DESIGNING TO FACILITATE CHANGEWITH OBJECT-ORIENTED FRAMEWORKSBYBRIAN FOOTEB.S., University of Illinois at Urbana-Champaign, 1977THESISSubmitted in partial fulfillment of the requirementsfor the degree of Master of Science in Computer Sciencein the Graduate College of theUniversity of Illinois at Urbana-Champaign, 1988Urbana, Illinois ii iiiDESIGNING TO FACILITATE CHANGEWITH OBJECT-ORIENTED FRAMEWORKSBrian FooteDepartment of Computer ScienceUniversity of Illinois at Urbana-Champaign, 1988Ralph E. Johnson, AdvisorApplication domains that are characterized by rapidly changing softwarerequirements pose challenges to the software designer that are distinctlydifferent from those that must be addressed in more conventional applicationdomains. This project assesses the impact of applying object-orientedprogramming tools and techniques to problems drawn from one suchdomain: that of realtime laboratory application programming. The projectshows how a class inheritance hierarchy can promote the emergence ofapplication specific frameworks as a family of applications evolves. Suchframeworks offer significant advantages over conventional skeletonprogram-based approaches to the problems of managing families ofapplications. Particular attention is given to design issues that arise bothduring the initial design and implementation of such applications, andduring later stages of their lifecycles, when these applications become thefocus of reuse efforts. The project also addresses the impact of object-orientedapproaches on the simulation of realtime systems and system components.

i v To Henry Hudson vAcknowledgementsThis project has a longer history than most masters projects. This one isbased on a larger system upon which I worked at the University of IllinoisDepartment of Psychology’s Cognitive Psychophysiology Laboratory (CPL). Iam indebted to Emanuel Donchin, the CPL’s Director, and to Earle F. HeffleyIII, the CPL’s Technical Director, both for their willingness to allow me toexplore new programming techniques with the CPL battery, which laid thefoundation for this project, and for their support for my efforts to juggleschool and work, which made this project possible.I am grateful as well to Michael Faiman, Walter Schneider, and ArthurKramer, who helped to convince me of the wisdom of pursuing an advanceddegree.Roy Campbell’s advanced software engineering course had a major impact onmy thinking about object-oriented framework lifecycle issues.I’d like to thank Dan Ingalls, Kent Beck, and Barry Haynes of Apple Computerfor providing me with up-to-date tools and assistance with the MacintoshSmalltalk that I used for the battery simulation.Without the tireless help of my writing coach, Audrey Wells, this documentwould be in much sorrier shape than it is. The responsibility for those wartsthat remain, is of course, entirely mine.Finally, I’d like to gratefully acknowledge the assistance, encouragement,enthusiasm and patience of my thesis advisor, Ralph Johnson. Without hiswillingness to embark on an open-end investigation rooted in an applicationdomain somewhat foreign to day-to-day computer science, this effort (such asit is) would simply not have been possible.

v i Table of ContentsChapter I -- Introduction............................................................................................ 1The Structure of this Document................................................................... 4Chapter II -- Background............................................................................................ 5The Realtime Laboratory Application Domain........................................ 5The CPL Battery................................................................................................ 7A Tour of the CPL Battery.............................................................................. 10Why a Smalltalk Battery Simulation?........................................................ 15Chapter III -- Anatomy of the Battery Framework............................................... 18Battery-Items..................................................................................................... 21BatteryItem............................................................................................ 22SternbergTask....................................................................................... 48ToneOddball.......................................................................................... 54WordOddball........................................................................................ 58Battery-Parameters........................................................................................... 64BatteryParameters................................................................................ 65SternbergTaskParameters................................................................... 69ToneOddballParameters..................................................................... 72WordOddballParameters.................................................................... 74Stimulus-Generators....................................................................................... 75StimulusGenerator.............................................................................. 77SternbergDisplayGenerator................................................................ 79ToneGenerator..................................................................................... 81WordGenerator.................................................................................... 84Stimulus-Support............................................................................................ 86Stimulus................................................................................................ 87SternbergStimulus............................................................................... 88ToneStimulus....................................................................................... 89WordStimulus..................................................................................... 90Sequence-Support............................................................................................ 91WeightedCollection............................................................................ 92SequenceGenerator.............................................................................. 95Response-Support............................................................................................ 98ButtonBox.............................................................................................. 99ButtonBoxResponse............................................................................ 102Data-Management........................................................................................... 103BatteryBlock.......................................................................................... 104BatteryTrial............................................................................................ 105DataDictionary...................................................................................... 107DataDictionaryEntry............................................................................ 108Interface-Battery............................................................................................... 110ListHolder.............................................................................................. 111 viiItemListController............................................................................... 113ParameterListController..................................................................... 116BatteryCodeController........................................................................ 118WaveformController.......................................................................... 120BatteryBrowser..................................................................................... 122ItemListView........................................................................................ 128ParameterListView.............................................................................. 129BatteryView........................................................................................... 131BatteryCodeView................................................................................. 134WaveformView................................................................................... 135Chapter IV -- Anatomy of the Battery Library....................................................... 144Realtime-Support............................................................................................ 146Timebase................................................................................................ 147Timebase................................................................................................ 148Realtime-Devices............................................................................................. 151Device..................................................................................................... 152ClockedDevice...................................................................................... 154Clock....................................................................................................... 156Digitizer.................................................................................................. 163BufferedDigitizer.................................................................................. 166StreamedDigitizer................................................................................ 168InputBit.................................................................................................. 170OutputBit............................................................................................... 175Waveform-Support......................................................................................... 177Averager................................................................................................ 178Waveform............................................................................................. 182WaveformCollection.......................................................................... 185Tally........................................................................................................ 187Random-Support............................................................................................. 191IntegerGenerator.................................................................................. 192IntegerStream....................................................................................... 193RandomStream.................................................................................... 195SampledStream.................................................................................... 199Plumbing-Support........................................................................................... 201Filter........................................................................................................ 202Pump...................................................................................................... 205Tee........................................................................................................... 210ValueFilter............................................................................................ 211Valve...................................................................................................... 213ValueSupply......................................................................................... 215Accessable-Objects............................................................................................ 217AccessableObject................................................................................... 218AccessableDictionary........................................................................... 226Chapter V -- A Tour of the Battery Simulation.................................................... 228 viiiChapter VI -- Discussion............................................................................................. 232Object-Oriented Frameworks........................................................................ 232Environments.................................................................................................. 238Getting Skeletons Back in the Closet........................................................... 238Why Software Design is So Difficult........................................................... 244Designing in the Presence of Volatile Requirements.............................. 249Designing to Facilitate Change...................................................................... 254Specificity vs. Generality................................................................................ 255Objects, Evolution, and Maintenance......................................................... 257Reuse vs. Reinvention................................................................................... 260Frameworks and the Software Lifecycle..................................................... 262Programming in the Smalltalk-80 Environment..................................... 266The Learnability Gap....................................................................................... 267Smalltalk and Realtime Systems.................................................................. 269Starting with a "Real" System....................................................................... 272Lisp, Simula, and Uniform Access............................................................... 273O2 Programming is Easy. O2 Design is Hard............................................. 277Chapter VII -- Conclusion.......................................................................................... 280References...................................................................................................................... 282

1Chapter I -- IntroductionA good software designer knows that a job is not done when therequirements for the project at hand have been met. Well designed systemswill lay the foundations for solving related problems as well. Good designerswill always keep one eye open to opportunities to produce code andcomponents that are usable beyond the scope of the current problem. Acommon result of such efforts is the accumulation of a library of broadlyapplicable utility components and routines. Another result can be theconstruction of robust, easily extensible applications that facilitate theevolution of a given application or component as the demands made of itchange.Not all programming systems and methodologies are equally effective insupporting the graceful evolution of applications and systems. Certainlyhigh-level languages such as Algol-68 and Pascal, and approaches such asstepwise refinement and structured programming have done much to easethe burden of the programmer designing new applications. The notions ofencapsulation and information hiding, which have been embodied inlanguages like Ada and Modula-2, have contributed much to our ability todeal with large, complex problems and systems. These approaches, powerfulthough they may be, only begin to address the sorts of pressures one faceswhen an existing system must adapt to new requirements. The central focusof the work described herein is on how object-oriented languages, techniquesand tools confront the problem of volatile requirements.This document describes a project (the battery simulation) that assesses thevalue of bringing object-oriented tools and techniques to bear on problemsdrawn from the domain of realtime laboratory programming. The projectwas based upon a large laboratory system (the CPL battery, or the battery)developed by the author using more traditional tools and approaches. Theproject involved the reimplementation of substantial portions of the CPLbattery using Smalltalk-80. The principal question that motivated this effortwas: How might the use of object-oriented tools and techniques affect the

2design, implementation, and evolution of programs in this applicationdomain?The problems of realtime laboratory programming are quite distinct fromthose in areas that have been more comprehensively studied by computerscientists, such as compiler construction or operating system design.Realtime laboratory data acquisition and experimental control applicationsmust flourish in a research environment that is (by the very nature ofresearch itself) characterized by rapidly changing requirements. Theseapplications must also operate under severe timing and performanceconstraints, and must be designed to facilitate graceful evolution.The applications which provided the basis for this project (the CPL battery)resulted from a fairly ambitious attempt to address some of the requirementsstated above using traditional programming tools. A number of theapproaches taken in the design of the CPL battery were inspired by object-oriented techniques. This project (the battery simulation) represented anattempt to ascertain what impact the use of a full-blown, bona-fide object-oriented programming environment (Smalltalk-80) might have on aredesign and reimplementation of representative portions of the CPL battery.This Smalltalk-80 reimplementation had, from the onset, an exploratorycharacter. An important aim of the project was to examine how theSmalltalk language and system might affect the sort of code produced to solvelaboratory programming problems. The "plumbing" data stream classes fordata analysis and the "accessable object" record/dictionary classes are two ofthe more interesting results. Another goal was to assess the utility ofSmalltalk’s user interface construction tools in constructing theseapplications. The waveform and parameter browsing tools incorporated intothe project resulted from this effort. The plumbing data stream classes,accessable objects, and the battery browsing tools are presented in detail inChapters III and IV of this document.The overriding focus of this effort, however, was not as much to see howobject-oriented techniques might aid in the construction of any givenapplication as it was to assess the ways in which these techniques might be

3used to avoid the sort of wasteful duplication that is conventionally seen inthese sorts of application domains as requirements change.One way in which object-oriented schemes help to meet this goal is byencouraging the design of general, application independent libraries ofreusable components. More conventional programming environments dothis too. The information hiding capabilities present in object-orientedlanguages and systems are of great benefit in promoting the development ofreusable libraries.Another way in which object-oriented approaches facilitate gracefulcomponent evolution is via the ability of an object-oriented system to supportthe customization of a general kernel of components through thespecialization ability provided by inheritance. The specialization and reusecapabilities provided by object-oriented inheritance and polymorphismincrease the potential applicability of both preexisting and user generatedsystem components. Hence, effort spent making a component more generalis likely to pay off sooner than it might in a conventional system.The Smalltalk battery simulation uses a class inheritance hierarchy to helpmanage a set of related, evolving applications as they diverge from acommon ancestor. The emergence of an application specific framework inthe face of volatile requirements is perhaps the most interesting consequenceof the use of object-oriented techniques.Traditional tools and approaches in the laboratory domain encourage aprogramming style built around a library of context independent reusablesubroutines and disposable custom programs built (perhaps) from simpleskeletons. An object-oriented approach allows a broad middle groundbetween these two extremes: the application framework.The existence of a mechanism that allows the graceful evolution of programcomponents from the specific to the general is a valuable asset during thedesign of any system, but the value of such a capability takes on an additionaldimension of importance when such systems must evolve in the face ofhighly dynamic requirements. Thus, designing to facilitate change takes in

4lifecycle issues that normally are addressed under the rubrics of reuse,maintenance and evolution.The Structure of this DocumentThis document is organized as follows:Chapter II gives the history and background of this project, including adetailed description of the system upon which the project was based (the CPLbattery), and discusses Smalltalk and object-oriented programming in general.Chapters III and IV give the detailed anatomy of the Smalltalk-80 batterysimulation framework and library.Chapter V gives an illustrated tour of the battery simulation.Chapter VI contains a discussion of a number of general questions and pointsraised by this research.Chapter VII summarizes the project’s results and conclusions.

