A Scheme for Interactive GraphicsBrian BeckmanComputer Graphics LaboratoryInformation Systems Engineering SectionJet Propulsion LaboratoryCalifornia Institute of Technology4800 Oak Grove DrivePasadena, CA 91109brian@granite.jpl.nasa.gov17 July 1990

TABLE OF CONTENTSSUMMARY.................................................................................................. 1INTRODUCTION........................................................................................ 2Graphics Today....................................................................................... 2Tools for Graphics Software................................................................... 2Outline of the Paper................................................................................ 3Cooperation Needed................................................................................ 3Interpreters needed.................................................................................. 4The Shell as the Central Tool.................................................................. 4The Meta-Shell Concept......................................................................... 5Engineering a Shell................................................................................. 5In Lieu of Inventing a New Language.................................................... 5Scheme for a Meta-shell......................................................................... 6Software Engineering with a Shell.......................................................... 7Background Knowledge.......................................................................... 8EVOLUTION OF A GRAPHICS SHELL................................................... 9PAD......................................................................................................... 9PAD improved........................................................................................ 10Critique of PAD...................................................................................... 10A New Shell Needed............................................................................... 11GLEME................................................................................................... 11Details of GLEME.................................................................................. 12Verifying GLEME.................................................................................. 16Performance of GLEME......................................................................... 16EXAMPLE APPLICATIONS...................................................................... 17Objectize................................................................................................. 17Class Receptionist................................................................................... 18Data Flow................................................................................................ 27The Embedded LINKS Language........................................................... 33CONCLUSION............................................................................................. 35ACKNOWLEDGEMENTS.......................................................................... 36REFERENCES.............................................................................................. 37Tables............................................................................................................ 39Figures........................................................................................................... 45Appendix 1: For Loop Macro Implementation............................................. 52Appendix 2: The methods OOP Shell........................................................... 54Methods OOP Shell................................................................................ 54

1SUMMARYThe Scheme programming language is an excellent basis for a graphics shell, orinterpreted scripting language. Basing a shell on an existing language such asScheme allows programmers to take full advantage of interactive programmingwhile avoiding the distractions of language design and maintenance. Basing a shellon a high-level language such as Scheme allows the shell to be pressed into servicefor tasks far beyond the capabilities normally expected of a shell.This paper presents a Scheme-based graphics shell called GLeme and severalexample shell programs: objectize, a graphical object caching system for high-performance rendering; the receptionist, a callback kernel for user interface code;dfgraph, a data flow executive; and LINKS, an embedded �power-user� language.These developments are all part of a scientific visualization software project.General arguments are presented that a sufficiently flexible shell is a uni-versal modeling and communication protocol that can cement together a whole suiteof graphics programming tools.

2INTRODUCTIONGRAPHICS TODAYMore and more, computer graphics is becoming a mandatory aspect of interactivesoftware. Color graphics hardware is so affordable that it is ubiquitous even amongpersonal computers. Bit-mapped displays and networked graphics software are the normfor workstations. Standard graphics interfaces such as PostScript1 and X Windows2 aremaking it easier than ever for software developers to take advantage of that hardware.Perhaps the most widespread and systematic use of graphics in interactivesoftware is for user interfaces. Windows, icons, menus, pop-ups, and scroll bars (orWIMPS, for short) are all familiar examples of graphical controls common acrossapplications. Many applications also use domain-specific graphics. For example, businessapplications produce charts and graphs; programming and computer-aided softwareengineering CASE tools produce structure and flow diagrams; and scientific packagesproduce plots and other visualizations.TOOLS FOR GRAPHICS SOFTWAREProgrammers must nowadays face the concern of graphics in addition to thefamilliar computational and structural concerns of software. Often, the graphics aspectsof an application are much more complex than the other aspects. Appropriate tools cansimplify the design and implementation of graphics software and help programmers toseparate graphics from the other concerns.Two kinds of graphics tools are necessary: interactive graphical editors (IGEs)and language tools. IGEs include such tools as modelers and paint-draw programs.Language tools include most graphics programming interfaces, such as PostScript, GKS,CORE3, QuickDraw4, and X Windows (see Mallgren5 for formal approaches to graphicsspecification languages). These languages are usually embedded in a standard, general-purpose host language such as C or Fortran. For the purposes of this paper, language toolsare further subclassified according to the nature of the host language. Graphics languagesembedded in compiled languages have different uses than graphics languages embeddedin interpreted languages. Figure 1 illustrates the taxonomy of these tool types.IGEs�or �show what you mean� tools�are needed because they are much betterfor layout tasks than are language tools. Language�or �say what you mean�tools areneeded because they are much better for specifying repetitive, conditional, ormathematically patterned graphics than are IGEs (try drawing a regular seven-sidedpolygon, or better yet, a k-sided polygon, with a typical paint or draw program; this taskis much easier to specify in a programming language). Language tools are also needed forautomated tasks that run without human attention (IGEs are inherently interactive) andfor integrating graphics subtasks into application programs.

3Compiled language tools are needed because applications written in compiledlanguages must be able to specify graphics. Interpreted language tools are needed becauseboth human users and application programs need the ability to issue graphics commandstreams to be rendered immediately by an independent, general-purpose process.Table 1 summarizes the relative strengths and weaknesses of these tool types forseveral commonplace graphics programming tasks.OUTLINE OF THE PAPERThis paper is about interpreted graphics language tools, or graphics shells. Therest of this Introduction presents opinions and desiderata generalized from the specificexperiences presented in the later sections of the paper. The following topics arediscussed in general terms in the Introduction: (1) the role of shells in a well-equippedgraphics software development environment, (2) the principles for engineering a shell,and (3) the applications of shells. The rest of the paper presents experience engineering ashell that evolved from an ad hoc scripting language into a comprehensive and coherentgraphics programming environment. Examples of ambitious applications of that shell arepresented in the last section of the paper.COOPERATION NEEDEDGraphics software is best produced in an environment in which IGEs cooperatewith language tools. Each kind of tool has its domain of maximum efficacy, and using thewrong tool for a task can result in significant waste of time. Unless tools cooperate,however, one may be forced to use the wrong tool merely because it creates output in arequired format.Cooperation means that each kind of tool can work with the output format of theother kind. For example, a programmer might perform sketch-and-adjust tasks using adraw program, with which �debugging� a graphic is easy. Perhaps the programmerwishes to include a few mathematical shapes, such as regular polygons. With tools thatcooperate, the draw program reads those in procedural code text format and integratesthem with hand-drawn graphics. Then the programmer might generate procedural codefor drawing the finished graphic from its binary representations maintained internally bythe draw program. The procedural code can be invoked in application programs.If a graphic needs revision, one might begin with the binary representation, edit itwith the draw program, and regenerate the procedural representation. Alternatively, onemight convert or compile an existing procedural text into a binary representation fordirect manipulation with the draw program.Normally, graphics application programming environments have both languagetools and IGEs, but they are not compatible. They put out completely different formats,and no way is provided to translate between the formats. Figure 2 illustrates anenvironment in which the IGEs are isolated from the procedural tools. Figure 3 shows thecooperative environment advocated in this paper.

4INTERPRETERS NEEDEDGiven the need for procedural graphics, why is an interpreted procedural languageneeded? Are not procedural representations in compiled languages, such as C andFortran, enough? The answer is no, and the reason is that the interactivity and modularityof an interpreter is needed.Given any sufficiently complex system, graphical or otherwise, a programmerneeds to be able to perform certain tasks, namely1. to issue commands and verify their effects immediately without having to writeand manage a compiled program, a time-consuming and distracting affair involvingmultiple forms of the program (e.g. source, object files, and executables) and multipletools (e.g. editors, compilers, and linkers);2. to combine commands using the familiar programming idioms of sequencing,abstraction, selection, iteration, and recursion;3. to view and edit data structures interactively (e.g. directories, for operatingsystems; display lists3, for graphics);4. to store, transmit, and invoke command streams in files (scripts);5. to arrange concurrent or distributed processes so that streams generated in oneprocess are interpreted by another (this allows the separation of the concerns of graphicsspecification and graphics rendering and displaying; the former is the province of theapplication program, and the latter is the province of the graphics shell interpreter).These needs are the minimal functional requirements for every shell. One maysummarize them by saying that a shell must be interactive (requirement 1),programmable (requirements 2 and 3), and modular (requirements 4 and 5).THE SHELL AS THE CENTRAL TOOLRequirements 1, 4, and 5 can all be met in one stroke if a shell is independent ofthe source of its input, treating the keyboard, files, and other processes equally, as merecommand streams. In UNIX� parlance, such a shell is a filter.6 It is assumed in the restof this paper that all shells are filters in a UNIX or UNIX-like environment.Figure 4 illustrates the concept of a graphics shell in a C programmingenvironment. Since the shell is a filter, it is shown as equally accessible to programmersas to programs. It is shown layered on top of a C interface to the graphics hardware. TheC interface is accessible both directly to programs and indirectly to programmers througha layer of C programming tools.The universal, direct accessibility of the shell is its strength as a communicationmedium. Figure 5 shows a shell accepting input from concurrent and distributedprocesses, application programs, stored files, and the keyboard. Having a commonlanguage, the shell language, unifies the entire collection of tools. Since that language istextual, any command stream in that figure can be tapped, monitored, and verified by aprogrammer. Streams can also be passed through various transformation filters, which areeasy to write since the protocol is text-based.It may also be desirable to embed the shell itself in an application program,allowing the program to input and interpret graphics specifications. In general, it is agood idea for a subroutine �hook� to exist for every filter program, because if a facility isuseful in an interactive modality it is likely to be useful when called from a program.

5THE META-SHELL CONCEPTA clean separation can be made between the special-purpose commands and thegeneric programming support of a shell. The requirements listed above are not specific tothe graphics commands of a shell. Rather, they address the generic programming support.Those requirements apply to any interactive tool providing access to any system, whetheran operating system, a graphics system, a communication system, etc. Thus, therequirements can be thought of as the functional requirements for a general-purpose corelanguage around which special-purpose shells may be built�a meta-shell. Figure 6illustrates this two-layer architecture. This figure is an elaboration of figure 4 and showsthe internal structure of the shell.ENGINEERING A SHELLGraphics application programming environments are not usually supplied �out ofthe box� with graphics shells, so programmers must create them. A typical approach is tocraft a simple command-sequence interpreter from scratch (see Kernighan and Pike6 andthe section �Evolution of a Graphics Shell� below for examples of this approach).A command-sequence interpreter allows a programmer to enter graphicscommands from the keyboard, files, and other processes, and to see the graphics renderedimmediately on a display device. So requirements 1, 4, and 5 are satisfied at the outset.Such an interpreter is, in fact, sufficient for many applications. As it is put to more andmore demanding use, however, one finds that more and more features, such as arithmetic,variables, functions, conditionals, loops, type definitions, etc., are desirable. In otherwords, one �discovers� meta-shell requirements 2 and 3.Usually, one incrementally adds these constructs to the existing commandlanguage. This is quite a reasonable approach, given that requirements 2 and 3 were notforeseen, since it allows one to take advantage of existing code and averts a full-fledgedlanguage design task. However, the process of grafting in new constructs requiresbending and stressing the syntax and semantics of existing constructs to make the newones fit. Before long, one has a severely weakened infrastructure. In fact, many operatingsystem shells have the obvious syntactic patchworks that betray such a softwareengineering history. Most shells are so weak or so ugly as programming languages thatthey are not used in practice for much beyond sequencing despite all the effort that hasgone into extending them.IN LIEU OF INVENTING A NEW LANGUAGEIt is much better to anticipate the programming features that a shell will ultimatelyneed. By choosing them carefully, an entire range of users can be supported, from thoseneeding only command sequencing to those doing very advanced programming. Theeffort of supporting those programming features can be minimized if the shell is based onan existing, well-documented, extensible, interactive language. Programmers need notspend time and energy reinventing ordinary programming constructs.

