;declareConfusingParamList();else if (there is only one element in params)// it must be p0, meaning no declared params, which, thanks to// Pascal's lovely syntax, means no parameter listelse// we have a normal parameter list -- generate itemit("(");for I := 1 to (|params|-1) do:P := the element of params with PR name pI;nameOf(P);if (I < (|params|-1)emit(", ");emit(")");// and finally we can end the parameter list declarationemit(";");// now we declare local variables



B.4. TRANSLATING AN SPG INTO PASCAL 239declareVariables(the contents of SG (excluding SG itself));// Nested routines will also be ignored, because they don't exist in// our subset of Pascal, but we do generate a comment for each one// listing its entries.listNestedRoutines(SG, true);// If the parameter list makes no sense, there's no point in trying to// continue with this routine. Without a well-formed parameter list,// it will be impossible to find the initial point of control flow, to// match actual and formal parameters, and/or to determine how to// initialize local variables acting as formal parameters. As they say// in the AT&T commercials, it's just not worth it.if (SG has more than one InOut port) and(SG is marked as having a confusing parameter list)giveUp();continue; // move on to next Subprogram grouping// locate the port from which control flow in this routine startsP0 := the InOut control port on SG with the PR name "p0";if (there is no simple edge attached to P0)giveUp();continue; // move on to next Subprogram groupingelseinitialEdge := the edge attached to P0;// make sure each of the parameters is initialized in the conventional// mannerif (|params| > 1)if (there is no unique Parameter Init grouping PIG in SG) or(there is no Declaration node DN in PIG such that a simple edgeleads from P0 to DN) or(there is no Multiassignment node MN in PIG such that a simpleedge leads from DN to MN) or(there is no node N outside PIG such that a simple edgeinitialEdge leads from MN to N)giveUp();continue; // move on to next Subprogram groupingelse// check for simple data edges from non-p0 InOut ports on SG to MNsomethingsWrong := false;for each port P in params:if (P is a data port) and((there is no simple data edge from P to a port DP on MN) or(more than one edge leads to DP))somethingsWrong := true;if (somethingsWrong)giveUp();continue; // move on to next Subprogram grouping// topologically we are in good shape -- check the contents of DN// and MN



240 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGSsomethingsWrong := false;for each data InOut port P:if (P has no "Name" annotation) somethingsWrong := true;if (there is no variable V in DN with the same name as thevalue of P's "Name" annotation)somethingsWrong := true;elseVID := V's VID;if (VID is not the target of exactly one assignment in MN) or(the expression on the right-hand side of the assignment isnot the name of a data input port)somethingsWrong := true;for each variable V in DN:if (there doesn't exist an element E of params such that Ehas a "Name" annotation whose value is the same as the nameof V)somethingsWrong := true;for each assignment A in MN:if (the target of A isn't the VID of a variable declared in DN) or(the right-hand side expression of A is other than the name ofa data input port)somethingsWrong := true;if (somethingsWrong)giveUp();continue; // move on to next Subprogram grouping// Everything looks okay so far, and N is the node where control// flow starts. Generate Pascal for this routine.generateProcedure(SG, initialEdge);// We are finally in a position to generate the code for the main blockgenerateMainBlock(GLOBAL);// This routine emits the begin...end block at the outermost scope of a// procedure, and it calls generate to fill in everything in between.// Unless, that is, the SPG in SG isn't connected, in which case we just// bail immediately.procedure generateProcedure(Subprogram_Grouping SG, SimpleEdge E)emit("begin");// make sure that this subprogram has exactly one return point; more or// fewer is illegal in Pascalreturns := 0;for each node N in SG:if (N is not in an STask grouping) and(N is not in a Subprogram grouping that is itself inside SG) and(N is a Return node)returns++;



B.4. TRANSLATING AN SPG INTO PASCAL 241if (returns != 1)giveUp(true);checkForDeadCode(SG, the node to which E leads);generate(E);emit("end;");// This routine emits the begin...end block at the outermost scope of a// program, and it calls generate to fill in everything in between. To// find the initial flow of control, it looks for a unique Start node in// the grouping G containing the SPG corresponding to the main block in// Pascal.procedure generateMainBlock(Grouping G)emit("begin");startNodes := the empty set;for all nodes N in G;if (N is a Start node) and(N is not in an STask grouping)add N to startNodes;if (|startNodes| != 1)giveUp(true);elsestartNode := the sole element of startNodes;if (startNode has more than one control input port CIP)giveUp();elseif (there is an edge E attached to CIP) and(E has more than one source))giveUp();checkForDeadCode(G, startNode);generate(startNode);emit("end.");// Because there is no "return" statement in Pascal, it is essentially// impossible to have code that is *physically* unreachable (as opposed to// logically unreachable). If G contains any physically unreachable code,// i.e., if the executable part of the SPG in G is unconnected, quit now.procedure checkForDeadCode(Grouping G, Node initNode)for each node N in G such that N != initNode:if (N is not in an STask grouping) and(N is not in a Subprogram grouping that is itself inside G) and(there is no directed path through G from initNode to N)giveUp(true);// This is the primary routine used to translate the SPG into a series of// Pascal statements. startLocation tells where in the graph to start