5Chapter II -- BackgroundThis chapter describes the realtime laboratory application domain and theCPL battery, and discusses how the CPL battery spawned the Smalltalk batterysimulation.The Realtime Laboratory Application DomainThe Smalltalk battery simulation that is the focus of the effort described inthis document was based on another system (the CPL battery) developed bythe author while employed (as a systems programmer/analyst) at theUniversity of Illinois Department of Psychology’s CognitivePsychophysiology Laboratory (CPL).A basic psychophysiological paradigm employed by researchers at the CPL isthe so-called "oddball" paradigm [Donchin 81]. In an oddball experiment, asubject (typically human) is presented with a Bernoulli series of one of twoalternative stimuli, such as high or low tones. Each such presentationconstitutes a single trial. A complete series of such trials is called a block. Inthe simplest case, the subject’s task is to count each occurrence of one type ofstimuli, and ignore all occurrences of the other.During this procedure, EEG is collected from the subject via electrodes affixedto the subject’s scalp. This EEG is amplified and and fed into a computer-driven analog-to-digital converter. The phenomena of interest are lowamplitude signals that are difficult to detect in the wash of noise that istypically present in the EEG collected for any given single trial. Thus, signalaveraging is necessary to produce aggregate responses across collections ofmany trials.All aspects of data collection and experimental control are under the realtimecontrol of a laboratory computer system. This system must concurrentlygenerate and present stimuli to the subject, digitize and store collected data onsome secondary storage medium, and conduct an interactive dialog with the

6experimenter, which may include the generation of realtime waveformdisplays and the presentation of statistical information.A single trial might last for a period of 1 to 2 seconds. Data are typicallydigitized at 100 to 200 points per second. Data from 2 to 32 channels (electrodesites) are recorded for each trial, and stored in real time to magtape orcartridge tape. In addition to the analog data, digital input data reporting asubject response to a given stimulus, together with a response time (RT) maybe collected for each trial.The definition of what constitutes adequate realtime performance variesenormously from one application domain to the next. Certain applications inhigh energy physics may require that microsecond or better accuracy bepresent in the relative timing among experimental events. Many processcontrol applications (and so-called realtime operating systems) effectivelydefine realtime as being within a line clock "tick" (1/50th or 1/60th of asecond). Psychophysiological applications usually require that experimentaltiming be accurate to within a millisecond or so.The computer system used to run these experiments is one designed andconstructed at the CPL. These systems, called Pearl II systems [Heffley 85] arebuilt around DEC LSI-11/73 processors, and contain from 256k to 4M bytes ofmemory. Among the more noteworthy attributes of these systems is the setof 6 custom PC cards that provide 6 realtime clocks, a 16/32 channel 12 bitDMA clocked A/D system, a 4 channel clocked 12 bit DMA system, and acustom DMA cartridge interface.Programs are developed and run under the DEC RT11 operating system.Application programs are usually written in Fortran IV, with the assistance ofa structured preprocessor called FLECS [Beyer 75] that provides facilities suchas advanced control structures, constant definition, and internal proceduresthat are not (or were not) present in the Fortran 66-based DEC Fortran IVimplementation.Application development is supported by a large library of Fortran and PDP11assembly language (Macro-11) subroutines called LABPAK [Donchin 75],

7[Foote 85]. This library provides fast implementations of operations that aretime or performance critical, or beyond what can easily be accomplished inFortran (such as device drivers).The LABPAK library hides much of the detail and complexity of dealing withrealtime device programming and high performance data manipulation fromthe application programmer. Hence, laboratory application development canbe undertaken by researchers themselves.Naturally, there is a great deal of variation among the levels of programmingskills exhibited by researchers in this environment. A typical simplelaboratory application program might be a few hundred lines long. Usually,such applications are written by a single individual to solve some problemimmediately at hand. (Often, the programs generated by researchers arevariations on the oddball theme discussed above.) Once written, such anapplication program may take on a life of its own. This is because research, byits nature, ensures that no single application stays current for very long. Theproblems presented by moving target requirements will be addressed in detailin Chapter VI.The CPL BatteryThe CPL Battery was developed in response to requirements in severalresearch contracts that called for the development of a battery ofelectrophysiological tests for the assessment of toxic exposure (for the EPA)and man-machine operator workload (for the Air Force). This package isdiscussed in a paper by Heffley, Foote, Mui and Donchin [Heffley 85]. Thespecifications for these tests called for the development of a battery of relatedapplications that together would constitute a turn-key package with which arelatively unskilled operator could administer these tests. The specificationscalled as well for a great deal of latitude and flexibility in the configuration ofthese battery items. At the same time, each of the specified items was, inmany respects, a variation on the oddball theme discussed previously.

8It seemed obvious at the outset of this project that using the conventionalapproach of developing and maintaining a single separate applicationprogram for each required battery task was not feasible. The burden ofmaintaining such a large collection of programs appeared to have thepotential of becoming overwhelming. The commonalities in the underlyingstructures of these applications ensured that large portions of each applicationwould be duplicated across many or all of them. What’s more, the high levelof flexibility required by each of the specifications would have required thatseveral versions of each item be developed if each had a scope similar to thatof one of the applications we were used to.Even when surface differences could be otherwise be reconciled, there was aneed for variations in the user interfaces of the programs to tailor them to theneeds of the various contractors, particularly with respect to the operatorinterfaces.It was to meet these requirements that we developed the CPL Battery.Typical CPL laboratory application programs have always had a brief list ofparameters that could be modified by the experimenter using a simple tableediting scheme. This parameter dialog might allow an experimenter to alterbetween 10 and 50 experimental parameters. In order to allow the largenumber of variations called for in the specification, a much larger numberparameters seemed necessary.To support this capability, we developed a stand-alone parameter editor,which could accommodate up to 512 parameters per battery item. This editoris table driven, and provides both type and subrange checking. Integer,Option (Boolean) and String types are supported by the battery editor. Theeditor provided a full screen, arrow and key-letter driven interface (whichwas still a novelty during the early 1980s) as well as a per parameter helpcapability (which is still more of a novelty than it should be.) The editor alsosupports the realtime interpretation of symbolic arithmetic expressions, andincluded a primitive constraint resolution mechanism. It also providedfacilities for storing and retrieving sets of parameter values.

9The tables that drive the parameter editor are also the basis for the battery datamanagement scheme. By retaining symbolic information describing thecontents of battery data records, any battery program or other utility mayaccess data generated by any other utility. These tables are generated by apreprocessor that takes a textual description of each parameter, along with itshelp information, and generates binary tables, help files, and FLECS commondefinition files. These include files provide an efficient mechanism forestablishing a correspondence between symbolic names in the parametereditor and variables in the application programs themselves.The development of support for a multi-page parameter dialog permitted thedesign of a handful of general applications that could, by virtue of the highdegree of configurability made possible by the large number of parameterspresent, take the place of a large number of single purpose programs.To attempt to exploit the structural similarities between battery items, adecision was made to use the internal procedure and conditional compilationcapabilities of the FLECS preprocessor to attempt to mimic an object-orientedinheritance hierarchy. This attempt proved quite successful. Each of theeight or so battery items is derived from a single common FLECS framework.The sharing of large amounts of structural code among all the battery itemspermits one to lavish this common core with additional attention andfeatures, with the knowledge that this effort will benefit all the applicationsderived from it.This attempt to employ object-oriented principles was motivated by a keeninterest on the part of the author in object-oriented programming, andSmalltalk in particular. It was this interest, combined with the battery effort,that motivated the Smalltalk battery simulation described herein.

10A Tour of the CPL BatteryThis chapter illustrates how an experimenter interacts with the CPL Battery.The screens depicted here show how an experimenter choses a battery item,inspects an item’s parameters, and runs a block of trials.The screen above shows the CPL battery’s main menu page. Users select anitem either by using the vertical arrow keys, or by using one of a set of singlekeystroke command synonyms.

11The screen above shows the main menu of the Word Oddball battery item.User may run a block of trials, inspect and change parameter values, ormanipulate and examine the contents of either a Pearl II 1/4 inch cartridgetape, or a 9 track magtape.

12The screen above depicts one of the Word Oddball items parameter directorypages. This battery item has three such pages. Each entry in the directoryrefers to a parameter page that may in turn contain up to 16 parameters.This screen shows one of the Word Oddball’s parameter pages. This pagecontains parameters associated with data collection. The values of the A/Ddigitizing rate, the A/D digitizing time, and the number of data points persweep may be traded off against one another. The results of doing so areimmediately displayed. The single degree of freedom present in thiscalculation may be assigned using the "Calc" parameters. The effect of suchmanipulations on memory usage is reflected immediately in the "Bytes Free"parameter. Such calculations are conducted by special constraint satisfactioncode built into the menu management program that drives this display.The text at the bottom gives a brief description of the "A/D Gain" parameter.Such interactive help is available for all of a battery item’s parameters. Theuser alters a parameter by moving the cursor to it using arrow keys, andtyping return. The user may then type an expression, the value of whichbecomes the new parameter value, if the parameter’s limit constraints are notviolated. This expression may include most standard Fortran and C

13operators, as well as symbolic parameter names. Hence, "A/D Gain"*2+1 is alegal expression.The Battery main menu and parameter dialogs seen here are all conducted bya single program, called MENU. This program operates on tables produced bya preprocessor called DICT. The input to this program is an ASCII descriptionof each parameter, giving its type, limits, and initial value. The helpinformation is also given in this file. The DICT program produces tables forthe MENU program, along with Fortran common and constant definitionfiles that are used by the FLECS preprocessor to allow efficient Fortran levelaccess to battery variables.The screen above gives a list of the commands available to the user in theparameter editor.

14Thescreen above shows the information given to the experimenter justbefore a block is begun.