6SCHEME FOR A META-SHELLScheme7,˚8,˚9,˚10,˚11 is one of the simplest, cleanest, and most expressiveprogramming languages in existence today (see Steele�s foreword to Springer andFriedman11 for support of this opinion). To quote Scheme�s defining document:Scheme is a statically scoped and properly tail-recursive dialect of the Lispprogramming language invented by Guy Lewis Steele Jr. and Gerald JaySussman. It was designed to have an exceptionally clear and simplesemantics and [only a] few different ways to form expressions. A widevariety of programming paradigms, including imperative, functional, andmessage passing styles, find convenient expression in Scheme.9From the functional point of view, Scheme seems to be the ideal choice for ameta-shell. Those users who need nothing beyond sequencing have almost no syntax tolearn. Those in need of high-level programming support can find the necessary buildingblocks. Being based on the lambda calculus, Scheme is closer to the theoreticalfoundations of programming than other interactive languages such as BASIC andForth.12,˚13 Recursion and procedural abstraction are supported in an exceptionally directway.However, certain practical requirements, in addition to the functionalrequirements already articulated, must be met before any language can be chosen for ameta-shell. To be practical, a meta-shell must (1) be easy to implement and maintain, (2)be portable and reusable, (3) have acceptable time and space performance, and (4) beeasy to extend or customize.It so happens that a fair number of implementations of Scheme satisfying boththese practical requirements and the aforementioned functional requirements are readilyavailable either in the public domain or with such liberal licence terms that thedevelopment of research software is not hindered. The next main section of this paperrelates experiences using one of these implementations to build a graphics shell for theSilicon Graphics Personal Iris� GL� graphics library. This shell, dubbed GLeme,comprises 327 constants and 374 procedures devoted to graphics and layered on top ofScheme. The implementation of the graphics layer was accomplished by the author in afew days� time.Using C and GLeme TogetherTo build GLeme in the first place, C code was added to the core Schemeinterpreter to provide graphics primitives. Due to the flexibility and quality of the Schemeimplementation, adding new primitives proved to be easy. Likewise, application-specificcommands can be easily added to GLeme, interfacing it to application-specific Clibraries. In this way, computationally demanding algorithms (e.g. rendering) can becoded in C, and structurally demanding algorithms (e.g. GUI management) can be codedin GLeme. This composite style allows each language to be used for the kind ofprogramming it was designed for, giving the programmer maximum problem-solvingleverage. The complementarity of C and GLeme is summarized in Table 2. Thiscomposite style is made attractive by the customizability and extensibility of the GLemeimplementation.

7SOFTWARE ENGINEERING WITH A SHELLOnce one has recognized that a graphics shell can have all the capabilities of afull, high-level, interactive programming language, one�s ambitions for it can beconsiderably expanded. The next few paragraphs explain how a high-level interactivelanguage is useful for software engineering problems common to all complex software,whether they be graphics or otherwise.Modular software architectureMost interactive graphics applications are very complex. The mere presence of agraphical user interface (GUI) forces otherwise unnecessary complexity on an applicationprogram. The GUI management aspects of an application can easily dominate the code.Many graphical systems require that all applications take event-driven form. This form�inverts� the traditional control structure of an application, putting the interface units incommand of the functional units.Modular programming, whether object-oriented or based on other paradigms, isthe preferred technique for managing complexity. A high-level interactive languageallows a programmer to �sketch� out an architecture incorporating all the GUI elementsrequired in the finished application. The sketched architecture can be interactively testedsimply by executing it in the shell.Experimental designThere are often many alternative ways to solve a particular software problem.Frequently, experimentation is the best way to decide among the alternatives. A high-level shell language can make experimentation very inexpensive by providing sufficientinfrastructure that the programmer can try out ideas without having to invest time inbuilding or acquiring that infrastructure. Such infrastructure includes automated memorymanagement, runtime type and range checking, and easy ways to build ordinary datastructures such as lists, stacks, and trees.Programmer educationDevelopers face a rather daunting learning problem with today�s graphicssystems. A comprehensive software package supporting merely two-dimensional (2D)user interface graphics can run to thousands of procedures, data types, and namedconstants (see the Macintosh4 and X Window System2 documentation for examples).Three-dimensional (3D) graphics systems have even larger interfaces. Programmers mustspend significant time learning these interfaces, and managers must pay them to do it.Furthermore, there are two levels to the learning problem. First, a programmermust incorporate the new interface into the �recognition vocabulary� deeply enough torecognize interface elements and look them up in the documentation. Second, aprogrammer must incorporate the new interface into the �expressive vocabulary�, that is,deeply enough to know common idiom and to invent creative, efficient, and elegantapplications.The recognition level can be achieved quickly, often in a few weeks if there aretutorials and examples to study. The expressive level is much deeper, requiring extensivetrial-and-error experience over several months. Essentially, learning a modern graphicsinterface is learning a new, and typically quite large, graphics language. An interactiveshell is an invaluable tool for learning since it gives a user immediate feedback andmakes exploration easy.

8Rapid prototypingIt is often the case that software users cannot clearly articulate their requirements.They say something like �I can�t tell you what I want, but I�ll know it when I see it.�Programmers must be able to produce conceptual demonstration programs�rapidprototypes�very quickly and cheaply. A prototype exhibits candidate functionality to theuser, who then criticizes and suggests changes. The programmers produce anotherprototype, the users criticize, and the process iterates. A high-level, interactive languagecan be invaluable in this process since it allows faster, hence cheaper, programming.Program specificationOnce the design of an application has been finalized, it must be communicated toimplementation programmers. Expressing a design in an actual programming languageallows a designer to test the design by executing it before committing it to animplementation. Thus, shell code can be used as executable design documentation.BACKGROUND KNOWLEDGEThe next two sections of this paper go into detailed descriptions of theengineering and the applications of GLeme. For deep understanding of this material, thereader must know Scheme or another Lisp dialect. Those readers without this backgroundcan achieve an overview-level understanding simply by knowing that Scheme is a prefixnotation language. Expressions are either atoms, like numbers or symbols, or procedureapplications. Procedure applications are denoted by nested parenthesized expressionswith the operator in the first position followed by zero or more arguments, as in(operator˚operand˚...). The operator and each of the operands are in turn expressions, andthe same evaluation rules apply to operators and operands. Thus, the value of anexpression can be a procedure, which is a first-class data type, equal in status to numbers,symbols, strings, etc. So, for example, the expression (+ 1 2) evaluates to 3, the symbol +evaluating to the add procedure, and the numerals 1 and 2 evaluating to themselves.Most graphics expressions are commands since their primary purpose is togenerate side effects on the display screen or graphics state. Their return values are oftenunimportant. For example, the following command sequence would cause the pen tomove to the origin of a 3D space and then to draw a line to the point (10,˚20,˚30).(move 0 0 0)(draw 10 20 30)The return values of these expressions are not used.Detailed knowledge of the graphics library GL is not needed. Any GL entrypoints used in the examples are explained in context.

9EVOLUTION OF A GRAPHICS SHELLOne of the first things a graphics programmer does when faced with a new machine or anew interface to learn is to build an interactive shell for it. This allows the programmer toexperiment with and test the hardware or interface and to begin designing libraries andapplications. This section gives an example of a series of shells that evolved from asimple, line-oriented sequence interpreter to a full programming environment based on areusable Scheme meta-shell.PADThe staff of the CGL (the Computer Graphics Laboratory of the Jet PropulsionLaboratory) had built several shells from scratch over the years for a number of differentgraphics interfaces. One simple shell, PAD, now defunct, was a line-oriented interpreteraccepting prefix expressions of the formcommand operand1 operand2 ... <carriage-return>with command representing one of the machine- or library-dependent graphics entrypoints, e.g. draw-circle or set-color, and the operands being numerals. Commandsymbols were looked up in a hash table for speed. Each symbol was associated with alibrary procedure that almost always had the same name in order to have directcorrespondence with the interface reference documentation, thereby alleviating the needfor lengthy shell documentation. When a symbol was read by the interpreter, itscorresponding procedure was looked up in the hash table. After being found, a procedurewas executed immediately with the given operands. Each command had its own operandspecifications and semantics. For example, draw-circle took a center coordinate pair anda radius, all floating point numbers. Set-color took three integer red-green-bluecomponents in the range 0-65535.The user could initiate a keyboard session simply by typing PAD at the UNIXprompt. Since PAD was a filter, the user could also initiate a playback session, takinginput from the file script by typingPAD < scriptin accordance with the normal UNIX syntax for input redirection. Script could contain anarbitrarily long sequence of PAD expressions specifying an arbitrarily complex renderingor animation. The user could also cause output from another process, say a modeler oranimation previewer, to be interpreted and displayed in real time by typingmodeler | PADPAD was actually used in this way for graphical monitoring of an experimental operatingsystem14 and for visualizing a military simulation.15

10PAD IMPROVEDThe next version of PAD included simple infix arithmetic, so that each operandcould be either a numeral or an expression generated by the following BNF production:expr :- (expr arith-op expr)with arith-op being one of +, -, *, /, % (remainder), or ^ (exponentiation). This simplearithmetic grammar could be processed with a near-trivial hand-coded recursive descentparser.The next increment in PAD functionality was a higher-order command, @, that,given a filename operand, took commands from the file, returning control to the callingcontext on end-of-file. Naturally, @ inclusions could be nested to arbitrary depth, so @provided a primitive procedural abstraction capability, with procedures represented byscript files. A script could have formal arguments named #1, #2, ..., #9 for their positionsin the argument list. The script would be invoked with actual arguments as follows:@ script actual-arg1 actual-arg2 ...In combination with the arithmetic capability, positional arguments allowed ascript to specify a position-independent graphic. For example, a script named box tookthe coordinates of an origin, a box width, and a box height and might have been calledlike this:@ box 10 10 50 50to draw a box with the upper left corner at position (10,˚10), with width 50 and height 50.The script was implemented as follows (�--� introduces a comment line):-- box x-origin(#1) y-origin(#2) width(#3) height(#4)move #1 #2draw (#1 + #3) #2draw (#1 + #3) (#2 + #4)draw #1 (#2 + #4)draw #1 #2Several later versions of PAD were developed that added more and morecapability. The evolution of PAD is somewhat similar to the evolution of higher-ordercalculators in chapter 8 of Kernighan and Pike.6CRITIQUE OF PADThe original PAD interpreter had the advantage that its implementation wasextremely simple, hence easy to debug and to port. The adapting of PAD to a newmachine or graphics interface was partially automated. A generic version of theinterpreter, called PAD-boilerplate, could be ported in less than a day.But PAD also suffered from severe limitations. Its only data type was number, andit had no data structures, so it was inhospitable to interfaces requiring array or recordarguments. Its only programming support was its primitive arithmetic and scriptabstraction. Its only control structure was the sequence. Recursion was not possible sincethere were no conditional statements.