242 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGS// translating. If startLocation is an edge, everything upstream from the// edge has already been translated. If startLocation is a node, it must// be a Start node, because there is no edge entering it. (If there were,// that edge would have been passed instead.)//// If startLocation is an NPn or NPa edge, the parameter startBranch has// meaning. All we usually care about when we enter this routine is the// edge to follow, because we expect to see nothing but NP1 edges in the// graph. Such edges have branch conditions that result in the edges being// translated into if/the/else or case statements if there is more than one// destination branch. However, we also want to allow NPa and NPn edges if// all but one branch leads to Multiassignment nodes performing// computations to be used to control branch flow (see the routine// "translateNode" for details). In that case only, this routine needs to// know which branch to follow, because we only want to generate code for// the control path corresponding to that branch. startBranch identifies// that branch. The implementation that follows rejects NPa and NPn edges,// but the interface to this routine is designed to allow for expansion in// this area. If startLocation is an NP1 edge or is a node, the value of// startBranch is ignored (and is typically null).//// The code downstream from a conditional must be generated only once, but// all branches of the conditional lead to this downstream code. How then// to know whether to generate the code or not, given an edge/branch to// follow? That's controlled by the parameter quitAtJoinPoint, which is// true by default, because most of the time we do NOT want to follow a// branch that represents a join point. In particular, we only want to// generate code for the downstream portion of the SPG after generating the// code for *all* branches of the conditional that precede it. Thus we// only set quitAtJoinPoint to false after the "else" branch of an// if/then/else and after the last arm of a case statement.//// This particular implementation of this routine happens to be recursive.// An iterative implementation would be be preferable in practice, but it// would not fundamentally differ from the approach to code generation// embodied here.procedure generate(SPG_Component startLocation,DestinationBranch startBranch = null,Boolean quitAtJoinPoint = true)// set CE to the current edge to be translated, CDB to the current// destination branch to followif (startLocation is a node)(CE, CDB) := translateNode(startLocation, null);else(CE, CDB) := (startLocation, startBranch);// if CE is null, there is no edge to follow, so we just return immediatelyif (CE == null)return;// if this isn't an NP1 edge, just punt right now. This restriction// could be relaxed -- see the comments above.



B.4. TRANSLATING AN SPG INTO PASCAL 243if (CE isn't an NP1 edge)giveUp(true);// if CE has more than one source branch, it is a join point (e.g, where// the code segments for the "if" and "else" clauses of a conditional come// together). The code beyond such a point must be generated exactly// once, so we don't generate it unless we are explicitly allowed to.if (CE has more than one source branch) and (quitAtJoinPoint)return;// If CE has only a single destination branch, we have simple sequential// control flow, and we can just translate the node and continue.// However, we still have to check for some unexpected graph topologies.if (CE has exactly one destination branch)DB := CE's destination branch;if (DB has a condition on it)giveUp(true);else// If this is a loop return branch, this must be the end of a for// loop, so generate the "end" that matches the "begin" we already// emitted, then return. We don't follow the branch, because we've// already translated into Pascal the node where it leads.if (DB has an annotation named "Loop Return")emit("end");return;elsecurrentNode := the node containing the port to which DB is attached;generate(translateNode(currentNode, DB));// if CE has two destination branches with disjoint and exhaustive// conditions, we have an if statement or the end of a loop.else if (CE has two destination branches)if (neither of CE's destination branches has the condition"default") or(one or both of CE's destination branches has no condition)giveUp(true);elsetranslateIf(CE);// CE has more than two destination brancheselse// We have either nested if/then/else statements or we have a// case statement. First try to generate a case statement.caseOK := true;// All conditions must be of one of these forms:// Variable Expression == Constant Expression// Constant Expression == Variable Expression// default// In theory, the variable expression might contain references to// data ports, but in this mapping I don't allow that.VEs := the empty set;



244 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGSfor each destination branch DB in CE:if (DB has an input port)caseOK := false;break;// make sure that DB's branch condition is of a form compatible with// a case statementif (DB's condition is not "default")if (DB's condition is not a LogicalExp (as defined in the grammarin Figure 4-23 of the thesis)) or(the operator in the LogicalExp is not "==")caseOK := false;break;// We know we have an expression of this form:// Expression == Expression// We have to ensure that it really has one of these forms:// Variable Expression == Constant Expression// Constant Expression == Variable Expressionif (exactly one of the expressions begin compared for equality can bestatically evaluated)VEs += the expression that cannot be statically evaluated;elsecaseOK := false;// if VEs is a singleton set, we have a case statement, and the// lone element of the set is the index expression.if ((caseOK) and (|VEs| == 1))// generate a case statementtranslateCase(CE, the sole element of VEs);else// if possible, generate a series of if/then/else statementsif (one of CE's destination branches has the condition "default")translateIf(CE);elsegiveUp(true);// This function translates the given node into Pascal and then returns the// SPG edge and destination branch that should be followed to continue// generating code. If no code should follow this node (because it is a// Return or Stop node), the tuple (null,null) is returned. The parameter// DB is the destination branch we are following into this node; if there// is no such branch (as, for example, at the beginning of a program), it// is null. We need it so we avoid generating code for a loop more than// once. If we arrive at N via a Loop Return branch, we return immediately.function translateNode(Node N, DestinationBranch DB)return (Edge, DestinationBranch)// Return immediately if we got here via a Loop Return node.if (DB is not null) and (DB has an annotation named "Loop Return")return (null, null);