15The Macintosh screen dump above shows part of the Word Oddball itemsruntime display. Trial categories are distinguished by bold and dim text. Thetrial number is given in the leftmost column, followed by the stimulus. Thenext three columns give subject response information. Since no subject waspresent when this example was run, the reaction time column (RT) is filledwith zeros, and the response columns are written in reverse video, indicatingthat the responses for this trial are in error.Why a Smalltalk Battery Simulation?A number of factors made simulating the CPL battery in Smalltalk seem like apotentially worthwhile enterprise. The CPL battery was constructed usingtechniques and approaches that were taken from Smalltalk. The simulatedinheritance hierarchy used to manage related applications and the highlyinteractive user interface present in the CPL battery were both inspired bySmalltalk. Both were simulated at considerable expense in the CPL battery. It

16seemed natural to ask what advantage there might be in using Smalltalk itselfto construct a system with similar objectives.The inheritance mechanism in Smalltalk is much more powerful (and lesscoarse) than the one used in the CPL battery. As for the user interface,Smalltalk is (rightfully) well known for having originated the bit-mapped,windowed user interface style that is so popular today. The Smalltalkenvironment comes with an extensive array of classes that support this userinterface.It seemed interesting to ask as well what impact an object-oriented languagelike Smalltalk might have on low level coding. Object-orientedpolymorphism seemed to have the potential to allow low level code to copewith the needs of a family of related applications in a tidier fashion thanconventional languages (like Fortran) might allow. Also, object-orientedprogramming styles encourage the development of a collection of modularapplication specific abstractions. Assessing the impact of using suchabstractions on the coding process seemed a worthwhile pursuit.Above all, however, the battery simulation was inspired by a desire toinvestigate the impact of object-oriented techniques and environments onthe design of a family of diverging applications. In particular, I wanted todetermine how a Smalltalk implementation of a system like the batterywould support the sort of extension and change present in a laboratoryenvironment.Certain other aspects of the Smalltalk system made it attractive as well.Under Smalltalk-80, all the objects known to a given copy of the system areresident in that system’s image. It struck me that such an environmentmight be an interesting place to investigate new ideas about managing thelarge volumes of data that are produced by laboratory applications,particularly with respect the problem of identifying and labeling such data. Ina resident environment, stored data could retain their original identities asobjects, and respond to their full repertoire of messages. The combination ofresident data and the Smalltalk user interface tools seemed to haveconsiderable potential.

17One last aspect of Smalltalk versus the CPL development environmentseemed compelling as well. The Apple Lisa and Macintosh MC68000 systemsthat supported the Smalltalk battery simulation had up to 2 megabytes ofdirectly addressable memory available to them. The original CPL battery ran(and still runs) on DEC PDP-11 family processors that can, for most purposes,address only 64kb of memory directly.

18Chapter III -- Anatomy of the BatteryFrameworkThe Battery simulation is an object-oriented application framework forconstructing psychophysiological experiments of the sort described in chapterII. Experimenters add new experiments to this framework by adding newsubclasses to this framework. The number of new subclasses that must beadded and the amount of new code that must be written will depend (ofcourse) on the degree of similarity between the requirements for the newexperiment and parts of the existing framework.This chapter, and the one that follows it, give a detailed exposition of all thecode in the Battery simulation. It is hoped that the battery simulation canserve as a case study in the application of object-oriented frameworks. Everyline of code in the simulation is presented, warts and all. The classdefinitions for this code are organized into 14 major categories. (The namesgiven are Smalltalk system category names.) The first 8 categories containcode that is relatively battery specific. These constitute the bulk of the batteryframework. The remaining 6 categories contain code that is largely batteryindependent. These classes hence play a role similar to that of librarycomponents in a conventional system. These classes are discussed in ChapterIV. The categories are:Battery-ItemsThe Sternberg, Word and Tone OddballBattery-ParametersParameter carriers for the Battery ItemsStimulus-GeneratorsPluggable stimulus presentation devicesStimulus-SupportStimulus descriptor objectsSequence-SupportStimulus sequences generation supportResponse-SupportSubject response descriptor objectsData-ManagementData archive simulation objectsInterface-BatterySupport for browsing battery itemsRealtime-SupportSimulated realtime timebase codeRealtime-DevicesClocks, digitizers, digital I/O devicesWaveform-SupportWaveform collection and statisticsRandom-SupportRandom integer and stream supportPlumbing-SupportObjects for connecting streams togetherAccessable-ObjectsSupport for record/dict. transparency

19The Battery-Items category contains the core of the battery simulation: theabstract class BatteryItem. BatteryItem is the principal component of thepsychophysiological experimental application framework. This class is thesuperclass of the three concrete battery items presented here: WordOddball,ToneOddball, and SternbergTask. One of the central goals of this simulationwas to demonstrate how a class inheritance hierarchy could be used allow afamily of related application programs to share common code.The Battery-Parameters category contains a set of record-like objects that carrythe user modifiable parameter values for each battery item. These areorganized in a hierarchy that mirrors the battery item hierarchy. The use ofseparate objects to embody the configurable state of battery items simplifiesand isolates the design of the battery parameter viewing mechanism.The Stimulus-Generator category embodies an attempt to constructinterchangeable stimulus generation modules that could be fitted into anyappropriate application.The Stimulus-Support and Response-Support categories contain classes thatfunction as descriptors that ferry information between the battery itemsthemselves and the stimulus generation and response reporting systems.The Battery-Parameters, Stimulus-Generator, Stimulus-Support, andResponse-Support categories are examples of objects which have beenfactored out of the original battery item design as discrete components. Anexperimenter constructing a new experiment will extend BatteryItem, orsome subclass thereof, along with members of these hierarchies. Becausethese elements are not subclasses of BatteryItem itself, these components canbe mixed and matched as black boxes among BatteryItems.The Sequence-Support category supports the generation of experimentalstimulus sequences.The Data-Management category contains a set of descriptor classes thatprovide the foundation for a dictionary-based data archiving scheme. ClassBatteryTrial contains waveform data and descriptive scalar information for

20each single trial that is performed. A BatteryBlock contains all the trialscollected during a given experimental run. Each completed BatteryBlock isentered into a DataDictionaryEntry descriptor and entered into aDataDictionary. Class BatteryItem contains an instance of DataDictionary thatserves as the master repository for battery data.The Interface-Battery category supports the Battery browser. This browserallows an experimenter to access a list of battery items, inspect or alter theparameters for a given battery item, and run a battery item. A running batteryitem maintains a dynamic waveform display.The code for the battery independent categories is described in the Chapter IV.The code for each system category is presented in turn. A general descriptionof each category is given first, along with a list of the classes defined in thatcategory. Each class in the category is then presented. Each class descriptionbegins with a table that resembles a standard Smalltalk class definitiontemplate. The class name and its superclass are given, first followed by lists ofinstance and class variables. Inherited instance variable names are given initalics. These lists are followed by the pool dictionary list, the category name,and a table showing the class hierarchy.

21B a t t e r y - I t e m s The classes in the Battery-Items category constitute the framework aroundwhich the Battery simulation is built. The classes are:BatteryItemA generic battery itemSternbergTaskA Sternberg memory taskToneOddballAn auditory oddball experimentWordOddballA visual semantic oddball experiment

22B a t t e r y I t e m Class BatteryItem is the central core of each of the three actual battery itemsimplemented herein. BatteryItem is an abstract superclass, since it exists onlyto provide a repository for the common behaviors among the three concretebattery items.A BatteryItem is a generic psychophysiological experiment. A BatteryItemobject’s job is to run a block of experimental single trials whenever it receivesthe doBlock message. A block is a collection of a designated number of singletrials. The number of trials in a block is an experimental parameter.A single trial, or trial, corresponds to the presentation of a stimulus or asequence of stimuli to an experimental subject. For each trial, a BatteryItemmust coordinate the timing and presentation of stimuli, the collection of A/Dwaveform data (using an analog-to-digital converter, or digitizer), thecollection of discrete response time information, and the maintenance ofcumulative statistics and experimenter displays. A BatteryItem mustaccurately orchestrate all these activities in (simulated) real time.BatteryItem is a subclass of AccessableObject, which enables each of itsinstance variables to be accessed as though a BatteryItem were a dictionary.AccessableObjects allow new key/value pairs to be defined, which will thenalso respond to the conventional instance variable accessing protocol (item,item: value). See the discussion of category Accessable-Objects for moreinformation on what AccessableObjects can do. BatteryItems inherit theinstance variable items from AccessableObject. This instance variable helpsto provide the soft instance variable facility mentioned above.The class variable BatteryDataDictionary is an important component of thebattery simulation’s rudimentary data management scheme. Rather thanwriting battery data to some external medium, the battery simulation entersthe data collected during each run of a battery item into a dictionary that iskept in BatteryDataDictionary.

23class nameBatteryItemsuperclassAccessableObjectinstance variable namesitemstrialClockstimulusClockdigitizerresponseDeviceparametersstimulusSequencesequenceGeneratorstimulusGeneratorbufferexperimenterLogwaveformDisplayblockblockNumbernextTrialcurrentTrialcurrentTrialNumberoutputStreamaveragePipelinetallyPipelineclass variable namesBatteryDataDictionarycategoryBattery-ItemshierarchyObjectAccessableObjectBatteryItemSternbergTaskToneOddballWordOddballBatteryItem methods for: block controlThe block control methods control block preparations, the sequencing ofsingle trials, and block termination activities.The fundamental operation that a BatteryItem can be called upon to performis to doBlock, which defines the basic sequence of block activities. Any timeconsuming block preparations are made by prepareBlock. These includeupdating the block counter, preparing a stimulus sequence, preparing the datamanagement system, and setting up the dataflow data processing fixtures.Then, time-critical block start-up actions are performed by startBlock, such asinforming the stimulus generator object that the block is starting.

24The division of labor among the components that constitute a battery item issuch that each battery item works with a discrete stimulus generating object ofsome sort. For some applications, the internal mechanisms of this objectmight be quite complex, and hence there is a need to synchronize it with theblock and trial sequencing done by the battery item.The runBlock method is the heart of the block control mechanism. It zeros atrial counter, and proceeds to generate and execute trials. A trial is executedby sending the doTrial message to a battery item. The trial control code isdiscussed below.When the block has completed, the finishBlock method is executed. Thismethod tells the data management and stimulus generation components toperform any block termination activities that they might require.An experiment that required that basic changes be made to a BatteryItem’sblock sequencing behavior might override these methods. For example, anexperiment that required that a sequence of blocks be run in order with onlyminor, systematic changes to experimental parameters might override someof these methods.BatteryItem methods for: block controldoBlock"To run a block, we must make adequate preparations, start per blockactivity, run the blocks’s trials themselves, and finish up. Thefundamental service a BatteryItem provides to the outside world is theability to do a block when it is requested to."self prepareBlock.self startBlock.self runBlock.self finishBlockfinishBlock"We are done. Clean up. We perform whatever end-of-block activityour data management scheme may require, and tell our stimulus generatorthat the block is over."self finishDataManagement.self stimulusGenerator finishBlock

25prepareBlock"Block preparations are those time-consuming tasks that need to beperformed before a block is started. These are as opposed to actions of anessentially instantaneous nature, which should be enumerated instartBlock. "self blockNumber: self blockNumber + 1.self prepareStimulusSequence.self prepareDataManagement.self prepareProcessingFixturesrunBlock"To actually run the block, we have to generate a bunch of trials. Weoverlap the completion of the current trial and the preparation of thenext in doTrial. Hence, we must prime this process here."self currentTrialNumber: 0.self prepareNextTrial.(1 to: self trials)do:[:n |self currentTrialNumber: n.self currentTrial: self nextTrial.self doTrial]startBlock"Tell our stimulus generator we are starting up."stimulusGenerator startBlockBatteryItem methods for: trial controlThe trial control methods are templates for a BatteryItem’s basic trial controlsequencing.The doTrial method conducts an experimental trial. The startTrial methodstarts the single trial timer (which is returned by the trialClock method) for anamount of time indicated by the trialDuration method. The runTrial methodis the generic trial body. It calls collectData and processData.The collectData method must be provided by BatteryItem’s subclasses, and is,in this implementation of the battery, the primary locus of differences amongBatteryItem’s concrete subclasses.The processData method takes the data deposited in the buffer object and per-trial data structures and performs per-trial processing on them.