11The author realized that some of the features and goals of PAD were worthsaving. Those were (1) reusability of the core language (the meta-shell concept); (2) easyadaptability to new interfaces; (3) simplicity and, therefore, portability; (4) interactivity;and (5) modularity�the ability transparently to take input from files, the keyboard, andprocesses. It was equally clear that the core programming language of PAD neededimprovement. The needed features were (1) selection, iteration, and recursion (abstractionand sequencing already existed to some degree); (2) data structures including arrays,records, lists, and user-defined data types or classes (the data structuring facility neededto be at least as rich as that of the C language, the implementation language of PAD andalso the host language for most graphics libraries of interest to the CGL); (3) a library ofreusable, dynamic, linked, polymorphic data structures; and (4) support for modularprogramming, if not for data abstraction or object-oriented programming.A NEW SHELL NEEDEDThe LinkWinds16 project provided stimulus for another round of graphics shelldevelopment in the CGL. LinkWinds is an interactive exploratory data analysis andvisualization system for scientific data. Both 2D and 3D images synthesized fromscientific data are displayed in multiple windows. Image windows are called �visuals�.Control windows implementing virtual scientific instruments are linked to the visuals(hence the name �LinkWinds�). Controls allow the user interactively to vary parametersand to see the immediate effect on the visuals. The links among windows are dynamicand user-configurable. LinkWinds contains a configuration environment, which is asimple data flow visual programming tool. It has an intuitive interface; the novice userdoes not need knowledge of data flow theory, though the advanced user can takeadvantage of that knowledge.LinkWinds was developed on Iris workstations with the GL graphics library,which has interfaces to C, Fortran, and Pascal. This library directly operates the high-performance 3D hardware of the workstation. It is documented in manuals supplied withworkstations.17,˚18,˚19LinkWinds required many sophisticated software constructs, and the demands ofLinkWinds provided impetus for the work in this paper. An embedded data flowexecutive was needed to manage the dynamically linked visuals and controls. A GUIsystem was needed not only for WIMPS, but also to support design and management ofon-screen virtual scientific instruments. An embedded scripting language was needed tosupport sophisticated users who wanted to bypass the interactive-only GUI and programLinkWinds directly.GLEMEFor some time, a customizable C/C++ interpreter was considered both for a rapidprototyping tool and for the embedded scripting language of LinkWinds. Significantexperimentation was done to estimate the resources needed to develop one. Such aninterpreter would have given LinkWinds developers the advantage of being able toprototype in the language of the final implementation of LinkWinds. However, thepractical experience of the CGL was that C and C++ programmers spend a great deal oftime programming such things as stacks, lists, trees, and variable-length strings. Alanguage that supported these �ordinary data structures� in a higher-level way was moredesirable.

12It was realized that some dialect of Lisp would serve. The prospect of using Lispwas somewhat alarming to some programmers on the team because of the generalreputation of Lisp for being large, slow, complex, and difficult to learn. However, theauthor was fortunate to discover the Scheme dialect which is expressly designed to besmall, fast, simple, and easy to learn. The author also found a high-quality Schemeinterpreter with good performance. The next step was somehow to combine Scheme andthe large, C-callable GL library.GLeme was the result. It is (nearly) standard Scheme plus a complete, Scheme-callable interface to GL. It is based on the XScheme interpreter-compiler written byDavid Betz.20 Several XScheme enhancements and a dynamic loader for C routines weregenerously provided to the author by Eric Raible.21XScheme is written in C. It implements a substantial subset of Scheme (exact-inexact numbers and �bignums� are not implemented). It is easily ported, containing verylittle machine-dependent and operating system-dependent code. It is also easilycustomized with new routines written in C to be called from Scheme and extended withnew routines written in Scheme itself. Most GLeme graphics primitives wereimplemented in C, though some have a little Scheme �helper� code. The C �glue�between Scheme and GL is simple and follows a repetitive pattern.DETAILS OF GLEMEThe following description of GLeme shows how a large graphics library can bequickly embedded in Scheme, given only an embedding in C. This description not onlyexplains how GL is bound to Scheme, it also explains a few GL functions and idiomsrelevant for later examples.It was thought desirable that a programmer should be able to use GLeme almostimmediately, without first acquiring a great deal of new knowledge. Thus, a programmercan run GLeme and immediately and interactively execute graphics commands. Thefollowing example shows a simple command sequence one might type at the keyboardjust to get started with GLeme. These commands draw a green rectangle on a red field ina 300 by 300 window.(prefposition 100 400 100 400) ;; set window pos. attributes(winopen "foo") ;; open new window and make current(color red) ;; set graphics state variable(clear) ;; clear to current color(color green) ;; set graphics state variable(rectf 100 100 200 200) ;; filled rectangle in current color(winclose (winget)) ;; close current windowNote that this example requires no profound knowledge of Lisp programming oridiom. Thus, since such elementary sequences are adequate for many purposes, users mayget started slowly, learning only what they need at each session and working slowly up toadvanced usages.To keep GLeme easy to learn, it was desirable that it not require lengthydocumentation. So, the GLeme interface to GL is kept formally close to the C interface,which is thoroughly documented. A few rules sufficed for a programmer, knowing onlythe C interface to a GL function, to deduce how to call the function from GLeme. Thefollowing paragraphs give these rules.

13RULE 1.For every GL library C function there is a GLeme version with the same name. Forexample, corresponding to the C function backbuffer, which is called like this:backbuffer (TRUE); �or� backbuffer (FALSE);there is the GLeme command backbuffer, called like this:(backbuffer #t) �or� (backbuffer #f)RULE 2.If a C function takes numerical arguments, then the GLeme version takes numericalarguments. For example, the C function draw takes three Coords as arguments, as in:draw (10., 20., 30.);Likewise, the GLeme command draw takes three numbers, like this(draw 10 20 30)Notice that GLeme automatically promotes the actual integer arguments to therequired floating point types before calling GL. Conversely, the following is an error inGLeme:(drawi 10.1 20.2 30.3)because it specifically calls the GL function drawi, which requires integer arguments, andyet passes explicit floating point arguments. Although GLeme automatically promotesnumerical data types from integer to floating point, as in the draw example, it does notdemote types, as in the drawi example, because it might destroy information by so doing.RULE 3.If a C function takes a Boolean argument (zero/non-zero), then the GLeme versiontakes #t or #f.RULE 4.If a C function takes an array (or, more precisely, a pointer to the first element ofthe array [see ch. 5 of Kernighan and Ritchie22]), then the GLeme version takes aScheme vector. For example:

14C: float a_poly[][3] = {2., 1., 0., 1., 3., 0., 2., 5., 0., 4., 5., 0., 5., 3., 0., 4., 1., 0. } ; polf (6, a_poly) ; /* draw filled polygon */GLeme: (polf 6 #(#(2 1 0) #(1 3 0) #(2 5 0) #(4 5 0) #(5 3 0) #(4 1 0)))Again, note the automatic promotion of the actual argument types from integer to floatingpoint. Also note that the temporary variable a_poly, necessary in the C version, is notnecessary in the GLeme version. One can just write the vector argument in-line. Ofcourse, one might also use a variable just as in the C version.Since the length of a Scheme vector is automatically recoverable from the vector,the argument 6 is not strictly necessary in the GLeme version. However, it is retained sothat the GLeme version of polf has the closest possible correspondence with thedocumented C version. The same holds true for other GL functions. Arguments that maynot be strictly necessary in GLeme are retained for formal correspondence with C.RULE 5.There is a major exception to rule 4 in regards to the GL matrix stack, which stores 4·4homogeneous coordinate transformation matrices for viewing, projection, and modeling.This stack is manipulated by GL entry points such as pushmatrix and popmatrix. AGLeme graphics matrix is a list of lists, not a vector of vectors. This is so thatgraphics matrices can be manipulated with an elegant library derived from that in chapter3 of Abelson and Sussman.7RULE 6.The C interface definition files gl.h and device.h have GLeme equivalents, definingover 300 symbolic constants, that are automatically loaded at startup. This meansthat one may write(qdevice LEFTMOUSE) �or� (color RED)just as in C.RULE 7.If a C function outputs multiple values, the corresponding GLeme function returnsa list with the corresponding values. A C function can only return a single value. So, ifmultiple values must be put out by a function, all but at most one must be loaded intoaddresses supplied explicitly in the argument list.22 So, for example, the C functiongetorigin, which returns the global coordinates of a the local coordinate frame of awindow, must be called like this (& is the C address-of or referencing operator):long x, y;getorigin (&x, &y) ;A Scheme procedure, on the other hand, can return an aggregate data structure,such as a list. The GLeme version of getorigin should be called like this

15(getorigin)which returns�or evaluates to�the list (x y).One would usually use getorigin in a let or let* expression, which defines localvariables in a basic block. The following is idiomatic:(let ((x (car (getorigin))) ;; let x be (car (getorigin)) (y (cadr (getorigin)))) ;; let y be (cadr (getorigin)) ;; other code referring to x and y ;;The procedure car returns the first element of its list argument; the procedure cadr returnsthe second element of its list argument; and getorigin evaluates to list (x y).One might encounter the improbable happenstance that the user moves thewindow in the instant between the two calls of getorigin, resulting in inconsistent valuesof x and y. This problem can be solved using a let* expression, which is a�sequentialized� let, to assign the list returned by getorigin to a temporary variable,which is then separated into atoms with car and cadr:(let* ((temp (getorigin)) (x (car temp)) (y (cadr temp))) ;; other code referring to x and y ;;Of course, GLeme allows a functional style, so that one may write (car (getorigin)) for xand (cadr (getorigin)) for y wherever those values are needed, with the proviso that if theuser moves the window, the results of getorigin change dynamically.If a C function both returns a value and loads addresses given in the argument list,then the equivalent GLeme version again returns a list. The first element of the returnedlist is the value returned directly by the C function. The rest of the returned list containsthe values that the C version loads in the addresses in its argument list. For example,consider the GL function qread. This function reads a device number and a correspondingdevice value out of the hardware queue. It is used, for example, to get mouse positions,button clicks, keyboard hits, and hardware dial positions. In C, qread must be called asfollows:long theDevice;short theValue;theDevice = qread (&theValue) ;The equivalent GLeme code might be:(let* ((q (qread)) ;; qread returns (device value) (theDevice (car q)) (theValue (cadr q))) ;; ... more codeIn this case, one must use let* to ensure that qread is called only once since it has the sideeffect of deleting an element from the event queue hardware. Getorigin has no sideeffects, so it can be used in a functional style, whereas qread cannot.