B.4. TRANSLATING AN SPG INTO PASCAL 245// verify the legitimate topology of the current nodecheckNode(N);// Check to see if we just entered a loop. If so, figure out what kind.if (lastNode != null) and(there exists a Loop grouping LG such thatlastNode is not in LG and N is in LG)// we did just enter a loop -- but what kind of loop?if (looksLikeAForLoop(N, LG))loops.push(FOR);nextEdge := translateForInit(N, LG);emit("begin");return(nextEdge, null);else if (looksLikeARepeatUntilLoop(N))loops.push(REPEAT);emit("repeat");elsegiveUp(true);// Translate the node itself. Note that in the case statement below,// we can ignore Accept nodes, because they only exist inside STasks,// and we don't do Stasks.case (type of N) of:Multiassignment Node: processMultiassignment(N);Call Node: processCall(N);Parameter Node: ; // ignore it -- we don't do non-strict// procedure callsDeclaration Node: ; // ignore it -- we did declarations earlierEpsilon Node: ; // ignore it -- empty statementend;// Remember that this is the most recent node translatedlastNode := N;// Pascal has no concept of a Stop node in a procedureif (N is a Stop node) and(N is in a subprogram grouping)giveUp();// if this is a Stop or Return node, there is nowhere to go from hereif (N is a Stop node) or (N is a Return node)return (null,null);// otherwise find the edge and branch to follow outta hereports := the set of control output ports on N;validPorts := the empty set;for each port P in ports:branches := the empty set;for each destination branch DB in the edge attached to P:add DB to branches;if (isaSpur(DB))



246 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGSremove DB from branches;if (branches is not the empty set)add P to validPorts;// if there's more than one way out, quitif (|validPorts| != 1)giveUp(true);elseE := the edge attached to the sole element of validPorts;// In theory, we can accept an NPa or an arbitrary NPn edge, as long as// exactly one branch is a non-spur, and if we were going to support// that, this is where we'd determine whether the edge were valid, and,// if so, which branch was the correct one. However, expediency being// everything in this hectic and harried world in which we live, we// just reject everything except an NP1 edge. Support for NPa and NPn// edges is built-in to the protocol for the "generate" routine,// however, as you'll see if you check out the comment above that// routine.if (E isn't an NP1 edge)giveUp(true);if (E has no destination branches) or(one or more of E's destination branches terminates at a port thatis not on a node)giveUp(true);elsereturn (E, null);// Given a node N that is the first node encountered when entering a Loop// grouping LG, this routine determines whether the loop in LG should be// modeled as a Pascal "for" loop. It returns true only if the node at the// top of the loop (which may not be the same as N, thanks to loop// initialization requirements) has both an exit branch and a branch that// continues on into the loop (not counting branches that go back to the// top of the loop).function looksLikeAForLoop(Node N, LoopGrouping LG) return Boolean// do a quick check to see if the loop update is consistent with a for loopIf (there exists an unexecutable edge UE originating on LG andhaving an annotation named "Loop Update") and(UE terminates at a Multiassignment node MN) and(there exists an assignment A in MN such that A is not ofthe form "VID := VID + 1" or "VID := VID - 1")return false;// find the node that marks the top of the loop part of the// looping constructloopTop := findLoopTop(N);if (loopTop has more than one control output port P) or(there is no edge E attached to P)giveUp(true);



B.4. TRANSLATING AN SPG INTO PASCAL 247if (E has 0 or 1 destination branches)return false;if (E has a destination branch with an annotation named "Loop Exit")if (E has exactly two destination branches) and(E has a destination branch with an annotation named "Loop Return")return false; // this is preferably modeled as a repeat-until loopelsereturn true;elsereturn false;// Given a node N that is the first node encountered when entering a Loop// grouping LG, this routine determines whether the loop in LG should be// modeled as a Pascal "repeat-until" loop.function looksLikeARepeatUntilLoop(Node N) return Boolean// find the node that marks the top of the loop part of the// looping constructloopTop := findLoopTop(N);// for this to be a repeat_until loop, exactly one of the loop return// branches leading to loopTop must have as its sole sibling branch a// branch that is a loop exit branch. Return true only if this is the// case.P := loopTop's control input port;branches := all the branches connected to P that have an annotation named"Loop Return";loopEnds := 0;for each branch B in branches:E := the edge containing B;if (E has a branch with an annotation named "Loop Exit")loopEnds++;if (loopEnds == 0)return false;if (loopEnds == 1)return true;elsegiveUp(true);// This routine follows the straight-line flow of control starting at N// until it finds a node that is the terminus of a Loop Return branch. It// then returns that node. If it finds a branch in the flow of control// before it finds the node it is looking for, it calls giveUp.function findLoopTop(Node N) return Nodewhile (N has no port to which a destination branch with an annotationnamed "Loop Return" is attached) do:if (N has more than one control output port P) or(there is no edge E attached to P) or



248 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGS(E is not a simple edge)giveUp(true);elseN := the node containing the port at which E terminates;// if we see the bottom of the loop before seeing the top, quitif (N has no input port to which a destination branch with an annotationnamed "Loop Return" is attached)giveUp(true);// as long as we're in the neighborhood, we might as well check to// ensure that no more than one return branch comes here, because Pascal// doesn't support multiple loop return points.P := N's control input port;if (there is more than one branch attached to P with an annotationnamed "Loop Return")giveUp(true);elsereturn N;// This routine translates the top part of a known for loop, i.e, the part// "for <variable> := <expression> [down]to <expression> do". It returns// the edge to be translated next, i.e., the one that leads out of the loop// init and into the body of the loop.function translateForInit(Node N, LoopGrouping LG) return Edgeif (N isn't a Multiassignment node) or(N's content isn't a single assignment A) or(A's target isn't a VID)giveUp(true);elsetheVID := the VID that is the target of A;emit("for");emit(the name of the variable corresponding to theVID, ":=");RHS := the expression that is the right-hand-side of A;if (RHS contains references to ports) or(RHS contains references to "INPUT")giveUp();elseemit(RHS translated into Pascal syntax, i.e., VID's aretranslated into the names of the corresponding variables, etc.);UE := the unexecutable edge originating on LG and having an annotationnamed "Loop Update";updateNode := the Multiassignment node led to be UE;if (updateNode has the form "VID := VID + 1")emit("to");direction := up;elseemit("downto");