26The prepareNextTrial method constructs the per-trial data objects for the nexttrial. This method allows us to overlap the perhaps time consumingpreparation of the next trial with the often relatively quiescent period at theend of the current trial.The finishTrial method simply waits for the trial clock’s time to elapse.BatteryItem methods for: trial controldoTrial"To do a trial, do the trial start up, run the trial, prepare the next one,and clean up. We prepare the next trial before waiting for the timeallotted for the current trial to elapse (which is done in finishTrial)."self startTrial.self runTrial.self prepareNextTrial.self finishTrialfinishTrial"We’ll always end by waiting for the trial clock. In the interest of tidytiming, subclasses that override this method might want to send superfinishTrial last."trialClock waitprepareNextTrial"Do stimulus selection and preparation here. We allocate a BatteryTrialobject, and set it up."self nextTrial: BatteryTrial new.self nextTrial trialNumber: self currentTrialNumber + 1.self currentTrialNumber < self trialsifTrue:[self selectNextStimulus.self prepareNextStimulus]runTrial"This is our generic trial body. Each trial first collects some data,then processes and stores them."self collectData.self processDatastartTrial"We’ll always start by starting up the trial clock. In the interest of tidytiming, subclasses that override this method might want to send superstartTrial first."self trialClock startFor: self trialDuration

27BatteryItem methods for: instance initializationThe methods in this category allocate battery item resources and set defaultvalues.The methods in this category are all called in response to an initializemessage to a BatteryItem. The initialize message zeros the block numberinstance variable, and sends an allocateResources message to the BatteryItem.This method then invokes the remainder of the resource allocation code.They are concerned primarily with the one-time creation or allocation of per-item resources.Note that allocateParameters and allocateStimulusGenerator areresponsibilities of the concrete subclasses of BatteryItem. None of the otherinitialization messages in this incarnation of the battery are overridden.BatteryItem methods for: instance initializationallocateBuffers"Allocate the buffer our A/D system will use. The A/D system fills apre-existing buffer rather than creating and returning every time it isasked to collect data. The buffer: message stores this buffer somewhereuntil it is needed."self buffer: (WaveformCollection channels: self channels points: self points)allocateClocks"We will use two timers, a trial timer, and a stimulus presentation timer.We allocate and store these here."self trialClock: Clock new.self stimulusClock: Clock newallocateDigitizer"Let’s use a buffered digitizer for now. (There is a StreamedDigitizer aswell.) Store this somewhere where we can get at it."self digitizer: BufferedDigitizer newallocateParameters"Let our subclasses deal with this..."self subclassResponsibility

28allocateResources"Create the resources we will be employing to conduct this experiment,such as parameter blocks, clocks, buffers, digitizers, stimulus generators,sequence generators, and response devices."self allocateParameters.self allocateClocks.self allocateBuffers.self allocateDigitizer.self allocateStimulusGenerator.self allocateSequenceGenerator.self allocateResponseDeviceallocateResponseDevice"Build a button box and save it somewhere."self responseDevice:(ButtonBox bitA: self inputBitA bitB: self inputBitB usingClock: selfstimulusClock)allocateSequenceGenerator"Allocate a sequence generator."self sequenceGenerator: SequenceGenerator newallocateStimulusGenerator"Let our subclasses worry about this..."self subclassResponsibilityinitialize"Create our block resources, and zero the block counter."self blockNumber: 0.self allocateResourcesBatteryItem methods for: data collectionData collection strategies will usually differ sufficiently among differentbattery items so as to make it necessary for this code to be implementedfurther down in the inheritance hierarchy.The collectData method must be implemented by each subclass of BatteryItemto orchestrate the basic data collection sequence for that item. This methodwill usually contain a sequence of experimental control and data acquisitionmethod invocations that will together define the heart of the experimentimplemented by a given battery item.

29The startDigitizer method will often (always given the current framework) becalled from collectData to start the A/D system.BatteryItem methods for: data collectioncollectData"Data collection requirements differ from item to item, so our subclassesmust implement this."self subclassResponsibilitystartDigitizer"Start our A/D converter. We ask ourself for the various parameters weneed to start this process. We care not from where these values actuallycome... "self digitizercollectChannels: self channelspoints: self pointsin: self bufferevery: self digitizingRatethenDo: []BatteryItem methods for: data processingThis protocol category contains a set of generic methods for setting up andprocessing collected data.The prepareProcessingFixtures method prepares the data averaging andstatistical data accumulation pipelines. The averaging fixture set up method,prepareAverageFixtures should be provided by subclasses of BatteryItem.Each subclass will typically call average:using:withLabel: for each averagecategory it wishes to define.The average:using:withLabel: method constructs a dataflow pipeline thatevaluates a given source block after the data for each trial are collected, andforces the result of that block down a pipeline using the indicated valve(conditional) block. If this valve is open, this result can then flow into theAverager object for the pipeline. The pipeline is constructed using thepseudo-Stream objects defined in the system category Plumbing-Supplies.The average:using:withLabel: method works as follows: First, an averagebuffer into which a running average will be accumulated is created. Next,

30this buffer (the WaveformCollection) is entered into the average dictionary inthe current TrialBlock object using the given label as a key. Next, a Pumpobject is created, and a ValueSupply object using the given source block as itssource is connected to the input (source) side of the Pump (using the << orconnect input message). Then, the output side of the dataflow pipeline isconnected (using >>) to the effluent (sink) side of the pump. The first stage ofthe output pipeline is the Valve object, and the final stage is an Averager onthe average buffer we created. Finally, the fixture is entered into anaveragePipeline dictionary kept by this instance of BatteryItem.The tally:using:withLabel: method uses a similar scheme to constructpipelines for incrementally accumulating statistical information using Tallyobjects. Tally objects are objects into which pipelined data can be fed thatmonitor the data that pass through them and accumulate statisticalinformation about those data. Tally objects can later be asked for statisticalcharacterizations of the data that have passed through them. (For instance,they can be asked to give a count, or an average, of the data they have seen.)The nature of the data collected will of course depend on the nature of theTally object itself. The pipelined scheme used here allows the nature ofstrategies for accumulating and processing statistical data to be implementedindependently of the contexts in which they are employed.The prepareStatsFixtures method constructs a set of fixtures for collectingBatteryItem button box response time data. First, the tally pipeline and tallycollection dictionaries are created. The tally pipeline dictionary holds the rootof each pipeline we have built (i.e. its Pump object), so that when the time isright, each pipeline can be told to move data from its ValueSupply blockdown (Value permitting) to its effluent sink (the Tally object). TheTrialBlock’s tally dictionary provides access to the Tally objects at the end ofthe pipelines for posterity’s sake. The pipeline fixtures and tally objects areentered into these dictionaries by tally:using:withLabel:. The real work in theprepareStatsFixtures method is performed by calls to tally:using:withLabel:.For all three of the pipelines constructed by this method, the values aregenerated using a block that asks the current trial for its response time. Thepipelines differ in the labels given them, and in the condition under which

31the pipeline’s Valve object will permit the data returned as a result ofevaluating the value block to be passed through to the Tally object. The firstpipeline checks only that the value passed it is not nil. Each of the other twoadds at test for whether one or the other of the response buttons was pressedin addition to the test for nil. Note that the block passed through to theValueSuppy takes no arguments, while the block passed to the Valve objecttakes one argument. When a Valve object is passed a value, it will pass thisvalue in turn to its test block as the block’s argument.The purpose of all of this is to simplify the process of adding new statisticalcategories to data collection programs. Using the pipelining scheme, all onewould have to do to add a new statistical category is make a single additionalcall to tally:using:withLabel: to define the new category. All of the statisticalcharacterizations of which the Tally objects are capable will then be available.It is interesting to contrast the relative ease of this process with the tangle ofadditional variables, declarations and code that is typically generated when anexperimenter desires that new statistical categories be added to a programusing a conventional programming language, such as Fortran. The pipelineapproach encapsulates the details of the statistical collection process, such asthe temporary variables, the category criteria, etc.The processData method is called from runTrial. It outlines our genericmechanism for dealing with collected data. First, the subject’s response, (ifany) is evaluated. Next, the data for this trial are stored. Then the per-blockaverages and statistics are updated. Finally, the waveform and experimenterlog displays are refreshed.The system transcript is used as an experimenter log in this implementationof the battery. Single channel number one of the (single trial) data buffer isdisplayed in the BatteryItem’s WaveformView.The updateAverages and updateStatistics methods illustrate how data areextracted from the ValueSupply blocks of the plumbing fixtures and areflushed down into the effluent sides of the pipelines. Each pump object inthe average and tally pipeline dictionaries is sent the message nextPut to

32accomplish this. The nextPut method moves one value from the intake tothe effluent side of a Pump.BatteryItem methods for: data processingaverage: sourceBlock using: valveBlock withLabel: label"Build a fixture dictionary entry."| fixture averageBuffer |averageBuffer ‹ WaveformCollection channels: self channels points: self points.self block averages at: label put: averageBuffer.fixture ‹ Pump new.fixture << (ValueSupply using: sourceBlock).fixture >> (Valve using: valveBlock) >> (Averager on: averageBuffer).self averagePipeline at: label put: fixtureprepareAverageFixtures"Let our subclasses deal with this..."self subclassResponsibilityprepareProcessingFixtures"Prepare the tally and average pipelines."self prepareAverageFixtures; prepareStatsFixturesprepareStatsFixtures"Prepare the tally pipelines."self tallyPipeline: (Dictionary new: 10).self block tallies: (Dictionary new: 10).selftally: [self currentTrial responseTime]using: [:rt | self currentTrial responseTime ~~ nil]withLabel: ’RT Statistics (All trials)’.selftally: [self currentTrial responseTime]using: [:rt | self currentTrial responseTime ~~ nil and:[self currentTrial responseType = #buttonA]]withLabel: ’RT Statistics (Button A)’.selftally: [self currentTrial responseTime]using: [:rt | self currentTrial responseTime ~~ nil and:[self currentTrial responseType = #buttonB]]withLabel: ’RT Statistics (Button B)’processData"Data collection is complete. We must now evaluate the digitized dataand the subject’s response (if any), and update the experimenter’swaveform and log displays."self evaluateResponse.self storeCurrentTrial.self updateAverages.self updateStatistics.self updateWaveformDisplays.self updateExperimentalLog

33tally: sourceBlock using: valveBlock withLabel: label"Build a fixture dictionary entry."| fixture tally |tally ‹ Tally new.self block tallies at: label put: tally.fixture ‹ Pump new.fixture << (ValueSupply using: sourceBlock).fixture >> (Valve using: valveBlock) >> tally.self tallyPipeline at: label put: fixtureupdateAverages"Give our pipeline pumps a little push..."self averagePipeline do: [:fixture | fixture nextPut]updateExperimentalLog"Write a message for each trial. We use the System Transcript as the logmedium. "Transcript show: self trialNumber printString , ’) ’.Transcript show: ’Stim: ’ , self stimulus category printString , ’ ’.Transcript show: ’Resp: ’ , self responseType printString , ’ ’.Transcript show: self responseTime printString , ’ ticks’; cr.Transcript endEntryupdateStatistics"Give our pipeline pumps a little push."self tallyPipeline do: [:fixture | fixture nextPut]updateWaveformDisplays"Show a single trial channel for now. FLECS battery items typicallyshow several single trial and average channels. First, ask ourparameter’s object for the battery browser object we are to use. Then, askit for its WaveformView. Change the model for this view to our firstchannel (an arbitrary choice, I admit) and change the view title toindicate the current trial number. Then, send this view a update:#waveform message"| aBrowser aWaveformView |aBrowser ‹ self parameters browser.aWaveformView ‹ aBrowser waveformView.aWaveformView model: (self buffer at: 1).aWaveformView title: ’Trial ’ , self trialNumber printString.aWaveformView update: #waveform