16VERIFYING GLEMEThe Iris manuals present many tutorial C programs. Versions of these sameprograms coded in GLeme were used to test the implementation. The testing criterionwas that in all cases a GLeme program behave identically to the corresponding Cprogram, except for performance (see the section on performance below).Most of the tutorial programs are very straightforward translations from C toGLeme, but some are more adventurous excursions into Scheme idiom. Frequently, thebiggest difference between a Scheme program and the equivalent C program involvesiteration. C encourages index loops over arrays, while Scheme encourages recursion overlists. To make it possible for Scheme programs to resemble their C counterparts moreclosely, a Scheme for loop is provided. This is not standard Scheme, but rather a syntaxextension or macro (see Dybvig8 and Kohlbecker23 for the theory and implementation ofsyntax extensions). Briefly, there are ten forms of the for loop, which are shown in table 3with their C equivalents. Naturally, these Scheme for loops may be arbitrarily nested.They are implemented as simple �named let� constructs (see Appendix 1 for theimplementation of for and Dybvig8 or the Scheme Report9 for description of the namedlet).As one becomes more accustomed to Scheme programming, it is worthwhile toabandon C-like index loops over arrays in favor of the more idiomatic recursions andmap, for-each, and apply constructs over lists. The reason is that the latter are muchfaster, at least in XScheme.PERFORMANCE OF GLEMESpace and time performance is critical in computer graphics. Space efficiency isrequired in scientific visualization, since data sets and graphical display lists can beextremely large. Speed is required since users want to manipulate views interactively toexplore objects.Some informal performance experiments were done with GLeme, comparing thetime-to-completion of example programs from the GL manuals written in C with theirGLeme equivalents. Brevity prevents going into details, but suffice it to say theperformance is comparable for programs that set up a model to render and then call GL toperform the rendering in hardware. This is to be expected since, in such programs, thecomputationally demanding parts are done in hardware. Interactive programs that takeparameters in a loop from the mouse or dial box, say to allow the user to move an objector the point of view, also tend to have comparable performance. Both C code and GLemecode can respond faster than the user can move the mouse. Where GLeme falls short of Cis in code with critical loops in software. GLeme code is typically three to five timesslower than the equivalent C code and also sometimes exhibits a �heartbeat� phenomenondue to periodic garbage collection. This was taken to be a surprisingly good showing onthe part of GLeme, actually. Nevertheless, with the composite style of programmingdetailed below, performance-critical code can be coded in C, and excellent performancecan be achieved under all circumstances.It is argued in this paper that if an interactive shell has sufficient programmingpower, it can be used for more ambitious tasks than normally are ascribed to scriptingtools. In some of those roles, such as rapid prototyping and program specification,performance of the shell is not a primary issue (within reason). However, if the shell isused in a real application, one must be careful to employ it in such a way as to preserveperformance. This is especially important when using Lisp dialects, someimplementations of which are fat and slow.

17EXAMPLE APPLICATIONSIn this section, some of the applications of GLeme in the LinkWinds project arepresented. The purpose of these examples is to show the kinds of ambitious tasks that canbe fearlessly approached with a strong shell language.The first example is the simplest. It also is one of the most sophisticated,demonstrating an advanced Scheme programming concept�transforming one procedureinto another one. This example is a display list caching mechanism called objectize thattransparently replaces an application drawing procedure with a hardware call thatperforms the rendering at maximum speed.The next example is the largest and most ambitious. It is a callback kernel namedreceptionist for managing mouse, keyboard, and other device events. This kernel allowsGUI code to be structured as a collection of event-handling modules that communicatewith the hardware through the receptionist and amongst one another according to aseparate, user-defined protocol. This example relies on a straightforward object-orientedprogramming simulator, methods, which is presented in Appendix 2.The next example is a data flow executive called dfgraph that also uses methods.This executive allows data flow programs to be constructed and executed dynamically,say through a graphical editor.Finally, LinkWinds was given its own, user-level scripting language, LINKS, byembedding GLeme in LinkWinds. LINKS allows the expert user to bypass the graphicaluser interface and to program desired operations directly (the arguments in theIntroduction that both interactive tools and programming tools are needed byprogrammers apply equally to the user level). Embedded scripting languages appear inmany established applications such as emacs, AutoCAD�, and HyperCard�.OBJECTIZEThis example implements a caching mechanism for graphical procedures. Thismechanism allows application code to take advantage of the high-performance displaylist hardware of the Iris and yet keep a natural structure. A natural structure is one inwhich graphical objects are represented by procedures that draw them.Objectize is a second-order procedure: it takes a drawing thunk, or procedure ofno arguments, and returns a new thunk. The new thunk creates a GL object in the displaylist hardware the first time it is called and causes maximum-performance rendering of theobject at the hardware rate by invoking the GL object on the first and subsequent calls. Inthe GL context, object is a technical term referring to a graphical hardware display listelement and is not to be confused with any other kind of object.Objectize works by creating a hidden internal variable, obj, which is initialized tonil, and returning a new, anonymous thunk, created by a (lambda˚()˚...) construct, thatdoes the following. If obj is nil, which is true only on the first call, it creates a uniqueobject identity number by calling the GL entry point genobj and assigns this number toobj. It then appends this identity number to a global list for later �garbage collection�. Itcommands the hardware to accumulate drawing instructions in a display list by callingthe GL entry point makeobj and the user-supplied drawing thunk. Then, it commands the

18hardware to stop accumulating instructions through the GL entry point closeobj. Finally,whether the object was just created or not, the object is rendered by calling the GL entrypoint callobj.Subsequent calls of the �objectized� drawing thunk justify the overhead ofcreating the hardware object since rendering is done at maximum speed. The garbagecollection helper procedure, gc-objects, removes all objectized thunks from the hardwareby calling the GL entry point delobj for every element of the global object list andresetting that list to nil. This procedure must be explicitly called by client code. A call ofany prior objectized thunk after garbage collection causes a hardware error.(set! //oblist// ’())(define (objectize draw-thunk) (let ( (obj ’()) ) (lambda () (if (null? obj) (begin (set! obj (genobj)) (set! //oblist// (cons obj //oblist//)) (makeobj obj) (draw-thunk) (closeobj))) (callobj obj))))(define (gc-objects) (for-each delobj //oblist//) (set! //oblist// ’()))For an example of using objectize, suppose one has the following drawingprocedure that draws a green-filled rectangle:(lambda () (color GREEN) (rectf 100 100 200 200))If not using objectize, one would normally assign this procedure to a global variable:(define my-rect (lambda () (color GREEN) (rectf 100 100 200 200)))and then call the procedure wherever it is needed, as follows:(my-rect)Using objectize, the definition of my-rect is only slightly different:(define my-rect (objectize (lambda () (color GREEN) (rectf 100 100 200 200))))and the calling syntax is identical. The objectizing is thus said to be transparent; thecalling code cannot determine whether drawing procedures have been objectized.CLASS RECEPTIONISTThe receptionist is an intelligent machine interface for handling unsolicited inputevents in interactive programs. The events are generated by interactive devices, such as amouse or the keyboard. The receptionist is a callback kernel that allows the application to

19be written as a modular collection of event-handling units. These handlers can beguarded by filter predicates that exclude unwanted events (this use of the term filter is notto be confused with the UNIX filter�it refers here to a predicate procedure). Thereceptionist keeps a dynamic database of filter-handler pairs called workers and passescontrol to them when appropriate events occur. The receptionist is modeled after a humanreceptionist in an office building who greets all visitors and dispatches them toappropriate workers.The Event Loop Style DiscouragedThe receptionist is designed to be used with systems organized around a centralhardware event queue that stores data from all input devices until solicited by anapplication program. Examples of such systems include the Macintosh�, X Windows,and GL, so they are quite common. The receptionist is layered on top of the event queuemanagement software of the system.Such systems encourage an event-loop style of programming in which theapplication revolves around an infinite polling loop of the following form:forever{ get next event from queue switch (event kind) case mouse: if mouse in menu do menu event else if mouse in window do window event else if ... case keyboard: if character completes a token interpret token else if character is a command code perform command else if ... case ...}Such a form suffers from a number of weaknesses. The event loop, which is a central,monolithic structure, tends to grow in size and complexity as the application evolves.There is a temptation to insert new code in-line in the event loop. Loops running toseveral hundred lines are not uncommon in practice. The loop can become very difficultto maintain due to the webs of nonlocal dependencies that evolve. Furthermore, the eventloops of many applications have many elements in common.A Modular Style EncouragedThe receptionist is an attempt to achieve an abstraction of these common elements. Withit, application code takes the form of a sequence of module definitions, followed byregistration of the modules with the receptionist and then passing of control to it.

20define worker 1 filterdefine worker 1 handlerdefine worker 2 filterdefine worker 2 handler...define worker n filterdefine worker n handlermain register worker 1 with receptionist register worker 2 with receptionist ... register worker n with receptionist pass control to receptionistWith this style, the interdependencies amongst the workers can be more easilymanaged. Interworker communication is decoupled from communication betweenworkers and the event queue. The communication protocol amongst workers shouldprobably be expressed in an object-oriented style. However, any style�communicationby global variables, flags, semaphores, etc.�is compatible with the receptionist, whichonly manages the event queue.Workers and EventsA worker is actually a triple(device-number event-filter event-handler)that is abbreviated in the code below to(dn ef eh)Device-number is a system-dependent code denoting a physical or logical device. Devicenumber 0 is reserved for null events. Handlers for null events are background tasks thatexecute when the hardware event queue is empty.Event-filter is a Boolean function of one argument returning true when thecorresponding event-handler should be called. The argument to the filter is the eventfound by the receptionist. An event is a pair(device-number device-data)abbreviated to(dn dd)Filters are used to refine the definition of an event at the application level, for example bychecking whether a mouse hit was inside a certain on-screen object such as a button orslider.The event-handler is a function of one argument�an event�that processes adetected, or �filtered�, event. The event-handler performs whatever application-dependent actions are associated with the event.