B.4. TRANSLATING AN SPG INTO PASCAL 249direction := down;// all we need to do now is grab the value that indicates the loop should// terminateloopTop := findLoopTop(N);P := loopTop's control output port;exitBranch := the destination branch on P that has an annotation named"Loop Exit";C := the condition on exitBranch;if (C makes reference to any ports)giveUp();else if (C != "default")if ((direction == up) and(C does not have the form "theVID > <expression>")) or((direction == down) and(C does not have the form "theVID < <expression>"))giveUp();elseemit(the right-hand-side of C translated into Pascal syntax);else // C == "default"otherBranch := the destination branch on P that does not have anannotation named "Loop Exit";C := the condition on otherBranch;if (C makes reference to any ports)giveUp();elseif ((direction == up) and(C does not have the form "theVID <= <expression>")) or((direction == down) and(C does not have the form "theVID >= <expression>"))giveUp();elseemit(the right-hand-side of C translated into Pascal syntax);// finally emit the word "do"emit("do");return(the edge connected to P);// This function just says whether it looks like the given branch is a spur// of control -- i.e., a flow of control that leads off the main path. A// spur leads to a Multiassignment node that performs computation only for// the purpose of shipping data values off to branch conditions.function isaSpur(DestinationBranch DB) return BooleanlooksLikeASpur := true;if (the node N to which DB leads is a Multiassignment node) and(N has at least one data output port) and(N has zero control output ports)for each output port P on N:if (there is an edge E connected to P) and(E has exactly one source branch) and



250 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGS(E has at least one destination branch) and(none of E's destination branches has a condition) and(each of E's destination branches terminates at a branch condition)// do nothing -- these are all requisite conditions for a spurelselooksLikeASpur := false;// one last test: E must be an NPa edge or an NP1 edge with exactly one// destination branchif (looksLikeASpur)if ((E is an NP1 edge) and (E has exactly one destination branch)) or(E is an NPa edge)// do nothing -- all is wellelselooksLikeASpur := false;elselooksLikeASpur := false;return looksLikeASpur;// This routine generates code for each of the individual assignments in a// multiassignemnt. The order in which the assignments are considered is// unspecified. Most of the work in this routine is devoted to handling// input and output.procedure processMultiassignment(Node N)for each individual assignment A in N:LHS := the left-hand side of A;RHS := the right-hand side of A;// a mainstream Multiassignment node is not supposed to make reference// to portsif (A contains a reference to a port)giveUp();return;// we could handle this if we were willing to introduce new variables,// but we're not, so we don'tif (LHS == "OUTPUT") and (RHS == "INPUT")giveUp();return;// handle output statementsif (LHS == "OUTPUT)if (RHS is a quoted string)newlines := 0;while (RHS ends with "\n")newlines++;RHS := RHS with the trailing "\n" stripped off;if (newlines > 0)



B.4. TRANSLATING AN SPG INTO PASCAL 251if (RHS == "")emit("writeln;");elseemit("writeln('", RHS, "');");for i := 1 to newlines doemit("writeln;");else // RHS is not a quoted stringemit("write('");emit(the Pascal eqivalent of RHS, e.g., VID's are translated intothe names of the corresponding variables, etc.);emit("););// handle input statementselse if (RHS == "INPUT")emit("read(");emit(the VID that LHS must consist of);emit("););// handle everything elseelseemit(the Pascal eqivalent of A, e.g., VID's are translated intothe names of the corresponding variables, etc.);// This routine checks to see if the node N has a valid topology. If not,// it issues a diagnostic and forces processing of this routine (or the// main block) to cease. Not all nodes are subjected to this filter. In// particular, Multiassignment nodes that are used only to compute the// value of expressions to be used to control token flow are not subjected// to this.procedure checkNode(Node N)goodNode := true;if (N doesn't have exactly one input port IP) or(IP is a data port) or(N has a data output port)goodNode := false;// Every node except Stop and Return nodes must have a control output// port and must have an edge connected to that port. The notion of a// flow of control just "dying out" doesn't exist in Pascal.if (N is not a Stop node) and (N is not a Return node)if (N doesn't have a control output port COP) or(COP has no edge attached to it)giveUp(true);// Multiassignment nodes can have data output ports if they're attached to// NPa edges that control edge branches, and such nodes are expected to// have zero control output ports.if (N has a data output port)for each data output port DOP on N:



252 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGSif (N is a Multiassignment node) and(N has no control output ports) andeither(there is a simple data edge SDE attached to DOP) and(SDE's destination branch leads to an input port for a branchcondition)xor(there is an NPa edge E attached to DOP) and(E has exactly one source branch) and(E has at least one destination branch) and(none of E's destination branches has a condition) and(each of E's destination branches leads to an input port for abranch condition)))// do nothing -- N, DOP, and E all look legitelsegoodNode := false;// if this node doesn't look like something to be found in a Pascal// program, issue a diagnostic and make a nonlocal jump down the stack to// the caller of generate, i.e., the moral equivalent of a longjmp to the// point where generate was called.if (goodNode == false)giveUp(true);// Generate code for the if/then/else statement(s) corresponding to edge E.// Each of E's 2 or more destination branches has a condition, and one of// the edges has the condition "default".//// This routine also has to deal with the ends of repeat-until loops. If// it finds one, it must emit the code for the body of the loop before// emitting the code for the exit branch.//// It is possible for a branch condition to be dependent on one or more// data tokens that arrive from one or more Multiassignment nodes. This// routine handles that case, but it doesn't handle the case where a value// is read from standard input and then moved directly into a branch// condition. Translating that construct into Pascal is not conceptually// difficult, but it calls for the introduction of a new variable, and I// didn't want to support that in this mapping. It is also worth noting// that if a Multiassignment node is topologically set up to deliver values// to branch conditions only (see also the routine translateNode), only// those assignments in the node that actually produce values that lead to// branch conditions will be translated. For example, if such a// Multiassignment node contains something like this,//// OUTPUT := "Hi Mom!"//// no Pascal will be generated for this part of the node. It would be// possible to solve this problem (the code could be generated inside the// routine isaSpur), but I didn't bother.procedure translateIf(Edge E)