34BatteryItem methods for: data managementThe methods in this category implement a generic data management scheme.This implementation of the battery uses a class variable common to allinstances of BatteryItem to store a global data dictionary. The dataDictionarymethod returns this dictionary.Every time a battery item collects a block of data, it enters aDataDictionaryEntry object containing the TrialBlock object into the datadictionary under a name generated by the entryName method. TheentryLabel method provides additional descriptive information. This label isstored in the DataDictionaryEntry object as well.The prepareDataManagement method allocates a new BatteryBlock object,and fills it with a copy of the BatteryItem’s own parameter object, and anempty trial array. It then creates a WriteStream over the trial array, andinstalls this as the BatteryItem’s output stream. To the rest of the BatteryItemcode, outputStream is merely a sink of some sort down which single trialobjects can flushed.The storeCurrentTrial method copies data from the digitizing buffer into thecurrent trial object, and sends this object down our outputStream.The finishDataManagment method is charged with creating theDataDictionaryEntry for a completed block, and storing this entry in themaster data dictionary.BatteryItem methods for: data managementdataDictionary"Return our data dictionary. This is a class variable shared by allBatteryItems into which the result of individual battery runs areentered. "^BatteryDataDictionary

35entryLabel"Just use the item label. Each entry we make into theBatteryDataDictionary will have an entryLabel and an entryName."^self labelentryName"Return the name parameter with the block number appended. Eachentry we make into the BatteryDataDictionary will have an entryLabeland an entryName."^self name , ’ #’ , self blockNumber printStringfinishDataManagement"If we got this far, we’ll presume that it’s okay to enter our data inthe data dictionary. We do so here. Note that we could just as easily be closing a data file or a data stream, should an alternate datamanagement strategy require this. (Note that from the perspective of therest of the BatteryItem code, the data management scheme appears as onein which single trial objects are sent down a WriteStream-like sink.)"| anEntry aName |aName ‹ self entryName.anEntry ‹ DataDictionaryEntryentryNamed: aNamewithLabel: self entryLabelandData: self block.BatteryDataDictionary at: aName put: anEntryprepareDataManagement"Allocate a block data object, and set up a stream over it. To the bulk ofour code, the data management scheme will appear as one that requiressingle trials to be sent down some sort of outputStream. The code willcare not whether this is a file, a collection, or what have you..."| trialArray |block ‹ BatteryBlock new.block parameters: self parameters shallowCopy.trialArray ‹ Array new: self trials.block singleTrials: trialArray.self outputStream: (WriteStream on: trialArray)storeCurrentTrial"Copy the digitized data, and set the current trial on its way downwhatever it is we are using as an outputStream..."self currentTrial data: self buffer deepCopy.self outputStream nextPut: currentTrial

36BatteryItem methods for: stimulus controlThe battery simulation uses discrete stimulus presentation objects to generatestimulus sequences and present stimuli. The stimulus control protocolcoordinates the various objects involved in stimulus generation.The prepareStimulusSequence method sets up a stream from whichindividual stimuli can be read for each trial. It does this by first creating asequence (using the sequenceGenerator) using a given collection of stimulustemplate objects, a trial count, and a collection of relative stimulusprobabilities. We then set up a SampledStream over this sequence so that wemay draw from it in a random order without replacement. The sequencegeneration scheme is interesting in that it is constructed using parts(WeightedCollections and SampledStreams) that were much more specific tothis application domain earlier in the design process. The current designbroke out these two potentially general components and employs the Unixphilosophy of constructing special purpose components by composing ahandful of general building blocks rather than building a single specialpurpose component from scratch.The selectNextStimulus method merely copies the next stimulus from thestimulus stream into the current trial object. Note that we make a deepCopyof the stimulus object rather than passing a reference to it. This is because thestimulus sequence uses multiple references (via the WeightedCollection)rather than copies, and because there is no telling whether a subsequentanalysis application might elect to make some destructive reference to one ofthese objects. (The issue of when to copy an object or when to pass a referenceto it is one that arises frequently in languages like Smalltalk and Lisp.[Bobrow 86] describes an approach to this sort of problem-based on a lazy copy-upon-destructive-reference-scheme.)The turnOnTheStimulus and turnOffTheStimulus methods pass the currentstimulus object to this BatteryItem’s stimulus generator.

37BatteryItem methods for: stimulus controlprepareNextStimulus"Tell our stimulus generator to prepare the stimulus."stimulusGenerator prepare: self nextTrial stimulusprepareStimulusSequence"Prepare a sequence, and set up a stream over it."| seq stims count probs |stims ‹ self stimuli.count ‹ self trials.probs ‹ self probabilities.seq ‹ self sequenceGeneratorgenerateSequenceOn: stimswithSize: countandProbabilities: probs.self stimulusSequence: (SampledStream on: seq)selectNextStimulus"Pull the next stimulus from our stimulus sequence, and tell ourselfwhat it is."self nextTrial stimulus: self stimulusSequence next deepCopyturnOffTheStimulus"Tell our stimulus generator to turn off the stimulus."self stimulusGenerator turnOff: self stimulusturnOnTheStimulus"Tell our stimulus generator to turn on the stimulus."self stimulusGenerator turnOn: self stimulusBatteryItem methods for: response controlThe battery simulation uses discrete objects for response reporting. Theresponse control protocol coordinates these.The response control protocol for battery items consists of two methods. TheenableResponseReporting method passes an enable method on to theresponse device. The evaluateResponse method queries the response device,and loads the fields of the returned response into the current trial object.Note that these values are stored using message sends to self, so that adifferent data management scheme might easily be substituted.

38BatteryItem methods for: response controlenableResponseReporting"Turn on the response device."self responseDevice enableevaluateResponse"Ask the response device for information pertaining to the currentresponse, and store it."| resp |resp ‹ self responseDevice response.self responseType: resp responseButton.self responseTime: resp responseTimeBatteryItem methods for: parameter accessThese methods translate queries to the battery item into queries to theBatteryItem’s BatteryParameter object. Consult the Battery-Parameterscategory description for more information on these objects.The use of message sends to self insulates the bulk of the code in BatteryItemfrom changes in the design of the data structures (which have indeedoccurred during the evolution of this project).BatteryItem methods for: parameter accessbaseline^self parameters baselinechannels^self parameters channelsdigitizingRate^self parameters digitizingRateinputBitA^self parameters inputBitAinputBitB^self parameters inputBitBlabel^self parameters labelname^self parameters name

39outputBitA^self parameters outputBitAoutputBitB^self parameters outputBitBpoints^self parameters pointsprobabilities^self parameters probabilitiesresponseMax^self parameters responseMaxstimuli^self parameters stimulistimulusDuration^self parameters stimulusDurationtrialDuration^self parameters trialDurationtrials^self parameters trialsBatteryItem methods for: single trial accessThese access methods translate sends to self into references to the currentsingle trial data object. Consult the definition of class BatteryTrial in the Data-Management system category for more information.The use of message sends to self helps to encapsulate the bulk of the batteryitem framework from the details of our single trial data management strategy.This strategy, like the parameter and stimulus management strategies, hasevolved considerably since the start of this project.BatteryItem methods for: single trial accessdata^self currentTrial datadata: anObject^self currentTrial data: anObjectresponseTime^self currentTrial responseTime

40responseTime: time^self currentTrial responseTime: timeresponseType^self currentTrial responseTyperesponseType: type^self currentTrial responseType: typestimulus^self currentTrial stimulusstimulus: stim^self currentTrial stimulus: stimtrialNumber^self currentTrial trialNumbertrialNumber: n^self currentTrial trialNumber: nBatteryItem methods for: accessingThe methods in this category provide explicit read/write access to all ofBatteryItem’s instance variables.Perhaps the most interesting thing about this protocol category is that it wasgenerated automatically, usingthe accessingSubclass: instanceVariableNames: classVariableNames:poolDictionaries: category: method found on page 289 of the Smalltalk Bluebook [Goldberg 83].BatteryItem methods for: accessingaveragePipeline^averagePipelineaveragePipeline: argumentaveragePipeline ‹ argument.^argumentblock^blockblock: argumentblock ‹ argument.^argumentblockNumber^blockNumber

41blockNumber: argumentblockNumber ‹ argument.^argumentbuffer^bufferbuffer: argumentbuffer ‹ argument.^argumentcurrentTrial^currentTrialcurrentTrial: argumentcurrentTrial ‹ argument.^argumentcurrentTrialNumber^currentTrialNumbercurrentTrialNumber: argumentcurrentTrialNumber ‹ argument.^argumentdigitizer^digitizerdigitizer: argumentdigitizer ‹ argument.^argumentexperimenterLog^experimenterLogexperimenterLog: argumentexperimenterLog ‹ argument.^argumentnextTrial^nextTrialnextTrial: argumentnextTrial ‹ argument.^argumentoutputStream^outputStreamoutputStream: argumentoutputStream ‹ argument.^argumentparameters^parameters

42parameters: argumentparameters ‹ argument.^argumentresponseDevice^responseDeviceresponseDevice: argumentresponseDevice ‹ argument.^argumentsequenceGenerator^sequenceGeneratorsequenceGenerator: argumentsequenceGenerator ‹ argument.^argumentstimulusClock^stimulusClockstimulusClock: argumentstimulusClock ‹ argument.^argumentstimulusGenerator^stimulusGeneratorstimulusGenerator: argumentstimulusGenerator ‹ argument.^argumentstimulusSequence^stimulusSequencestimulusSequence: argumentstimulusSequence ‹ argument.^argumenttallyPipeline^tallyPipelinetallyPipeline: argumenttallyPipeline ‹ argument.^argumenttrialClock^trialClocktrialClock: argumenttrialClock ‹ argument.^argumentwaveformDisplay^waveformDisplay

43waveformDisplay: argumentwaveformDisplay ‹ argument.^argumentBatteryItem classclassBatteryItem classsuperclassAccessableObject classBatteryItem class methods for: instance creationThis BatteryItem class category overrides new in order to make sure that aninitialize message is sent, and the BatteryDataDictionary is initialized. SeeBatteryBrowser class for an example of a use of the defaultItemList method.BatteryItem class methods for: instance creationdefaultItemList"Return a default item list..."| list |list ‹ OrderedCollection new: 10.list add: SternbergTask new.list add: ToneOddball new.list add: WordOddball new.^list asArrayn e w "Create a new battery item, send it an initialize message, and returnthe result..."| item |BatteryDataDictionary isNil ifTrue: [self initialize].item ‹ super new.item initialize.^itemBatteryItem class methods for: instance initializationThe initialize method fcreates a new BatteryDataDictionary. Thehe standardfileOut format [Krasner 83] generates a <Class> initialize message send for anymetaclass that implements an initialize method.