21OperationWhen control is passed to it, the receptionist takes an event from the system eventqueue, checks all registered workers with device-number matching that of the event, andcalls all handlers whose filters evaluate to true.ImplementationThe following code implements class receptionist under the conventions of themethods package documented in Appendix 2. The code here is somewhat simplified fromthat actually in use. For example, several methods for removing workers from thedatabase are not shown.Breaking OutThe first line of code defines a global variable denoting a continuation used tobreak out of the event-dispatching loop of the receptionist. A continuation is a Schemeprocedure representing an execution context. It may loosely be thought of as a stackframe or as a place to go-to (every real language seems to have some sort of go-to, andthe continuation is the Scheme version). This breakout continuation is initialized to niland is set to a desired continuation by later code.(set! **standard-breakout-continuation** ’())The Worker DatabaseThe next line begins the definition of the constructor procedure for instances ofclass receptionist. The procedure definition occupies several pages. The first expressionin that procedure is a let* expression establishing the instance variables of a receptionist.(define (new-receptionist . initial-workers) (let* ( (maxsize 16) (size 1) (tbl (make-vector maxsize)) (dummy (vector-set! tbl 0 ’(0))) (supers ’()) )The worker database is organized as a binary search table keyed by device numbers forspeedy search. The table is implemented as a Scheme vector of initial length 16. Theelements of this vector are lists of the form(device-number (ef1 eh1) (ef2 eh2) ... (efn ehn))that is, a list whose car is a device number and whose cdr is a (possibly empty) list offilter/handler pairs. Such a list is called an event service record and represents all theworkers for the device.The table is further initialized so that the first slot contains an empty list offilter/handler pairs attached to device number zero. Element zero of the table alwayscontains the event service record for the null event, that is, the list (0˚(ef˚eh)˚...). Thiscondition is the global invariant of the receptionist class.

22Binary Search for Event Service RecordsThe binary search algorithm is standard; it has three local variables, min, mid, andmax, which are table indices representing the state of the search. These variables obeythree invariants: min ˚‡ 0, max < size, min £ mid £ max. The search key is a devicenumber. Two similar internal search procedures are given. Index-search returns the indexof the table slot containing the matching event service record given a search key, andsearch returns the event service record in that slot. Index-search is used only by internalprocedures when workers are being added to the database. Search is available externallyto receptionist client code. The search loops of both are implemented with the named letconstruct. (define (index-search key) (let iter ( (min 0) (max (-1+ size)) ) (let* ( (mid (quotient (+ min max) 2)) (v (vector-ref tbl mid)) (test (car v)) ) (cond ( (= key test) mid ) ( (>= min max) ’() ) ( (< key test) (iter min (-1+ mid)) ) ( else (iter (1+ mid) max) ))))) (define (search key) (let iter ( (min 0) (max (-1+ size)) ) (let* ( (mid (quotient (+ min max) 2)) (v (vector-ref tbl mid)) (test (car v)) ) (cond ( (= key test) v ) ( (>= min max) ’() ) ( (< key test) (iter min (-1+ mid)) ) ( else (iter (1+ mid) max) )))))The following internal procedure checks the global invariant: (define (check) ;;; check the invariant (if (not (= (car (vector-ref tbl 0)) 0)) (error "Receptionist must always have a null worker")))The install MethodThe next three procedures implement the install method of the receptionist class.This method takes a worker triple as its argument. If there already exists an element in thesearch table whose search key equals the device-number of the worker, then the filter andhandler of the worker are appended to the event service record attached to the key.Otherwise, a new event service record is created from the worker data and is sifted intothe table in a position corresponding to the device number, which becomes the search keyfor the new record. The table is always maintained in order of the search keys, as requiredby the binary search algorithm.The install method takes care of two more details. If the new record causes aspace overflow in the table, new space twice as large as the old space is allocated, and thetable data, including the new record, is copied to the new space. Also, before exiting, themethod registers the device number with the hardware by calling the qdevice GL entry

23point. This call sets the hardware event mask, allowing the device to generate andenqueue events.It can be seen that the install method can be time-consuming. This is appropriateas it will not be called as frequently as the search method. The receptionist algorithms areoptimized for fast lookup. (define (swap i j) (let ( (t (vector-ref tbl i)) ) (vector-set! tbl i (vector-ref tbl j)) (vector-set! tbl j t))) (define (sift-in worker) ;;; precondition -- maxsize > size (vector-set! tbl size (list (car worker) (cdr worker))) (let iter ( (i (-1+ size)) ) (cond ( (= i 0) (check) ) ( (< (car (vector-ref tbl (1+ i))) (car (vector-ref tbl i))) (swap i (1+ i)) (iter (-1+ i)) ) ( else (check) ))) (set! size (1+ size))) (define (install worker) (let ( (lookup (search (car worker))) ) (cond ( lookup (vector-set! tbl (index-search (car worker)) (cons (car lookup) (cons (cdr worker) (cdr lookup)))) ) ( (= size maxsize) (set! maxsize (* maxsize 2)) (let ( (temp (make-vector maxsize)) ) (for (i from 0 to size) (vector-set! temp i (vector-ref tbl i))) (set! tbl temp)) (sift-in worker) ) ( else (sift-in worker) ))) (qdevice (car worker)) self)The print MethodThe next two procedures are used to display the contents of the search table.

24 (define (show sym val) (display sym) (display " = ") (display val) (newline)) (define (print) (show ’size size) (show ’maxsize maxsize) (display "#(") (newline) (for (i from 0 to size) (display " ") (display (vector-ref tbl i)) (newline)) (display ")") (newline))The Basic LoopThe next two procedures implement the basic event-dispatching loop of thereceptionist. Iter-worker is a tail-recursive procedure that checks every filter in a list offilter/handler pairs, passing the filter a given event and executing the correspondinghandler if the filter evaluates true. (define (iter-worker w data) (cond ( (null? w) ) ( ((caar w) data) ((cadar w) data) ;; handler if filter (iter-worker (cdr w) data) ) ( else (iter-worker (cdr w) data) ) ))The next procedure, loop, is only slightly complicated by the presence ofexpressions to manage continuations. When loop is called, a desired break-outcontinuation is passed to it. This continuation is �where to go-to� when an eventtriggering loop termination occurs. This event is defined by a quit-worker. A default quit-worker is given below.After calling qreset, a GL entry point that clears the hardware queue, loop sets theglobal variable **standard-breakout-continuation** to the given continuation so it canbe referred to by a quit worker. Loop then enters an infinite while loop.The first action in the infinite loop is to call the GL entry point qtest, which non-destructively reads the head of the hardware event queue. Qtest returns 0 if the hardwarequeue is empty; otherwise it returns the device number of the first event in the queue. Thereturn value of qtest is passed to the table-searching procedure search. The return valueof search is assigned to the local variable esr, which stands for event service record.There are three possibilities: esr is null; esr corresponds to device 0, whichgenerates null events; or esr corresponds to a real hardware event. If esr is null, then noworker for the device in the queue is known by the receptionist, and the event isdiscarded from the queue by a call of qread, the GL entry point that destructively readsthe head of the queue. If the device number is zero, then all null event filters and handlersare called via iter-worker and passed the dummy event (0˚0). If these tests fail, then anactual event is read from the queue, and all filter/handler pairs are called with that eventvia iter-worker. It is necessary explicitly to test the device against zero since qread willwait on an empty queue.

25 (define (loop breakout-continuation) (qreset) (set! **standard-breakout-continuation** breakout-continuation) (while #t (let ( (esr (search (qtest))) ) (cond ( (null? esr) (qread) ) ;;; trash the event ( (= 0 (car esr)) (iter-worker (cdr esr) ’(0 0)) ) ( else (iter-worker (cdr esr) (qread)) )))))The enter-loop MethodThe previous procedures, iter-worker and loop, are helper routines for the enter-loop method. (define (enter-loop) (call-with-current-continuation loop))Call-with-current-continuation is a standard Scheme procedure that calls its argument,which must be a procedure of one argument, and passes it the current continuation. Whenthe quit worker is activated, control will jump to a point just after this line of code, which,in turn, returns in a normal manner to the client procedure that invoked enter-loop.SelfThe following procedure is a message dispatcher, a required bit of methodsinfrastructure, and is the return value of the receptionist constructor procedure: (define (self msg) (cond ( (eq? msg ’install) install ) ( (eq? msg ’retrieve) search ) ( (eq? msg ’print) print ) ( (eq? msg ’table) (lambda () tbl) ) ( (eq? msg ’enter-loop) enter-loop ) ( (search-supertypes supers msg) ) ( else (make-error-method "Receptionist" msg) ))) (for-each install initial-workers) self))Standard Filters and WorkersThe following procedures are part of the receptionist package and implementcertain frequently used filters:

26(define (always data) #t)(define (never data) #f)(define (button-down data) (= (cadr data) 1))(define (button-up data) (= (cadr data) 0))The following worker defines a standard quit worker that breaks out of the infiniteloop whenever the escape key is pressed. Note that the filter of this worker is always andthe handler calls the escape procedure that the receptionist has previously loaded in theglobal variable **standard-breakout-continuation** as a side-effect of the enter-loopmethod.(define (standard-quitter data) (**standard-breakout-continuation** #t))(define standard-quit-worker (list ESCKEY always standard-quitter))The procedure that follows, do-until-event, is a hard-looping construct oftenuseful in handlers. For example, one might want to begin an operation when the mousebutton goes down and to perform the operation continuously until the mouse button isreleased. Do-until-event takes an event, data, and a procedure of no arguments, thunk, tocall in a hard loop until an event matching data is found in the hardware queue. Allnonmatching events are discarded. The code is straightforward, and, in the interest ofbrevity, its analysis is left to the reader.(define (do-until-event data thunk) (let ( (dev (car data)) (val (cadr data)) ) (qdevice dev) (let iter ( (q (qtest)) ) (cond ( (= q 0) (thunk) (iter (qtest)) ) ;; nothing in queue ( else (let ( (qr (qread)) ) ;; Read queue contents (cond ( (and (= q dev) (= val (cadr qr))) ’done ) ( else (thunk) (iter (qtest)) ))) )))))Summary of the ReceptionistThough there is a fair amount of code in the receptionist class, it isstraightforward and easy to read. It is also notable that this high-level architectural deviceis implemented in a shell language. This is possible only because the language has theexceptionally powerful programming features of Scheme.The receptionist is used to implement graphical user interfaces, and the code isfast enough in practice as to be indistinguishable from an implementation of anequivalent facility in C, which is many times larger in lines of code. Many examples ofuse of the receptionist are available from the author.Note also that to port the receptionist to another system one need merely emulatethe four GL entry points qdevice, qreset, qtest, and qread.