B.4. TRANSLATING AN SPG INTO PASCAL 253// check to see if this is really a loop exitif (E has exactly two destination branches) and(one such branch EB has an annotation named "Loop Exit")NEB := the destination branch of E that does *not* have an annotationnamed "Loop Exit";if (loops.top() == FOR)// We're in a for loop. First generate the loop body code, then// generate the code for the exit branch.nextNode := the node containing the port at which NEB terminates;generate(translateNode(nextNode, NEB));nextNode := the node containing the port at which EB terminates;loops.pop();generate(translateNode(nextNode, EB), false);else // we're in a repeat-until loopif (NEB doesn't have an annotation named "Loop Return")giveUp();elseC := the condition on EB;if (C == "default") or(C makes reference to any ports)giveUp();elseemit("until");emit(C translated into Pascal syntax);emit(";");// The repeat-until is now complete. Move on to the part of the// SPG following the loop.nextNode := the node containing the port at which EB terminates;loops.pop();generate(translateNode(nextNode, EB), false);else // this isn't the exit point of a loopbranches := the set of destination branches in E;emit("if");while (|branches| > 1)DB := any element of branches except for the one with the condition"default";// Translate DB's condition. This is easier or harder depending on// whether data flow is involved.if (DB has no data input ports)emit(the condition translated into Pascal syntax, i.e., VID's aretranslated into the names of the corresponding variables, etc.);else// generate the code for the Multiassignment node(s) from which the data// tokens must arrive, then generate the code for the if and the// condition



254 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGStopologyOK := true;for each data input port DIP on the DB:if ((there is no simple data edge to DIP from some Multiassignmentnode N) and(there is no NPa data edge with a single source branch startingat some Multiassignment node N and containing a destinationbranch terminating at DIP)) or(there is more than one branch connected to DIP)showConfusion();topologyOK := false;break;// if the topology of the condition and its associated// Multiassignment nodes was okay, generate code for itif (topologyOK)for each token T in a left-to-right parsing of the condition on DB:if (T is the name of a data input port DIP)E := the edge containing the branch attached to DIP;P := the port to which E's source branch is attached;N := the Multiassignment node containing P;if (there is exactly one assignment A in N such thatP is the target of the assignment)RHS := the right-hand side of A;if (RHS contains one or more references to data input ports) or(EX contains reference to "INPUT")showConfusion();elseemit(the Pascal equivalent of RHS, e..g, with VID'stranslated into the names of the correspondingvariables, etc.);// more than one assignment is made to PelseshowConfusion();// T is not the name of a data input portelseemit(the Pascal token eqivalent in meaning to T, e.g., VID'sare translated into the names of the correspondingvariables, etc.);// Okay, we've generated the "if" and the controlling expression.// Now we can start in on the "then" and the "else" clauses.emit("then");emit("begin");nextNode := the node containing the port at which DB terminates;generate(translateNode(nextNode, DB));emit("end");emit("else");// we're now done with this branchremove DB from branches;



B.4. TRANSLATING AN SPG INTO PASCAL 255// okay, only one branch left -- the final "else" clauseemit("begin");lastBranch := the sole remaining element of branches;nextNode := the node containing the port at which lastBranch terminates;generate(translateNode(nextNode, DB), false);emit("end;");// Generate code for the case statement corresponding to edge E. E may or// may not have a branch with the condition "default". The expression ME// is the one used to control which branch of the case is taken.procedure translateCase(Edge E, MultiAssignment_Expression ME)branches := the set of destination branches in E such that no branchhas the condition "default";emit("case");emit(ME translated into Pascal syntax, e.g., VIDs are translated intothe names of the corresponding variables, etc.);emit("of");while (|branches| > 1)// choose a branch to translateDB := any element of branches that has a condition other than "default";branches -= DB;// generate the case labelemit(the value of the constant expression part of the LogicalExpthat makes up DB's conditon);emit(":");// and generate the code for the statement corresponding to that valueemit("begin");if (there exists a destination branch in E that has thecondition "default")nextNode := the node containing the port at which DB terminates;generate(translateNode(nextNode, DB));elsenextNode := the node containing the port at which DB terminates;generate(translateNode(nextNode, DB), false);emit("end;");// now add a default branch, if necessaryif (there exists a destination branch DB in E such that DB has thecondition "default")emit("otherwise");emit("begin");nextNode := the node containing the port at which DB terminates;generate(translateNode(nextNode, DB), false);emit("end;");// finally, add the "end" of the case statement