44BatteryItem class methods for: instance initializationinitializeBatteryDataDictionary ‹ DataDictionary new: 100BatteryItem class methods for: category managementThis protocol category has served as a repository for a collection of methods Ihave been using to manage the Smalltalk code for this project. One can makea case that from the standpoint of design aesthetics, much of this code shouldreside elsewhere. Nevertheless, here it is. It is presented in the hope thatsome of it might prove of utility to someone entrusted with maintaining alarge collection of classes such the one presented here.The backUpEverything method first files out all the categories in the listreturned by the batteryCategories method as separate <Category-Name>.stfiles using the fileOutCategories: method. It then files out these samecategories into a single file named ’Project-Sources.st’ using thefileOutCategories:on: method. Then it files out the changes set [Goldberg 85]to ’Project-Changes.st’ using the fileOutChangesOn: method.The fileOutBundledCategories:on: method creates a Unix shar archive filethat can create a set of individual system category *.st files on a Unix system.(Use the Bourne shell). The comment at the beginning of this method givensan example of how one might use the matchSystemCategories: method.The print out messages printOutBundledCategories:on:, printOutCategoriesand printOutCategories:on: are similar in function to the analogous file outmessages, except that they create Unix troff ready output files. These may beprocessed along with a macro file named tmac.st using the command: rditroff-ms <name>. (The tmac.st file should be in the default directory whenrditroff is run.) The Smalltalk code to generate troff ready output wasderived from code from the Berkeley Smalltalk distribution kit [Krasner 83].

45BatteryItem class methods for: category managementbackUpEverything"Update all our back up files..." "BatteryItem backUpEverything"BatteryItem fileOutCategories: BatteryItem batteryCategories.BatteryItemfileOutCategories: BatteryItem batteryCategorieson: (FileStream fileNamed: ’Project-Sources.st’).BatteryItemfileOutChangesOn: (FileStream fileNamed: ’Project-Changes.st’)batteryCategories"Return all the battery project categories..."^#(’Battery-Items’ ’Battery-Parameters’ ’Stimulus-Generators’ ’Stimulus-Support’’Sequence-Support’ ’Response-Support’ ’Data-Management’ ’Realtime-Support’’Realtime-Devices’ ’Waveform-Support’ ’Random-Support’ ’Plumbing-Support’ ’Linear-Algebra’ ’Source-Hacking’ ’Accessable-Objects’ ’Interface-Battery’ ’Interface-Protocol’ )fileOutBundledCategories: categories on: aFileStream"BatteryItem fileOutBundledCategories: (BatteryItem matchSystemCategories: ’Int*’)on:(FileStream fileNamed: ’shar.Interface-Stuff.st’)"| file line |categories do:[:category |Transcript cr; show: ’--> ’ , category.file ‹ ’troff.’ , category.file ‹ file copyReplaceAll: ’ ’ with: ’_’.line ‹ ’echo "--> "’ , file.aFileStream nextPutAll: line; cr.line ‹ ’cat > ’ , file , ’ << ’’!!Hehehehe...!!’’’.aFileStream nextPutAll: line; cr.SystemOrganization fileOutCategory: category on: aFileStream.aFileStream cr; nextPutAll: ’!!Hehehehe...!!’; cr].aFileStream shorten; closefileOutCategories: categories"BatteryItem fileOutCategories: BatteryItem batteryCategories"categories do:[:category |Transcript cr; show: ’--> ’ , category.SystemOrganization fileOutCategory: category]fileOutCategories: categories on: aFileStream"BatteryItem fileOutCategories: BatteryItem batteryCategories on:(FileStream fileNamed: ’Project-Sources.st’)"categories do:[:category |Transcript cr; show: ’--> ’ , category.SystemOrganization fileOutCategory: category on: aFileStream.aFileStream cr].aFileStream shorten; close

46fileOutChangesOn: aFileStream"BatteryItem fileOutChangesOn: (FileStream fileNamed: ’Project-Changes.st’)""Remove old DoIt code, and file out changes..."Smalltalk allBehaviorsDo:[:class | class removeSelector: #DoIt; removeSelector: #DoItIn:].aFileStream fileOutChangesfileOutComments: categories on: aFileStream"BatteryItem fileOutComments: BatteryItem batteryCategories on:(FileStream fileNamed: ’Project-Sources.comments’)"categories do:[:category |Transcript cr; show: ’--> ’ , category.SystemOrganization fileOutComments: category on: aFileStream.aFileStream cr].aFileStream shorten; closematchSystemCategories: pattern"Return a collection of category names that matches the given pattern..."^SystemOrganization categories select: [:category | pattern match: category]printOutBundledCategories: categories on: aFileStream"BatteryItem printOutBundledCategories: (BatteryItem matchSystemCategories:’Int*’) on:(FileStream fileNamed: ’shar.troff.Interface-Stuff’)"| file line |categories do:[:category |file ‹ ’troff.’ , category.file ‹ file copyReplaceAll: ’ ’ with: ’_’.line ‹ ’echo "--> "’ , file.aFileStream nextPutAll: line; cr.line ‹ ’cat > ’ , file , ’ << ’’!!Hehehehe...!!’’’.aFileStream nextPutAll: line; cr.Object printOutStartUp: aFileStream.Object printOutTimeStamp: aFileStream.SystemOrganization printOutCategory: category on: aFileStream.aFileStream cr; nextPutAll: ’!!Hehehehe...!!’; cr].aFileStream shorten; closeprintOutCategories: categories"Print out a list of categories...""BatteryItem printOutCategories: BatteryItem batteryCategories""BatteryItem printOutCategories: (BatteryItem matchSystemCategories: ’Int*’)"categories do: [:category | SystemOrganization printOutCategory: category]

47printOutCategories: categories on: aFileStream"BatteryItem printOutCategories: BatteryItem batteryCategories on: (FileStreamfileNamed: ’troff.Project-Sources’)"Object printOutStartUp: aFileStream.Object printOutTimeStamp: aFileStream.categories do:[:category |SystemOrganization printOutCategory: category on: aFileStream.aFileStream cr].aFileStream shorten; close"Brian Foote 9/28/86 Added start up and time stamp calls..."BatteryItem initialize

48SternbergTaskClass SternbergTask implements a visual Sternberg memory task [Sternberg69] on top of the ERP/oddball framework present in BatteryItem. Thevariation on the Sternberg paradigm presented here involves thepresentation to a subject, for each trial, of a set of characters or digits called amemory set. The subject is instructed to remember the characters in thememory set. After the memory set is removed from the screen, the subject ispresented with another character called a probe. The subject’s task is toindicated whether the probe belongs to the memory set. A trial in which theprobe was in fact drawn from the memory set is a positive trial. One inwhich the probe was not drawn from the memory set is anegative trial.class nameSternbergTasksuperclassBatteryIteminstance variable namesitemstrialClockstimulusClockdigitizerresponseDeviceparametersstimulusSequencesequenceGeneratorstimulusGeneratorbufferexperimenterLogwaveformDisplayblockblockNumbernextTrialcurrentTrialcurrentTrialNumberoutputStreamaveragePipelinetallyPipelineclass variable namesBatteryDataDictionarycategoryBattery-ItemshierarchyObjectAccessableObjectBatteryItemSternbergTaskToneOddballWordOddball

49SternbergTask methods for: instance initializationThe allocateParameters and allocateStimulusGenerator methods implementitem specific parameter and stimulus generator resource allocation code.SternbergTask methods for: instance initializationallocateParameters"Allocate our parameter object."self parameters: SternbergTaskParameters newallocateStimulusGenerator"Build our stimulus generator."self stimulusGenerator: SternbergDisplayGenerator newSternbergTask methods for: data collectionThe collectData method defines the experimental control and data acquisitionstrategy for the Sternberg task battery item. The remainder of the methods inthis protocol category are inherited from BatteryItem. First, the A/D system isstarted. Then, the memory set is prepared, and trial clock is instructed to waituntil a baseline period (relative to the start of the trial) has elapsed. Thememory set is then presented for an appropriate amount of time, and turnedoff.The pattern for presenting the actual stimulus (i.e. the probe) is similar. First,a probe is prepared. The program then waits until the time at which theprobe is to be presented arrives. Then, a timer is started so that there will be atimebase relative to the stimulus onset. Next, the probe is turned on, and theresponse reporting system is enabled. When the stimulus duration haselapsed, the stimulus is turned off.When all the data have been collected, a check is made to see whetheradditional time is necessary for subject response data collection.

50SternbergTask methods for: data collectioncollectData"Do Sternberg data collection.""First, start the A/D converter..."self startDigitizer."Now, prepare the memory set, and present it..."self prepareTheMemorySet.self trialClock waitUntil: self memorySetBaseline.self turnOnTheMemorySet.self trialClock waitUntil: self memorySetBaseline + self memorySetDuration.self turnOffTheMemorySet."Next, start the stimulus clock and turn on the stimulus.Enable response reporting too. Then wait until the stimulusduration has elapsed, and turn off the stimulus..."self prepareTheProbe.self trialClock waitUntil: self probeBaseline.self stimulusClock startFor: self trialDuration - self probeBaseline.self turnOnTheProbe.self enableResponseReporting.self stimulusClock waitUntil: self stimulusDuration.self turnOffTheProbe."Finally, wait for the digitizer to finish.if the RT wait time is greater than the digitizing time,wait that out..."self digitizer wait.self stimulusClock waitUntil: self responseMaxSternbergTask methods for: stimulus controlThe methods in this protocol category embody a substantial proportion of thecode that makes the SternbergTask battery item distinct.The prepareNextStimulus method selects both a memory set and a probe forthe next trial. The way in which the memory set is selected shows a novelapplication of SampledStreams. The memory set should be a set of a givensize drawn at random (without replacement) from a given vocabulary ofcharacters.This set is constructed as follows: First, a SampledStream is created over theBatteryItem’s vocabulary string. Then an empty output string (the memoryset) is created, and a WriteStream is defined over it (memorySetStream). Thememory set is constructed by moving the appropriate number of characters

51from the input (sampled) stream to the output stream. The underlyingcollection of this output stream is the memory set, which can then be used.The probe is selected and prepared as follows: If a positive trial is called for, asingle character is selected at random, using a RandomStream (sample withreplacement) over the memory set. If a negative probe is required, the nextcharacter in the vocabulary stream that was used to create the memory set,from which the memory set has already been drawn, is selected as thestimulus character.The prepareTheMemorySet method simply forwards the current stimulusdescriptor to the stimulus generator. The remaining methods in this protocolcategory similarly forward stimulus manipulation requests to the stimulusgenerator.SternbergTask methods for: stimulus controlprepareNextStimulus"Select a memory set and a probe."|vocabularyStream memorySet memorySetStream |vocabularyStream ‹ SampledStream on: self vocabulary.memorySet ‹ String new: self memorySetSize.memorySetStream ‹ WriteStream on: memorySet.self memorySetSize timesRepeat: [memorySetStream nextPut: vocabularyStreamnext].self nextTrial stimulus memorySet: memorySet.self nextTrial stimulus category = #positiveifTrue: [ self nextTrial stimulus probe:(RandomStream on: memorySet) next asSymbol asString ]ifFalse: [self nextTrial stimulus probe:vocabularyStream next asSymbol asString]prepareTheMemorySet"Tell our stimulus generator to get the memory set ready."self stimulusGenerator prepareMemorySet: self currentTrial stimulusprepareTheProbe"Tell our stimulus generator to get the memory set ready."self stimulusGenerator prepareProbe: self currentTrial stimulusturnOffTheMemorySet"Tell our stimulus generator to turn off the memory set."self stimulusGenerator turnOffMemorySet: self currentTrial stimulus

52turnOffTheProbe"Tell our stimulus generator to turn off the probe."self stimulusGenerator turnOffProbe: self currentTrial stimulusturnOnTheMemorySet"Tell our stimulus generator to turn on the memory set."self stimulusGenerator turnOnMemorySet: self currentTrial stimulusturnOnTheProbe"Tell our stimulus generator to turn on the probe."self stimulusGenerator turnOnProbe: self currentTrial stimulusSternbergTask methods for: parameter accessThe methods in this category add BatteryItem access methods for the fieldsthat the SternbergTaskParameters object adds to the BatteryParameters object.SternbergTask methods for: parameter accessmemorySetBaseline^self parameters memorySetBaselinememorySetDuration^self parameters memorySetDurationmemorySetSize^self parameters memorySetSizeprobeBaseline^self parameters probeBaselineprobeDuration^self parameters probeDurationvocabulary^self parameters vocabularySternbergTask methods for: data processingEach concrete battery item provides its own prepareAverageFixtures method.This is necessary to take into account item specific stimulus characteristicsand labeling requirements. A detailed discussion of the mechanics of fixturepreparation can be found in the discussion of this protocol category given forclass BatteryItem.