27DATA FLOWThe next few paragraphs show a simple data-driven data flow executive calleddfgraph along with a primitive data flow node class and a brief test transcript. Thisexample employs class inheritance. A longer example implementing a quadratic equationsolver is available from the author.A Little Data Flow LanguageThe complete data flow package, the implementation of which is too long to bepresented here, may be viewed as a little data flow language embedded in Scheme (theterm �little language� has been coined by Brian Kernighan.24 Dfgraph, like methods, doesnot use the GL extensions of GLeme; that is, it is implemented in �vanilla� Scheme.This language has the following structure. A data flow graph is a list of nodes. Anode is either a primitive node or a graph. Thus, a graph may contain nested subgraphs.Every node has zero or more input arcs and zero or more output arcs. A node operates byconsuming tokens from its input arcs, performing an operation on the tokens, andappending tokens to its output arcs.It is natural to imagine generating expressions in this little language from agraphical editor. Even the definition of the language evokes strong graphical imagery.One can imagine drawing a data flow program on the screen with a mouse and having thecode generated and executed by dfgraph. Such has not been implemented yet.Primitive nodes differ from graphs in how their internal operations areimplemented. The operation of a primitive node is represented by a procedure of Karguments that returns a list of L output values, where K is the number of input arcs and Lis the number of output arcs of the node. The operation of a graph is represented by anumber of internal nodes and arcs that together perform a composite action. The externalinput arcs and output arcs of a graph are those with only one end connected to an internalnode.Data Flow Arcs Are QueuesArcs are first-in, first-out (FIFO) queues, instances of the queue class presented inAppendix 2. They may be represented graphically as arrows pointing from one node toanother. An arc is an output arc of the node at its tail and an input arc of the node at itshead. The node at the tail of an arc appends tokens to the tail of the queue, and the node atthe head of an arc consumes tokens from the head of the queue. A node is ready to firewhen all of its input arcs are nonempty (this is data-driven data flow). When a node fires,exactly one token is taken from each input arc and exactly one token is pushed into eachoutput arc.Node MethodsEvery node has methods for the following messages:ready? � return #t if and only if the node is ready to fire;fire! � fire the node, modifying the input and output arcs as a side effect;print � print a list of the front tokens in each input arc;clear! � clear all input and output arcs.Table 4 contains a list of node classes that have been implemented as part of thedevelopment of dfgraph.

28Class PnodeThe following procedure is the constructor for primitive nodes, or pnodes. Thisclass is used as an ancestor class by specific primitive node classes such as add-node andsub-node.(define (new-pnode proc input-queues output-queues)Proc is a procedure of K inputs that returns a list of L outputs, where K is the number ofinput arcs and L is the number of output arcs. Input-queues is a list of K instances of thequeue class representing the input arcs, and output-queues is a list of L queuesrepresenting the output arcs. The variables proc, input-queues, and output-queues are allin the local environment of new-pnode, so they function as instance variables.The next line of code defines the conventional instance variable supers, requiredby mehotds and bound initially to nil. (let* ( (supers ’()) ) ;;; a root class; no ancestorsThe ready? MethodThe next two internal procedures implement the ready? method of the node byreturning #t if and only if all input queues are non-empty. (define (all-qs-non-empty? qlist) (cond ( (null? qlist) #t ) ( else (and (not (send (car qlist) ’empty?)) (all-qs-non-empty? (cdr qlist))) ))) (define (ready-to-fire?) (all-qs-non-empty? input-queues))The fire! MethodThe next internal procedure implements the fire! method by applying proc to a listassembled by removing a single item from the front of each input queue by using thefront! method of the queue class, and by pushing a single token into each output queueusing the append! method of the queue class. Note how short the code is, the brevitybeing achieved through Scheme�s map and apply primitives, which take care of alliteration over the input and output queues.

29 (define (fire-node!) (let* ( (input-list (map (lambda (q) (send q ’front!)) input-queues)) (output-list (apply proc input-list)) ) (define (iter output-items output-qs) (cond ( (null? output-qs) self ) ( (null? output-items) self ) ( else (let ( (o (car output-items)) (q (car output-qs)) ) (send q ’append! o) (iter (cdr output-items) (cdr output-qs))) ))) (iter output-list output-queues)))The print and clear! MethodsThe following are the print and clear! methods of a pnode. (define (print) (define (front q) (if (send q ’empty?) "Empty" (send q ’front))) (display (map front input-queues)) (newline) self) (define (clear!) (map (lambda (q) (send q ’clear!)) input-queues) (map (lambda (q) (send q ’clear!)) output-queues) self)SelfNext is the method-dispatching procedure that represents instances of the classpnode. As with all methods classes, this procedure is returned by the constructor.

30 (define (self msg) (cond ( (eq? msg ’ready?) ready-to-fire? ) ( (eq? msg ’fire!) fire-node! ) ( (eq? msg ’print) print ) ( (eq? msg ’clear!) clear! ) ( (search-supertypes supers msg) ) ( else (make-error-method "Data-flow-node" msg) ))) self))Class DfgraphThe next procedure constructs a data flow graph given a list of nodes, a list ofinput arcs, and a list of output arcs. The given arcs must connect at exactly one end tonodes in the given list, though this is not checked by the procedure.(define (new-dfgraph graph input-queues output-queues)The argument graph is a list of nodes that may be primitive nodes or other graphs; input-queues is a list of K queues for input arcs; and output-queues is a list of L queues foroutput arcs, just as with the pnode class. These arguments become instance variableswhen the constructor is called.Dfgraph is a root class with no ancestors. (let* ( (supers ’()) )The ready? MethodThe ready? method is identical to that for class pnode. (define (all-qs-non-empty? qlist) (cond ( (null? qlist) #t ) ( else (and (not (send (car qlist) ’empty?)) (all-qs-non-empty? (cdr qlist))) ))) (define (ready-to-fire?) (all-qs-non-empty? input-queues))Helpers for print and clear!The following print and clear! method helpers simply recurse down the list graph,sending the print and clear! messages to each element of the list. If the element is apnode, it actually performs the print or clear operation of the pnode. If the element is anested subgraph, it recursively passes the messages to elements of the subgraph until allpnodes have been reached.

31 (define (print graph) (cond ( (null? graph) self ) ( else (send (car graph) ’print) (print (cdr graph))))) (define (clear! graph) (cond ( (null? graph) self ) ( else (send (car graph) ’clear!) (clear! (cdr graph)))))Self, fire!, print, and clear!Unlike the pnode class, self, returns the fire!, print, and clear! methods as inlinelambda expressions. The fire! method is especially notable since it calls the externalprocedure execute-data-flow, explained next. (define (self msg) (cond ( (eq? msg ’ready?) ready-to-fire? ) ( (eq? msg ’fire!) (lambda () (execute-data-flow graph)) ) ( (eq? msg ’print) (lambda () (print graph)) ) ( (eq? msg ’clear!) (lambda () (clear! graph) ) ( (search-supertypes supers msg) ) ( else (make-error-method "DFGraph" msg) ))) self))Execute Data FlowThe following procedure is the data flow executive. It takes a graph, which is alist of nodes, as input. It loops over the list until no nodes are ready, sending fire!messages to each ready node. The nodes, which are connected by shared arcs, must forman acyclic graph to guarantee termination. This condition is not checked. Note that if anyelements of the graph are themselves graphs, their fire! methods internally call execute-data-flow. This large-scale recursion allows abstracted, reusable node classes thatperform complex tasks to be defined.

32(define (execute-data-flow graph) (define (one-pass graph) (cond ( (null? graph) #f ) ;;; so far, nothing is ready. ( (send (car graph) ’ready?) (send (car graph) ’fire!) (or #t (one-pass (cdr graph))) ) ;;; at least one node was ready, so OR in #t. ( else (one-pass (cdr graph)) ))) (define (iter) ;;; loop until nothing is ready. (cond ( (not (one-pass graph)) ’done ) ( else (iter) ))) (iter))Class Add-nodeThe following pnode example is the add-node. An add-node adds the tokens in itstwo input arcs, producing one output token on its single output arc. Since it is sensible tosay �every add-node is a pnode�, it is sensible for class add-node to inherit attributes andmethods from class pnode. The �is-a� relation between classes is a criterion forinheritance in the methods package.(define (new-add-node left-input right-input output) (let* ((supers (list (new-pnode (lambda (a b) (list (+ a b))) (list left-input right-input) (list output))))) (define (self msg) ;;; has no local methods -- (cond ;;; all messages delegated ( (search-supertypes supers msg) ) ( else (make-error-method "Add-node" msg) ))) self))Testing Data FlowThe following is a transcript of a test of add-nodes and execute-data-flow:

33(define arc1 (new-queue 10 20 30 40))(define arc2 (new-queue 5 5 5))(define o-arc (new-queue))(define an-add-node (new-add-node arc1 arc2 o-arc))(define (print-all) (send arc1 ’print) (send arc2 ’print) (send o-arc ’print))(print-all)This call of print-all results in the following output, showing the contents of the firstinput arc, the second input queue, and the output queue:(10 20 30 40)(5 5 5)()Next, execute-data-flow is called on a data flow graph that is a list of one node. Thisprocedure returns the symbol ’done when no nodes are ready to fire.(execute-data-flow (list an-add-node)) ;returns ’done(print-all)which prints(40)()(15 25 35)One can see from the output of print-all that data have flowed out of the input queues andinto the output queue. One input token is left behind because it had no positionallycorresponding token in the other input queue.THE EMBEDDED LINKS LANGUAGEThe LINKS language is to LinkWinds as HyperTalk is to HyperCard or mocklispis to emacs. It is an embedded, extensible, textual language in which the LinkWinds usercan execute commands; define new commands; define variables and complex datastructures; do sequencing, iteration, selection, abstraction, recursion � in short, program.A programming facility is important because not everything the user wants to do can beeasily expressed with operations in a GUI environment. At the very least, the user mightwant to record a set of mouse clicks and other GUI actions to be edited, copied, renamed,played back, etc.The user can drive LinkWinds in two ways: (1) graphically, with mouse clicks,keyboard hits, dial twiddles, and actions on other devices; (2) textually, with commandstyped into a LINKS listener window. There does not yet exist a complete definition of theLinkWinds GUI, which would include a list of graphical actions and equivalent LINKS

34commands. Therefore, this section focuses on the basic GLeme infrastructure used forLINKS.Commands are of two types: LINKS primitives and composite commands. EveryLINKS primitive has a direct graphical equivalent. Composite commands are made up ofLINKS primitives and other composite commands packaged in function definitions,loops, conditionals, and other programming constructs.Naturally, composite commands do not have direct graphical equivalents.However, since a composite command always reduces to a sequence of primitivecommands when executed, it is possible to animate the GUI, causing it automatically toplay back the sequence of primitives generated by any composite command. The reverseis also possible: if a LINKS listener window is open, every graphical action can cause theechoing of the equivalent LINKS primitive command in the interpreter window.The GUI and LINKS interfaces to LinkWinds are completely equivalent. It istherefore possible to arrange the GUI so that the LINKS listener window and thedisplayed state of the GUI are kept consistent at all times. This allows the user both toperform actions either by typing expressions in the listener window or by manipulatingthe GUI display, and to switch back and forth between the two modalities at will.A special, embeddable version of GLeme serves as the core for LINKS, just asScheme is the core for GLeme. This special, embeddable version differs from GLemeonly in its top-level control strategy. GLeme operates, like all interactive Lisp systems, inan infinite read-eval-print, or REP, loop. LINKS, on the other hand, has a REP hook,which does one read-eval-print sequence when called by a C program. Thus, LinkWindsis the master program in control of LINKS.