256 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGSemit("end;");// This routine does the processing needed to generate Pascal from an SPG// Call node. It spends most of its energy actually confirming that the// Call node can be translated as a procedure call (as opposed to an entry// call or a function call, neither of which is supported in the subset of// Pascal this translation supports). If it finds something of which it// can make no sense, it generally just quits, but in the case of an entry// call, it tries to generate a helpful comment.procedure processCall(Node N)entryCall := false;if (the content of the first part of N contains an STask specification)// this is an entry call -- document it as suchtaskName := "<unknown>";if (the value of the expression E for the TID can be staticallydetermined) and(there is an STask grouping STG in the SPG with a TID of E)taskName := nameOf(STG);entryName := "<unknown>";if (the value of the expression E for the RID can be staticallydetermined) and(there is an Entry grouping EG in STG with an RID of E)entryName := nameOf(EG);startComment();emit("This is a call to an entry called ", entryName," in a process called ", taskName, ".\n");endComment();else// it's not an entry call, it's a subprogram callif (the value of the expression E for the RID in N can be staticallydetermined) and(there is a Subprogram grouping SG in the SPG with an RID of E) and(SG is not inside a Subprogram grouping or STask grouping)// do nothing -- the call looks okayelsegiveUp();return;// make the sure the last part of N is as expected -- this rejects, for// example, nonstrict callsif (the content of the last part of N is other than " := R.r0")giveUp();// emit the procedure name and a list of actual parameters, if possibleemit(nameOf(SG));if (there is more than one assignment in the second part of N)emit("(");if (the target of each assignment in the second part of N is of the



B.4. TRANSLATING AN SPG INTO PASCAL 257form "R.px) and(the xs form a sequence 0, 1, 2, ... n)for each assignment in the second part of N considered in orderfrom R.p1 to R.pn:emit(the assignment's right-hand side expression translatedinto Pascal syntax, i.e., VID's are translated into thenames of the corresponding variables, etc.);if (we haven't emitted the last expression)emit(", ");elseshowConfusion();emit(")");// end the procedure call with the obligatory semicolonemit(";");// This routine is called when we can't make any more sense of the SPG. If// the flag reallyGiveUp is set, we should do a nonlocal jump down the// stack to the caller of generate, i.e., the moral equivalent of a// longjmp. We do this when processing of the current large block// (procedure body or main block) should not continue beyond this point.procedure giveUp(Boolean reallyGiveUp = false;)startComment();emit("I can't make any more sense of this, so I'm quitting here.");endComment();if (reallyGiveUp)if (generate was called by generateProcedure)unwind the stack and continue executing code at the pointafter generateProcedure() calls generate();elseunwind the stack and continue executing code at the pointafter generateMainBlock() calls generate();// This routine recursively lists the names of the subprograms nested// inside the specified grouping. The parameter doComment controls whether// this routine invocation should start and end the comment containing the// list of routine names.procedure listNestedRoutines(Subprogram_Grouping G, Boolean doComment = false)if (there exists a Subprogram grouping nested inside G and notnested inside any other Subprogram grouping that is inside G)if (doComment == true)startComment();emit("Nested routines (procedure and functions):\n ");for each Subprogram grouping SG nested inside G and notnested inside any other Subprogram grouping that is inside G):emit(nameOf(SG), "\n");listNestedRoutines(SG);if (doComment == true)endComment();



258 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGS// This routine generates variable declarations for all the variables// declared in the specified SPG subgraph. Note that they are not placed// in any particular order. To make the order repeatable in the future, we// could link them together by adding unexecutable edges annotated with a// PM-specific annotation to the SPG. In the interest of brevity, I don't// do that here.procedure declareVariables(SPG_Subgraph SPGS)for each Declaration node DN in SPGS:if (DN is not contained in a Subprogram grouping in SPGS) and(DN is not contained in a Parameter Init grouping)emit("var ");for each variable name VN in DN in the order in which they are listed:emit(VN);if (VN is the last name in DN)emit(": integer;");elseemit(", ");// This routine emits the name of the specified SPG component.procedure nameOf(SPG_Component C)if (C has an annotation named "Name")emit(the value of the annotation);elseemit("<unnamed>");// This routine emits code show the presence of a funny-looking parameter// list.procedure declareConfusingParamList()emit("( ");showConfusion();emit(" )");// This routine just indicates that something is happening in the SPG that// can't be expressed in Pascal.procedure showConfusion()startComment();emit("???");endComment();



B.5. TRANSLATING AN SPG INTO A RUNTIME STACK 259B.5 Translating an SPG into a Runtime Stack// get ready to runinitialize();// find out the initial state of SPG executionfor each Scope groupings S in the SPG:if (isActive(S))addScope(S);// repeatedly show the state of the stack, then wait for an event that// might change itrepeat forever:// generate the initial displayshowScopes;// now wait for event notifications from the SPGM:wait for an event notification EN from the SPGM:case (EN) of:The SPG is about to commencepreparation for execution: initialize();A token T has just been placed on a port P: processToken(T, P);A Subprogram grouping SG has just beeninstantiated: processInstantiation(SG);A node N has just completed execution: processNode(N);An edge E just completed execution: processEdge(E);otherwise ; // ignore all other eventsend;// This routine is called when the SPGM indicates that it is about to// commence preparation for execution. It may also be called by other// routines in this section.procedure initialize()activeScopes := the empty set;// This routine adds S and all Scope groupings containing S to// activeScopes.procedure addScope(ScopeGrouping S)activeScopes += S;for each Scope Grouping SG such that S is contained inside SG:activeScopes += SG;// This routine determines whether S is an active scope. It does so by// checking to see if there are any tokens within S. Subprogram and// Rendezvous groouping are always considered active, because they might// have been invoked non-strictly.function isActive(ScopeGrouping S) return Booleanif (S is a Subprogram grouping) or (S is a Rendezvous grouping)