53SternbergTask methods for: data processingprepareAverageFixtures"Prepare the average pipelines."self averagePipeline: (Dictionary new: 10).self block averages: (Dictionary new: 10).selfaverage: [self currentTrial data]using: [:data | true]withLabel: ’Average (All trials)’.selfaverage: [self currentTrial data]using: [:data | self currentTrial stimulus category = #positive]withLabel: ’Average (Positive)’.selfaverage: [self currentTrial data]using: [:data | self currentTrial stimulus category = #negative]withLabel: ’Average (Negative)’SternbergTask classclassSternbergTask classsuperclassBatteryItem classSternbergTask class methods for: examplesThe example1 method shows how one might execute a sample block of trials.Note that before a block can be run, the Timebase object must have beeninitialized. In practice, battery blocks will usually be run by pressing the runbutton after having selected an item in the battery browser.SternbergTask class methods for: examplesexample1"SternbergTask example1"Timebase initialize.SternbergTask new doBlock

54ToneOddballThe ToneOddball class implements a simple auditory oddball experiment[Duncan-Johnson 77]. In this experiment, a subject is presented with one oftwo tones. The subject can be instructed to count one of the tones, and ignorethe other. The subject can also be told to press a button in response to one orboth stimulus categories. A frequent manipulation is to vary the relativefrequency of the two stimulus categories.class nameToneOddballsuperclassBatteryIteminstance variable namesitemstrialClockstimulusClockdigitizerresponseDeviceparametersstimulusSequencesequenceGeneratorstimulusGeneratorbufferexperimenterLogwaveformDisplayblockblockNumbernextTrialcurrentTrialcurrentTrialNumberoutputStreamaveragePipelinetallyPipelineclass variable namesBatteryDataDictionarypool dictionariescategoryBattery-ItemshierarchyObjectAccessableObjectBatteryItemSternbergTaskToneOddballWordOddballToneOddball methods for: instance initializationThe allocateParameters and allocateStimulusGenerator methods implementitem specific parameter and stimulus generator resource allocation code.

55ToneOddball methods for: instance initializationallocateParameters"Allocate our parameter object."self parameters: ToneOddballParameters newallocateStimulusGenerator"Build our stimulus generator."| bitA bitB |bitA ‹ self outputBitA.bitB ‹ self outputBitB.self stimulusGenerator: (ToneGenerator bitA: bitA bitB: bitB)ToneOddball methods for: parameter accessToneOddball methods for: parameter accessoutputBitA^self parameters outputBitAoutputBitB^self parameters outputBitBToneOddball methods for: data collectionThe collectData method specifies the experimental control and dataacquisition scheme used for this item. First, the digitizer is started. Then themethod waits for a baseline period, relative to the start of this trial, to elapse.Next, the stimulus timer is started. Immediately thereafter, the stimulus isturned on and response reporting is enabled. When the stimuluspresentation period has elapsed, the stimulus is turned off. The method thenwaits until data collection is complete, and the response window time haselapsed.

56ToneOddball methods for: data collectioncollectData"Do tone oddball data collection.""First, start the A/D converter, and wait until the baseline elapses..."self startDigitizer.self trialClock waitUntil: self baseline."Next, start the stimulus clock and turn on the stimulus.Enable response reporting too. Then wait until the stimulusduration has elapsed, and turn off the stimulus..."self stimulusClock startFor: self trialDuration - self baseline.self turnOnTheStimulus.self enableResponseReporting.self stimulusClock waitUntil: self stimulusDuration.self turnOffTheStimulus."Finally, wait for the digitizer to finish.If the RT wait time is greater than the digitizing time,wait that out..."self digitizer wait.self stimulusClock waitUntil: self responseMaxToneOddball methods for: data processingEach concrete battery item provides its own prepareAverageFixtures method.This is necessary to take into account item specific stimulus characteristicsand labeling requirements. A detailed discussion of the mechanics of fixturepreparation can be found in the discussion of this protocol category given forclass BatteryItem.ToneOddball methods for: data processingprepareAverageFixtures"Prepare the average pipelines."self averagePipeline: (Dictionary new: 10).self block averages: (Dictionary new: 10).selfaverage: [self currentTrial data]using: [:data | true]withLabel: ’Average (All trials)’.selfaverage: [self currentTrial data]using: [:data | self currentTrial stimulus category = #catA]withLabel: ’Average (Category A)’.selfaverage: [self currentTrial data]using: [:data | self currentTrial stimulus category = #catB]withLabel: ’Average (Category B)’

57ToneOddball classclassToneOddball classsuperclassBatteryItem classToneOddball class methods for: examplesThe example1 method shows how one might execute a sample block of trials.Note that before a block can be run, the Timebase object must have beeninitialized. In practice, battery blocks will usually be run by pressing the runbutton after having selected an item in the battery browser.ToneOddball class methods for: examplesexample1"ToneOddball example1"Timebase initialize.ToneOddball new doBlock

58W o r d O d d b a l l The WordOddball class implements a visual semantic oddball task [Donchin81]. In this experiment, a subject is presented with a random word drawnfrom one of two categories. The subject must count or respond as with theToneOddball.It is instructive to point out that to implement a concrete BatteryItem, it isnecessary for an experiment to implement just four methods:allocateParameters, allocateStimulusGenerator, collectData, andprepareAverageFixtures. To fully exploit the battery framework, anexperimenter might also need to create new subclasses of BatteryParameter,StimulusGenerator, and Stimulus hierarchies.class nameWordOddballsuperclassBatteryIteminstance variable namesitemstrialClockstimulusClockdigitizerresponseDeviceparametersstimulusSequencesequenceGeneratorstimulusGeneratorbufferexperimenterLogwaveformDisplayblockblockNumbernextTrialcurrentTrialcurrentTrialNumberoutputStreamaveragePipelinetallyPipelineclass variable namesBatteryDataDictionarycategoryBattery-ItemshierarchyObjectAccessableObjectBatteryItemSternbergTaskToneOddballWordOddball

59WordOddball methods for: instance initializationSubclasses of BatteryItem are required to provide implementations of twostandard resource allocation messages: allocateParameters, andallocateStimulusGenerator. (Both are defined as being subclassresponsibilities in BatteryItem.) The allocateParameters method simplyensures that a parameter object belonging to the correct class is allocated. TheallocateStimulusGenerator message’s task is potentially more complicated. Itmust ensure that an instance of some sort of StimulusGenerator appropriateto the type of battery item being constructed is created and initialized.The battery simulation has attempted to separate battery items and(simulated) stimulus generation equipment so that stimulus generatorsmight be mixed and matched among several different battery items.Frequently, the major differences among a collection of experimental designswill be in sorts of stimuli they employ. By separating the stimulus generationcode from the rest of the experimental code, the reusability of both should beenhanced.The stimulus generation and response reporting hierarchies are examples ofplaces in this battery simulation where tasks handled in the original CPLbattery by (simulated) inheritance are now handled by discrete components.The evolution of inheritance frameworks into component frameworks isdiscussed in Chapter VI.The allocateParameters and allocateStimulusGenerator methods implementitem specific parameter and stimulus generator resource allocation code. Ofinterest here is the scheme we use in allocateStimulusGenerator forimplementing our random word lists. A dictionary of streams is createdwhich is keyed by the two stimulus categories. Each stream is aRandomStream over a vocabulary array. Since RandomStreams sample withreplacement, they will provide, each time they are asked, a random wordfrom their respective underlying vocabularies. This dictionary, onceconstructed, is given to a newly created WordGenerator (a subclass ofStimulusGenerator).

60WordOddball methods for: instance initializationallocateParameters"Allocate our parameter object."self parameters: WordOddballParameters newallocateStimulusGenerator"Build our stimulus generator."| streamDictionary animals vegetables |streamDictionary ‹ Dictionary new: 2.animals ‹ #(dog cat mouse ).vegetables ‹ #(carrot potato tomato ).streamDictionary at: #animal put: (RandomStream on: animals).streamDictionary at: #vegetable put: (RandomStream on: vegetables).self stimulusGenerator: (WordGenerator on: streamDictionary)WordOddball methods for: data collectionEach subclass of BatteryItem is required to implement a collectData method.This method conducts the basic per-trial data collection and experimentalcontrol activity for each battery item.The collectData method specifies experimental control and data acquisitionscheme used for this item. First, the digitizer is started. Then the methodwaits for a baseline period, relative to the start of this trial, to elapse. Then,the stimulus timer is started. Immediately thereafter, the method turns onthe stimulus and enable response reporting. When the stimuluspresentation period has elapsed, the stimulus is turned off. The method thenwaits until data collection is complete, and the response window time haselapsed.The perceptive reader will note that the collectData method given here isidentical to the one given in ToneOddball. I could have either defined anintermediate abstract calls (say, SimpleOddball) between BatteryItem andthese two classes to take advantage of this. Alternately, I could have madethis implementation of collectData the default in BatteryItem itself. That I didneither is in recognition of the fact that in a somewhat fuller batterysimulation, detail that would distinguish a larger set of applications from one

61another would quickly emerge at this level, just as it does in theSternbergTask battery item.WordOddball methods for: data collectioncollectData"Do word oddball data collection.""First, start the A/D converter, and wait until the baseline elapses..."self startDigitizer.self trialClock waitUntil: self baseline."Next, start the stimulus clock and turn on the stimulus.Enable response reporting too. Then wait until the stimulusduration has elapsed, and turn off the stimulus..."self stimulusClock startFor: self trialDuration - self baseline.self turnOnTheStimulus.self enableResponseReporting.self stimulusClock waitUntil: self stimulusDuration.self turnOffTheStimulus."Finally, wait for the digitizer to finish.If the RT wait time is greater than the digitizing time,wait that out..."self digitizer wait.self stimulusClock waitUntil: self responseMaxWordOddball methods for: data processingEach concrete battery item must provide its own prepareAverageFixturesmethod. This is necessary to take into account item specific stimuluscharacteristics and labeling requirements. A detailed discussion of themechanics of fixture preparation can be found in the discussion of thisprotocol category given for class BatteryItem.WordOddball methods for: data processingprepareAverageFixtures"Prepare the average pipelines."self averagePipeline: (Dictionary new: 10).self block averages: (Dictionary new: 10).selfaverage: [self currentTrial data]using: [:data | true]withLabel: ’Average (All trials)’.selfaverage: [self currentTrial data]using: [:data | self currentTrial stimulus category = #catA]withLabel: ’Average (Category A)’.