35CONCLUSIONScheme is an easily customized interactive programming language. Well-debuggedimplementations of the core language can be acquired in the public domain. Its utility as abase language for graphics shells lies in the ease with which it can be integrated with agraphics interface and in its expressive power for solving problems in interactivecomputer graphics. This power is outstanding, as shown in several examples of ambitiousmodules presented in this paper.A shell with the programming power of Scheme is indispensable for theengineering of complex graphics software and can also play a crucial role in a tightlycoupled environment of cooperating software development tools. The next challenge is tospecify and build such an environment.

36ACKNOWLEDGEMENTSThis work was carried out by the Jet Propulsion Laboratory, California Institute ofTechnology, under contract with the National Aeronautics and Space Administration.I am grateful to Robert Tausworthe, Leo Blume, and Kurt Kandt for theircomments.

37REFERENCES1.The PostScript Page Description Language, Addison-Wesley, Reading, MA,1987.2.A. Nye, Xlib Programming Manual, Vol. 1, The X Window System Series,O�Reilly & Associates, Sebastopol, CA, 1988.3.J.D. Foley and A. van Dam, Fundamentals of Interactive Computer Graphics,Addison-Wesley Systems Programming Series, Addison-Wesley, Reading, MA,1982.4.Inside Macintosh, Vol. I through V, Addison-Wesley, Reading, MA, 1985.5.W.R. Mallgren, Formal Specification of Interactive Graphics ProgrammingLanguages, The MIT Press, Cambridge, MA, 1983, An ACM DistinguishedDissertation.6.B.W. Kernighan and R. Pike, The UNIX� Programming Environment, Prentice-Hall Software Series, Prentice-Hall, Englewood Cliffs, NJ, 1984.7.H. Abelson, G.J. Sussman, and J. Sussman, Structure and Interpretation ofComputer Programs, MIT Electrical Engineering and Computer Science Series,MIT Press, Cambridge, MA, 1985.8.R.K. Dybvig, The Scheme Programming Language, Prentice-Hall, EnglewoodCliffs, NJ, 1987.9.J. Rees and William Clinger, �Revised3 Report on the Algorithmic LanguageScheme� ACM SIGPLAN Notices, 21, (12)(December 1986).10.J.D. Smith, An Introduction to Scheme, Prentice-Hall, Englewood Cliffs, NJ,1988.11.G. Springer and D.P. Friedman, Scheme and the Art of Programming, The MITPress, McGraw-Hill, 1989.12.F.S. Beckman, The Mathematical Foundations of Programming, Addison-WesleySystems Programming Series, Addison-Wesley, Reading, MA, 1982.13.G. Revesz, Lambda-Calculus Combinators and Functional Programming, Vol. 4,Cambridge Tracts in Theoretical Computer Science, Cambridge University Press,Cambridge, 1988.14.D. Jefferson and B. Beckman, �Distributed Simulation and the Time WarpOperating System� Proceedings of the 11th ACM Symposium on OperatingSystems Principles, ACM, November, 1987.

3815.F. Wieland, L. Hawley, A. Feinberg, M. DiLoreto, L. Blume, J. Ruffles, P.Reiher, B. Beckman, P. Hontalas, S. Bellenot, and D. Jefferson, �DistributedCombat Simulation and Time Warp: the Model and its Performance� ConcurrencyPractice and Experience, 1, (1)(1989).16.A.S. Jacobson LinkWinds: the Linked Windows Interactive Data System. Tech.Rept. Jet Propulsion Laboratory, California Institute of Technology, inpreparation, 1990.17.GT Graphics Library User’s Guide, version 1.0., Silicon�Graphics Inc., MountainView, CA.18.4Sight User’s Guide, version 2.0., Silicon�Graphics Inc., Mountain View, CA.19.Graphics Library Reference Manual, C Edition, version 1.0., Silicon�GraphicsInc., Mountain View, CA.20.D.M. Betz, XSCHEME: An Object-oriented Scheme, P.O. Box 144, Peterborough,NH 03458, January, 1989, the manual and software is available electronicallyfrom a variety of public Internet archives.21.E. Raible private communication. 1989, NASA Ames, Moffett Field, CA.22.B.W. Kernighan and D.M. Ritchie, The C Programming Language, Prentice-Hall,Englewood Cliffs, NJ, 1978.23.E.E. Kohlbecker, Jr. Syntactic Extensions in the Programming Language Lisp,Ph.D. dissertation, Indiana University, August 1986.24.B.W. Kernighan, Little Languages, invited talk given at the Jet PropulsionLaboratory, 1988.25.B. Meyer, Object-oriented Software Construction, Prentice Hall, 1988.26.K. Normark Simulation of Object-oriented Concepts and Mechanisms in Scheme.Tech. Rept. R 90-01University of Aalborg, Institute for Electronic Systems,Department of Mathematics and Computer Science, Strandvejen 19, DK 9000Aalborg, Denmark, email to normark@iesd.auc.dk, January, 1990.

39TABLES

40Table 1Strengths and weaknesses of various types of tools

Objectlayout andediting

Repetitive,recursive, orconditionaltasksSimulationandanimation

Displayingfrom files,processes,etc.Softwaredesign andtesting

Compiledlanguagesextremelyweakstrong extremelystrongweak weak

Interpretedshellsweak strong extremelystrongstrong

IGE tools extremelystrongextremelyweakweak

41Table 3Versions of the for iteration macrosNo.Scheme versionC equivalent1

(for (i from 0 to 10) stmt ...)for (i=0; i < 10; i++){ stmt ... }2

(for (i from 0 thru 10) stmt ...)for (i=0; i <= 10; i++){ stmt ... }3

(for (i from 10 down to 0) stmt ...)for (i=10; i > 0; --i){ stmt ... }4

(for (i from 10 down thru 0) stmt ...)for (i=10; i >= 0; --i){ stmt ... }5

(for (i from 0 to 10 by 2) stmt ...)for (i=0; i < 10; i += 2){ stmt ... }6

(for (i from 0 thru 10 by 2) stmt ...)for (i=0; i <= 10; i += 2){ stmt ... }7

(for (i from 10 down to 0 by 2) stmt ...)for (i=10; i > 0; i -= 2){ stmt ... }8

(for (i from 10 down thru 0 by 2) stmt ...)for (i=10; i >= 0; i -= 2){ stmt ... }9

(for ( (id val) ...) ( test ...) ( update ...) stmt ...)for (id = val, ... ; test && ... ; update, ... ){ stmt ... }10

(for (var in list-of-values) expressions written in terms of var ...)no equivalent

42Table 2Strengths and weaknesses of C and GLemeStructurally complex codeComputationally demanding codeCweakstrongGLemestrongweak

43Table 4Procedures in the data flow executive packagepresented in this paper:ProcedureExplanation new-pnodecreate a primitive node new-dfgraphcreate a data flow graph execute-data-flowexecute a data flow graph until done new-add-nodecreate an adder nodein the extended example (available from the author):ProcedureExplanation new-mul-nodecreate a multiplier new-div-nodecreate a divider new-negate-nodecreate a unary minus operator new-sub-nodecreate a subtracter new-dup-nodecreate a duplicator new-sqr-nodecreate a squaring node new-const-nodecreate a constant producer new-sqrt-nodecreate a square root-taking node new-disc-nodecreate a discriminant calculator new-dbl-nodecreate a doubler new-quadratic-solvercreate a real root finder for quadratic equations

44Table 5Documentation of the queue classProcedureExplanation(send my-q ’append! item) puts item at the tail of my-q , returning self (the !suffix in the name is a convention meaning thatthe method changes the state of the object).(send my-q ’empty?)

Boolean: #t iff my-q is empty(send my-q ’remove!)

removes head of my-q , returning self(send my-q ’clear!)

clears my-q of all elements, returning self(send my-q ’front) returns head of my-q(send my-q ’front!)

removes head of my-q and returns it(send my-q ’print) prints the contents of my-q(send my-q ’list) returns a list of the contents of my-q(send my-q ’append-list!Ls) appends all elements of Ls to the tail my-q ,returning self

45FIGURES

46Graphics Software Development ToolsInteractive Graphical Editors (IGEs)Specification Language ToolsEmbeddings in Compiled LanguagesEmbeddings in Interpreted LanguagesFigure 1Kinds of graphics software development tools

47InteractiveGraphical Editors(Paint, Draw, Model)Text File Representation of GraphicsBinary FileRepresentationof GraphicsCreate,EditRead,PreviewTextualProgramming ToolsCreate,EditRead,PreviewFigure 2Typical graphics tool suite

48Create,EditRead,PreviewConvert toBinary RepConvert toText RepGenerate fromBinary RepGenerate fromText RepText File Representation of GraphicsInteractiveGraphical Editors(Paint, Draw, Model)TextualProgramming ToolsBinary FileRepresentationof GraphicsCreate,EditRead,PreviewFigure 3Complete graphics tool suite

49Application˚˚˚˚˚˚˚˚ProgramGraphics Programmer˚CProgrammingToolsC InterfaceGraphics ShellComputer& GraphicsHardwareFigure 4Concept of a graphics shell

50Concurrent Processeson Other MachinesConcurrent Processeson This MachineFilesContainingStored GraphicsSpecificationsInteractiveKeyboardUserInteractiveGraphicalEditorsApplicationProgramsGraphicsShellInterpreterFigure 5Central role of a shell

51Application˚˚˚˚˚˚˚˚ProgramGraphics Programmer˚CProgrammingToolsC InterfaceComputer& GraphicsHardwareTwo-layer Graphics ShellGraphics CommandLayer, Built on theMeta-ShellReusable Core LanguageLayer: the Meta-ShellFigure 6The meta-shell concept

52APPENDIX 1: FOR LOOP MACROIMPLEMENTATION(extend-syntax (for from to thru down by) ( (for ( (id val) ...) ( test ...) ( update ...) stmt ...) (let iter ((id val) ...) (cond ( (and #t test ...) stmt ... (iter update ...) ) ( else #t ))) ) ( (for ( id from n to m ) stmt ...) (let iter ((id n)) (cond ( (>= id m) #t ) ( else stmt ... (iter (1+ id))))) ) ( (for ( id from n thru m ) stmt ...) (let iter ((id n)) (cond ( (> id m) #t ) ( else stmt ... (iter (1+ id))))) ) ( (for ( id from n down to m ) stmt ...) (let iter ((id n)) (cond ( (<= id m) #t ) ( else stmt ... (iter (-1+ id))))) ) ( (for ( id from n down thru m ) stmt ...) (let iter ((id n)) (cond ( (< id m) #t ) ( else stmt ... (iter (-1+ id))))) ) ( (for ( id from n to m by k ) stmt ...) (let iter ((id n)) (cond ( (>= id m) #t ) ( else stmt ... (iter (+ id k))))) ) ( (for ( id from n thru m by k ) stmt ...)