260 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGSreturn true;// any tokens on ports in S?for each port P in or on S:if (P has a token on it)return true;// any tokens on edges in S?for each edge E in S:if (E has a token on it)return true;// there are no tokens, so the grouping must be inactivereturn false;// This is a skeletal routine that suggests how the PM's might approach the// presentation of the information in a stack view.procedure showScopes()for each element S of activeScopes:display S in some way, e.g., highlight it, print its name, etc.for each Declaration node DN in S:for each variable V declared in DN:display V's name in some way and V's value in some way;// If a token arrives on a port, all Scope groupings containing that port// must be active.procedure processToken(Token T, port P)for each Scope grouping S containing P:addScope(SG);// When a subprogram is instantiated, the new instantiation becomes active,// unless we're dealing with an SPG generated by one of those sicko// languages where subprograms aren't scopes.procedure processInstantiation(SubprogramGrouping SG)if (SG is a Scope grouping)addScope(SG);// When a node completes execution, it may cause scopes to become inactive.// One way is by having a subprogram return, which will occur if the node// is a return node. A second way is if the node was the last executing// entity in a scope, in which case the scope becomes inactive by virtue of// all flows of computation having died out inside the scope.procedure processNode(Node N)// If N is a return node, remove from activeScopes the executing// groupings that are about to go out of existence.if (N is a return node)G := the unique innermost executing grouping containing N (perthe discussion of Figure 4-39 in my thesis);



B.5. TRANSLATING AN SPG INTO A RUNTIME STACK 261for each Scope grouping SG contained inside G:activeScopes -= SG;if (G is a Scope grouping)activeScopes -= G;else // N is not a return nodeif (N has no output ports)// if this was the last executing entity in a scope, that scope is no// longer activefor each Scope grouping SG containing N:if (isActive(SG) == false)activeScopes -= SG;// When an edge completes execution, it may cause scopes to become// inactive, because it may carry out the last remaining token from a// scope. This routine checks to see if this is in fact the case, and, if// it is, removes the inactive scopes from activeScopes.procedure processEdge(E)// find the path along which the token that traversed E flowedSB := E's source branch along which the token just flowed;DBset := the set consisting of E's destination branches along which thetoken just flowed;// find the ports involved in the pathSP := the port to which SB is attached;DPset := the maximal set of ports such that each element of the set isa port to which an element of DBset is attached;// find the scopes that a token might have flowed out ofscopesToCheck := the empty set;for each Scope grouping SG in the SPG:if (SP is in or on SG)scopesToCheck += SG;// find the scopes that a token really did flow out offor each element S of scopesToCheck:for each element P of DPset:if (P is in or on S)scopesToCheck -= S;// check those scopes to see if they are still activefor each element S of scopesToCheck:if (isActive(S) == false)activeScopes -= S;



262 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGSB.6 Modifying the Action Routine for an FSA StateThe procedure below resets the action routine for a given FSA state to a named routine.The implementation here takes only a single name, hence the action routine must be asubprogram rather than an STask entry, but adding the necessary code to allow an optionaltask name is entirely straightforward.Like the program of Section B.3, the routine below assumes that there is an auxiliarydata structure with the following �elds for each FSA arc:� SPGstart: The SPG port where the arc originates.� SPGend: The SPG port where the arc terminates.� FSAstart: The FSA state where the arc originates.� FSAend: The FSA state where the arc terminates.� values: The set of value ranges enabling traversal of the arc.� subgraph: The set of components in TSPGS corresponding to this arc.It further assumes that there is an auxiliary data structure with the following �elds for eachFSA state:� inArcs: The set of arcs terminating at this state.� outArcs: The set of arcs originating at this state.� actionRoutine: The (TID, RID) pair for the routine to be invoked when this stateis entered.� initialState: True i� this state is the FSA's initial state.� �nalState: True i� this state is a �nal state of the FSA.� subgraph: The set of components in TSPGS corresponding to this state.procedure resetActionRoutine(State S, String RoutineName)// find the Subprogram grouping corresponding to the routine to callroutines := the empty set;for each Subprogram grouping SG in the SPG:if (SG in not inside an STask grouping) and(SG is not inside another Subprogram grouping) and(SG has an annotation named "Name" with a value of RoutineName)routines += SG;// disregard any routine that doesn't follow the normal control-flow// invocation conventionsfor each member R of routines:if (R doesn't have exactly one control InOut port IOP) or(IOP doesn't have a PR name of "p0") or(R doesn't have exactly one control output port with a PR name of "r0")



B.6. MODIFYING THE ACTION ROUTINE FOR AN FSA STATE 263routines -= R;// if there are no matching groupings, kvetch and quitif (|routines| == 0)error("No such routine: ", RoutineName);return;// if there is more than one matching grouping, complain about that and quitif (|routines| > 1)error("Routine name is ambiguous: ", RoutineName);return;// all is well, so remember the RID of the routine to callRID := the RID of the sole element of routines;// find all the ports in S.subgraph that are endpoints for arcs// terminating at Sports := the empty set;for each arc A in S.inArcs:ports += A.SPGend;// Insert Call nodes into the graph so that a call to the specified// action routine will be exercised before a token gets to P. There is a// special case where insertion of a new Call node is unnecessary: if P// is on a Call node that is already in S.subgraph and if that Call node// is already invoking S.actionRoutine, then make the Call node call the// new action routine.for each port P in ports:// check for the special caseif (P is on a Call node CN) and(CN is in S.subgraph) and(the (TID, RID) specification in the first part of CN can bestatically determined to be equivalent to S.actionRoutine)// modify CN so that it calls the new action routineset the first part of CN toR := the value of RIDelse // no special case -- we have to create a new Call nodecreate a new Call node CN;newP := a copy of P (including all annotations);if (newP has no annotation named "Name")give newP an annotation ("Name", "passThroughInput")// put ports on CN so we can pass the value arriving at newP on to Pmake newP a port on CN;if (P is a control port)outPort := a new control output port;elseoutPort := a new data output port;give outPort an annotation ("Name", "passThroughOutput");make outPort a port on CN;