53 (let iter ((id n)) (cond ( (> id m) #t ) ( else stmt ... (iter (+ id k))))) ) ( (for ( id from n down to m by k ) stmt ...) (let iter ((id n)) (cond ( (<= id m) #t ) ( else stmt ... (iter (- id k))))) ) ( (for ( id from n down thru m by k ) stmt ...) (let iter ((id n)) (cond ( (< id m) #t ) ( else stmt ... (iter (- id k))))) ) ( (for ( var in lyst ) stmt ...) (for-each (lambda (var) stmt ...) lyst) ) )

54APPENDIX 2: THE METHODS OOPSHELLMETHODS OOP SHELLMethods is a very straightforward object-oriented programming simulator with multipleinheritance and error handling (see Meyer25 for the basic terminology of object-orientedprogramming). It is modeled after the message passing technique in chapter 3 of Abelsonand Sussman.7 It is in �pure� Scheme, without using GL capabilities. It is similar to thesimulations presented in Normark�s report26, but was independently developed.Like Abelson and Sussman�s examples, methods requires the programmermanually to follow a certain discipline. Enforcing the programming discipline wouldrequire syntax extensions, an approach deemed undesirable due to its inflexibility tochange. The programming discipline uses only basic Scheme, but requires theprogrammer to follow a pattern in defining and using classes.OverviewEvery class, or object type, in methods is represented by its constructor procedure.When called, a constructor returns an instance of the class represented by a message-dispatching procedure. The message-dispatching procedure is usually named self so thatan object can conveniently send messages to itself (self is, however, an internal name notknown outside the constructor). Self returns method procedures that client code applies toactual arguments. Thus, a class is a third-order procedure, returning a procedure thatreturns procedures. Self cooperates in multiple inheritance by walking the inheritancehierarchy upwards until it finds a class that can understand a message. If no classunderstanding the message is found, an error method is returned.The present version of methods does not support code sharing, so every instanceof a class has its own private copies of the method code. This limitation was retainedbecause it simplifies the programming discipline, and its impact on performance was nottroubling.Error ProcessingThere are two modes of error processing. In normal mode, an error is reportedonly by the first receiver of a message. In debug mode, an inheritance traceback is givenwhereby every class in an inheritance hierarchy reports when it fails to recognize amessage. The following global variable represents that mode:(define **method-mode** ’normal-method-mode)The user can set these modes as follows:

55(define (set-debug-method-mode) (set! **method-mode** ’debug-method-mode))(define (set-normal-method-mode) (set! **method-mode** ’normal-method-mode))(define (reset-debug-method-mode) ;;; synonym for set-normal (set! **method-mode** ’normal-method-mode))and test them with the following procedure:(define (test-debug-method-mode) (eq? **method-mode** ’debug-method-mode))Some helper procedures are needed. When an object�s class cannot recognize amessage, and none of its ancestor classes can recognize it, the object returns an errormethod. The following global variables are bound to the error method:(define **method-error-class-name** "No class name.")(define **method-error-message** ’no-message)(define (error-method . junk-args) (display **method-error-class-name**) (display ": unknown message: ’") (display **method-error-message**) (newline) ’())(define (make-error-method class-name msg) (set! **method-error-class-name** class-name) (set! **method-error-message** msg) error-method)Multiple InheritanceInheritance is implemented by a recursive procedure, search-supertypes. When anobject is instantiated, local instances of all its supertypes must also be instantiated as partof the programming discipline. Also as part of the discipline, self, the message-dispatching procedure, must call search-supertypes, passing it the list of local supertypeinstances as a last resort when a message is not locally recognized.Search-supertypes must cooperate in error handling in a mode-dependent way.

56(define (search-supertypes supers msg) (define method ’()) (if (test-debug-method-mode) (begin (display "Searching...") (newline))) (cond ( (null? supers) ’() ) ( (begin (set! method ((car supers) msg)) (eq? method error-method)) (if (test-debug-method-mode) (error-method)) (search-supertypes (cdr supers) msg) ) ( else method )))Search-supertypes works as follows: a local variable, method, is defined. Its valueis not important to begin with. If debugging is on, a line is printed telling the user that theinheritance hierarchy is being searched. Then, the list of supertypes, supers, is examined.If the list is empty (null?), nil is returned, which means that no ancestor types understandthe message. The nil return value signals the calling procedure to return error-method. Ifsupers is not empty, the message is passed to the first supertype in supers, i.e. to(car˚supers). The method returned is assigned to the local variable method.If this method is the one and only global error-method, then the supertype, and,recursively, all its supertypes, did not recognize the message. If debugging is on, thereturned error-method is executed, contributing to the inheritance traceback beingprinted. Finally, the value of a recursive call of search-supertypes on the rest of the list ofsupertypes, (cdr supers), is returned.If the method returned by the first supertype is not the one and only global error-method, then the supertype did understand the message after all somewhere in thehierarchy, and search-supertypes returns the method.In summary, search-supertypes passes the message to the ancestor classes, in pre-order, returning the first non-error method found.Overriding MethodsSearch-supertypes automatically supports multiple inheritance due to its recursivestructure. The list of supertypes is searched in order from front to back. The first match ofa message results in the successful finding of a method and the termination of search-supertypes. Thus, the order of supertypes in the list is significant when more than onesupertype can understand a given message. The earlier members of the list shadow thelater ones, preventing their methods from being found. In some object-orientedprogramming systems, one refers to the �overriding� of methods. The shadowing inmethods is its form of method overriding, and it is under explicit control of theprogrammer who sets the order in every list of supertypes.Invoking MethodsThere are two ways to invoke a method in an object. The first way is simply topass an object a message, getting back a method. The method can either be called in-lineor be cached in a variable and invoked later. Such caching has performance advantages ifthe method is to be called in a loop. Invoking the method in-line, which is perhaps themore convenient construction, results in expressions like the following:

57((object ’message) arg1 arg2)where the inner parentheses denote immediate invocation of the method procedurereturned by the expression (object ’message), which is, in turn, an invocation of themessage-dispatching procedure.This is fairly readable and a fine idiom, but it has its limitations. Suppose that((object˚’message)˚arg1˚arg2) evaluates to another object, to which one would like tosend the message ’m2 with the arguments arg3 and arg4. Such a situation, expanded in-line, results in this:((((object ’message) arg1 arg2) ’m2) arg3 arg4)The number of leading parentheses is syntactically ugly. The following messagesending procedure eliminates the need for leading parentheses:(define (send object msg . args) (apply (object msg) args))The earlier examples of message-passing expressions can now be much more cleanlywritten, as follows:(send object ’message arg1 arg2)(send (send object ’message arg1 arg2) ’m2 arg3 arg4)Class QueueThe following code is an extended example of a class implemented in methods. Itimplements the queue abstract data type (ADT), adapted from Abelson and Sussman, pg208 ff. This data type is used to implement arcs in the data flow executive presentedabove. It is somewhat shortened from the version actually in use, for the sake of brevity.Detailed explanation follows the code, which is shown as an uninterrupted block so thereader may see the overall shape of a program in the methods discipline. This block ofcode is the constructor procedure, new-queue, for objects of type queue.

58(define (new-queue . initial-list) (let ( (q (cons ’() ’())) (supers ’()) ) (define (head) (car q)) (define (tail) (cdr q)) (define (set-head! item) (set-car! q item)) (define (set-tail! item) (set-cdr! q item)) (define (empty-queue?) (null? (head))) (define (front) ;;; Return front element (if (empty-queue?) (error "FRONT called on empty queue") (car (head)))) (define (front!) ;;; Remove front element and return it. (let ((f (front))) (remove-queue!) f)) (define (append-queue! item) (let ((elt (cons item ’()))) ; could be (list item) (cond ( (empty-queue?) (set-head! elt) (set-tail! elt) ) ( else (set-cdr! (tail) elt) (set-tail! elt) )) self)) (define (append-list! lyst) (for-each append-queue! lyst) self) (define (remove-queue!) (cond ( (empty-queue?) (error "REMOVE called on empty queue") ) ( else (set-head! (cdr (head))) self))) (define (clear-queue!) (set! q (cons ’() ’())) self) (define (print) (display (head)) (newline)) (define (self msg) (cond ( (eq? msg ’append!) append-queue! ) ( (eq? msg ’empty?) empty-queue? ) ( (eq? msg ’remove!) remove-queue! ) ( (eq? msg ’clear!) clear-queue! ) ( (eq? msg ’front) front ) ( (eq? msg ’front!) front! ) ( (eq? msg ’print) print ) ( (eq? msg ’list) (lambda () (head)) ) ( (eq? msg ’append-list!) append-list! ) ( (search-supertypes supers msg) ) ;; line c1 ( else (make-error-method "Queue" msg) ))) ;; line c2 (append-list! initial-list) ;;; returns ‘‘self’’ ))

59To create a queue instance containing some initial elements, say 1, 2, and 3, write(define my-queue (new-queue 1 2 3))The number of initial elements is arbitrary.The body of the constructor is a let expression defining a lexical environment.Every queue has a private instance variable, q, bound to a pair of pointers to the head andtail of a list of the queue elements. It also has an instance variable, initial-list, bound tothe list of initial queue elements passed as arguments to new-queue. The final instancevariable is the conventional one, supers, naming the inheritance hierarchy. Thisimplementation of queue has no ancestor classes, so supers is nil.Inside the let block is a collection of method and helper procedures. The reader isreferred to Abelson and Sussman for detailed explanations of these procedures. Ofprimary interest here is the illustration of the methods programming discipline.The next to last item in the let block is the message-dispatching procedure, self.This procedure doubles as reference list-style documentation of the messages andmethods of a queue. The calling syntax of these methods is shown in Table 5.Many of a queue�s methods return self so that send expressions may beconveniently nested, as in(send (send my-q ’append item) ’print)The last two lines of self, labeled c1 and c2, are the conventional lines thatimplement inheritance and error checking. Similar lines must appear in every class usingto the methods discipline.