264 APPENDIX B. PSEUDOCODE FOR SAMPLE MAPPINGS// Set up the contents of CN so it calls RID and then passes the// token arriving on newP to outPort. We will thereby effectively// pass the token arriving on P's replacement through this node and// onto P after the call is complete.Give CN the following content:R := the value of RIDR.p0 :=:= R.r0, passThroughOutput := the value of newP's Name annotation// if P is on a start node in S, move the "Start" annotation from// that node to CNif (P is on a node N) and(N is in S.subgraph) and(N is a start node)move the annotation named "Start" from N to CN;// Make the arcs that used to terminate at P terminate at newPfor each arc A in S.inArcs;if (A.SPGend == P)for each destination branch DB in A.subgraph:if (DB is attached to P)detatch DB from P;attach DB to newP;A.SPGend := newP;// Add an edge from CN's output port to Pif (P is a control port)E := a new control edge with 1 source branch and 1 destination branch;elseE := a new data edge with 1 source branch and 1 destination branch;Attach E's source branch to outPort;Attach E's destination branch to P;// add the new node and edge to S.subgraphS.subgraph += CN;S.subgraph += E;// remember the new action routineS.actionRoutine := (null, RID);



Appendix CSPG-Related PublicationsIn my research on multiple-view software development, I have tried to address a numberof important questions that confront the �eld. Of these questions, one of the most funda-mental is at the same time one of the most neglected, namely, does multiple-view softwaredevelopment o�er any measurable advantages compared to traditional software develop-ment methodologies? My attempt to address this question was reported in the followingpaper [137]:� Scott Meyers and Steven P. Reiss, \An Empirical Study of Multiple-View SoftwareDevelopment," in Proceedings of SIGSOFT '92: Fifth Symposium on Software Devel-opment Environments, December 1992.Proceeding on the assumption that multiple-view software development was in fact a de-sirable goal, I examined di�erent approaches to tool integration in the following article [130],which was an early version of the more extensive review found in Chapter 2:� Scott Meyers, \Di�culties in Integrating Multiview Development Systems," IEEESoftware, January 1991.Early work on the design of SPG-based systems was reported in the �rst two of thefollowing papers [134, 135]. The third paper focused less on the structural aspects of SPGsand more on the kinds of views they were designed to support and on how they could beused as the core of a development environment [136]:� Scott Meyers and Steven P. Reiss, \A Semantic Basis for Multiple Views of Programs,"in Advance Working Papers of the Second International Workshop on Computer-AidedSoftware Engineering (CASE '88), July 1988.� Scott Meyers and Steven P. Reiss, \Representing Programs in Multiparadigm SoftwareDevelopment Environments," in Proceedings of COMPSAC-89, September 1989.� Scott Meyers and Steven P. Reiss, \A System for Multiparadigm Development ofSoftware Systems," in Proceedings of the Sixth International Workshop on SoftwareSpeci�cation and Design, October 1991.My decision in early 1989 to develop a prototype SPG implementation in C++ turnedout to be a fateful one. The language itself was evolving rapidly [196, 199, 197, 198, 110],265



266 APPENDIX C. SPG-RELATED PUBLICATIONSand existing development tools were proving to be unexpectedly frustrating. Steven P.Reiss and I set out to enhance the FIELD environment [165] to o�er better support for C++software development, and we reported our early e�orts in this paper [166], which primarilydescribed a class browser we had developed:� Steven P. Reiss and Scott Meyers, \FIELD Support for C++," in USENIX C++ Con-ference Proceedings, April 1990.I examined why the tools that were adequate for C programming came up short whenapplied to C++, and I published the results of my analysis in the following paper [129], whichpointed out the impact of such features as dynamic binding and function name overloading:� Scott Meyers, \Working with Object-Oriented Programs: The View from the Trenchesis Not Always Pretty," in Proceedings of the Symposium on Object-Oriented Program-ming Emphasizing Practical Applications (SOOPPA), September 1990.At the same time, Moises Lejter and Steven P. Reiss Reiss and I undertook an e�ort toenhance FIELD and Emacs [192] to speci�cally address the problems I had identi�ed. Ourwork was described in this paper [117]:� Moises Lejter, Scott Meyers, and Steven P. Reiss, \Adding Semantic Information ToC++ Development Environments," in Proceedings of C++ at Work-'90, September1990.These last two papers were subsequently combined and updated and presented as fol-lows [118]:� Moises Lejter, Scott Meyers, and Steven P. Reiss, \Support for Maintaining Object-Oriented Programs," in Proceedings of the Conference on Software Maintenance, Oc-tober 1991. A slightly revised version was published in IEEE Transactions on SoftwareEngineering , December 1992.Finally, I developed an interest in designing tools that could identify constructs in C++programs that were \almost always wrong," and Moises Lejter and I presented a list of suchconstructs and our approach to automatically identifying them in this paper [133]:� Scott Meyers and Moises Lejter, \Automatic Detection of C++ Programming Errors:Initial Thoughts on a lint++," in USENIX C++ Conference Proceedings, April 1991.I went on to identify many more likely error conditions | some of which were not amenableto automatic detection | in the following book [131]:� ScottMeyers, E�ective C++: 50 Speci�c Ways to Improve Your Programs and Designs.Addison-Wesley, 1992.Carolyn K. Duby and Steven P. Reiss and I then collaborated on the design and implemen-tation of a new language that would allow C++ programmers to de�ne custom constraintson their C++ programs and have a system automatically ensure that the constraints werenot violated. Our initial reports on this system were published as follows [54, 132]:� Carolyn K. Duby, Scott Meyers, and Steven P. Reiss, \CCEL: A Metalanguage forC++," in USENIX C++ Conference Proceedings, August 1992.
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