62selfaverage: [self currentTrial data]using: [:data | self currentTrial stimulus category = #catB]withLabel: ’Average (Category B)’WordOddball classclassWordOddball classsuperclassBatteryItem classWordOddball class methods for: examplesThe example1 method shows how one might execute a sample block of trials.Note that before a block can be run, the Timebase object must have beeninitialized. In practice, battery blocks will usually be run by pressing the runbutton after having selected an item in the battery browser.WordOddball class methods for: examplesexample1"WordOddball example1"Timebase initialize.WordOddball new doBlock

63B a t t e r y - P a r a m e t e r s The Battery-Parameters system category contains the following classes:BatteryParametersHouses common BatteryItem parametersSternbergTaskParametersAdds SternbergTask specific parametersToneOddballParametersAdds ToneOddball specific parametersWordOddballParametersAdds WordOddball specific parametersThese parameter objects are in effect records or dictionaries that contain thosevalues that can be edited and modified by the experimenter. (In fact, sincethese objects are subclasses of AccessableObject, they can be treated as recordsor dictionaries.)Parameter objects are distinct objects rather than parts of the itemsthemselves for several reasons. One is that, as separate objects, they can becopied and archived along with the collected data without recording theentire state of the item itself. This distinction between the parameter objectsand the item objects could become more significant should an external datamanagement scheme be implemented. The second reason for keepingparameter objects separate is to distinguish values that should be presented tothe user for alteration via the battery user interface from the battery item’sother instance variables. Parameter objects might also serve as a componentsin a more general (and yet to be designed) user parametermanagement/interface scheme.

64B a t t e r y P a r a m e t e r s class nameBatteryParameterssuperclassAccessableObjectinstance variable namesitemsbaselinechannelspointsdigitizingRateresponseMaxstimulusDurationtrialDurationtrialswriteDataFlagprobabilitiesstimuliinputBitAinputBitBnamelabelcategoryBattery-ParametershierarchyObjectAccessableObjectBatteryParametersSternbergTaskParametersToneOddballParametersWordOddballParametersBatteryParameters methods for: instance initializationThese two methods establish default values for each basic parameter. Notethat by default data are written to the data dictionary, and that the probabilityand stimuli fields are Arrays.BatteryParameters methods for: instance initializationestablishDefaults"Set out our defaults..."baseline ‹ 1.channels ‹ 1.points ‹ 10.digitizingRate ‹ 1.responseMax ‹ 9.stimulusDuration ‹ 2.trialDuration ‹ 15.trials ‹ 10.writeDataFlag ‹ True.probabilities ‹ #(0.5 0.5).stimuli ‹ #(catA catB)

65initialize"Set defaults and return ourself..."self establishDefaults.^selfBatteryParameters methods for: accessingThese methods allow explicit read/write access to all of this object’s fieldsusing the conventional record style protocol. (Note that since we are asubclass of AccessableObject, all these messages would have functionedcorrectly anyway, albeit much less quickly.)BatteryParameters methods for: accessingbaseline^baselinebaseline: argumentbaseline ‹ argument.^argumentchannels^channelschannels: argumentchannels ‹ argument.^argumentdigitizingRate^digitizingRatedigitizingRate: argumentdigitizingRate ‹ argument.^argumentinputBitA^inputBitAinputBitA: argumentinputBitA ‹ argument.^argumentinputBitB^inputBitBinputBitB: argumentinputBitB ‹ argument.^argumentlabel^label

66label: argumentlabel ‹ argument.^argumentname^namename: argumentname ‹ argument.^argumentpoints^pointspoints: argumentpoints ‹ argument.^argumentprobabilities^probabilitiesprobabilities: argumentprobabilities ‹ argument.^argumentresponseMax^responseMaxresponseMax: argumentresponseMax ‹ argument.^argumentstimuli^stimulistimuli: argumentstimuli ‹ argument.^argumentstimulusDuration^stimulusDurationstimulusDuration: argumentstimulusDuration ‹ argument.^argumenttrialDuration^trialDurationtrialDuration: argumenttrialDuration ‹ argument.^argumenttrials^trials

67trials: argumenttrials ‹ argument.^argumentwriteDataFlag^writeDataFlagwriteDataFlag: argumentwriteDataFlag ‹ argument.^argumentBatteryParameter classclassBatteryParameter classsuperclassAccessableObject classBatteryParameters class methods for: instance creationThe new method is overridden here to enforce the convention that each newobject must explicitly call an initialize method.BatteryParameters class methods for: instance creationn e w "Create a new parameter object and initialize it..."^super new initialize

68S t e r n b e r g T a s k P a r a m e t e r s class nameSternbergTaskParameterssuperclassBatteryParametersinstance variable namesitemsbaselinechannelspointsdigitizingRateresponseMaxstimulusDurationtrialDurationtrialswriteDataFlagprobabilitiesstimuliinputBitAinputBitBnamelabelmemorySetBaselinememorySetDurationprobeBaselineprobeDurationmemorySetSizevocabularyclass variable namespool dictionariescategoryBattery-ParametershierarchyObjectAccessableObjectBatteryParametersSternbergTaskParametersToneOddballParametersWordOddballParametersSternbergTaskParameters methods for: instance initializationThe establishDefaults method overrides the one given in BatteryParametersso that values can be established for item specific parameters. Note that itsfirst official act is to initialize the common parameters via a call to itssuperclass.

69SternbergTaskParameters methods for: instance initializationestablishDefaults"Do Sternberg defaults... "| positive negative |super establishDefaults.memorySetBaseline ‹ 1.memorySetDuration ‹ 1.memorySetSize ‹ 3.vocabulary ‹ ’ABCDEFGHIJKLMNOPQRSTUVWXYZ’.probeBaseline ‹ 4.probeDuration ‹ 1.positive ‹ SternbergStimulus new.positive category: #positive.negative ‹ SternbergStimulus new.negative category: #negative.stimuli ‹ Array with: positive with: negative.name ‹ ’Sternberg/ERP Task’.label ‹ ’Sternberg/ERP Experiment’SternbergTaskParameters methods for: accessingAllow explicit read/write access to all of this object’s fields using theconventional record style protocol. (Note that since SternbergTaskParametersis a subclass of AccessableObject, all these messages would have functionedcorrectly anyway, albeit much less quickly.)SternbergTaskParameters methods for: accessingmemorySetBaseline^memorySetBaselinememorySetBaseline: argumentmemorySetBaseline ‹ argument.^argumentmemorySetDuration^memorySetDurationmemorySetDuration: argumentmemorySetDuration ‹ argument.^argumentmemorySetSize^memorySetSizememorySetSize: argumentmemorySetSize ‹ argument.^argument

70probeBaseline^probeBaselineprobeBaseline: argumentprobeBaseline ‹ argument.^argumentprobeDuration^probeDurationprobeDuration: argumentprobeDuration ‹ argument.^argumentvocabulary^vocabularyvocabulary: argumentvocabulary ‹ argument.^argument

71T o n e O d d b a l l P a r a m e t e r s class nameToneOddballParameterssuperclassBatteryParametersinstance variable namesitemsbaselinechannelspointsdigitizingRateresponseMaxstimulusDurationtrialDurationtrialswriteDataFlagprobabilitiesstimuliinputBitAinputBitBnamelabeloutputBitAoutputBitBclass variable namespool dictionariescategoryBattery-ParametershierarchyObjectAccessableObjectBatteryParametersSternbergTaskParametersToneOddballParametersWordOddballParametersToneOddballParameters methods for: instance initializationThe establishDefaults method overrides the one given in BatteryParametersso that values can be established for of this object’s item specific parameters.Note that its first official act is to initialize the common parameters via a callto its superclass.

72ToneOddballParameters methods for: instance initializationestablishDefaults"Do ToneOddball defaults... "| toneA toneB |super establishDefaults.toneA ‹ ToneStimulus new.toneA primary: #toneA ; category: #catA.toneB ‹ ToneStimulus new.toneB primary: #toneB ; category: #catB.stimuli ‹ Array with: toneA with: toneB.outputBitA ‹ 0.outputBitB ‹ 1.name ‹ ’Tone Oddball’.label ‹ ’Auditory Oddball Experiment’ToneOddballParameters methods for: accessingAllow explicit read/write access to all of this object’s fields using theconventional record style protocol. (Note that since ToneOddballParametersis a subclass of AccessableObject, all these messages would have functionedcorrectly anyway, albeit much less quickly.)ToneOddballParameters methods for: accessingoutputBitA^outputBitAoutputBitA: argumentoutputBitA ‹ argument.^argumentoutputBitB^outputBitBoutputBitB: argumentoutputBitB ‹ argument.^argument

73W o r d O d d b a l l P a r a m e t e r s class nameWordOddballParameterssuperclassBatteryParametersinstance variable namesitemsbaselinechannelspointsdigitizingRateresponseMaxstimulusDurationtrialDurationtrialswriteDataFlagprobabilitiesstimuliinputBitAinputBitBnamelabelclass variable namespool dictionariescategoryBattery-ParametershierarchyObjectAccessableObjectBatteryParametersSternbergTaskParametersToneOddballParametersWordOddballParametersWordOddballParameters methods for: instance initializationThe establishDefaults method overrides the one given in BatteryParametersso that values can be established for this object’s item specific parameters.WordOddballParameters methods for: instance initializationestablishDefaults"Do WordOddball defaults... "| animal vegetable |super establishDefaults.animal ‹ WordStimulus new.animal primary: #animal ; category: #catA.vegetable ‹ WordStimulus new.vegetable primary: #vegetable ; category: #catB.stimuli ‹ Array with: animal with: vegetable.name ‹ ’Word Oddball’.label ‹ ’Animal/vegetable Oddball Experiment’

74Stimulus-GeneratorsThese classes simulate the hardware and software one would normally use togenerate experimental stimuli. These classes might provide a basis for a mix-and-match stimulus generation capability in a fuller battery simulation.Stimulus generator objects are designed to be self-contained embodiments ofspecific stimulus generation schemes. Since these schemes themselves varywith experimental designs as well as with the basic hardware and softwarecharacteristics of the stimulus generators, the external protocols for theseobjects vary as well. Note that though the stimulus generator classes definedhere exactly mirror the BatteryItem hierarchy, this might not necessarily bethe case in a fuller simulation.The StimulusGenerator hierarchy shows how a portion of the batterysimulation that was formerly embedded in the BatteryItem hierarchy has,under Smalltalk, evolved into a separate part of the overall batteryframework. The reuse of pluggable, black-box components is, all other thingsbeing equal, preferable to reuse via inheritance. The identification ofcomponents that may be factored out of an inheritance hierarchy in thisfashion is usually possible only after several iterations through the designprocess. (This issue is discussed in detail in Chapter VI.)Indeed, the StimulusGenerator hierarchy is in some respects still in transitionbetween membership in the original battery hierarchy and clean isolationfrom it. The degree of coupling seen in the interface between each batteryitem and these classes is still somewhat high.One very intriguing route by which this coupling might be reduced is via theintroduction of parallelism. Under such an approach, stimulus generatorswould run in parallel with battery items, with both tied to the sameunderlying timebase. Such an approach would simplify both the battery itemstimulus coordination code, and the stimulus sequencing code in thisstimulus generators. Hence, the use of parallelism could greatly increase thegenerality and reusability of components of both hierarchies.

75Realtime application programs frequently exhibit a structure in which themainline code must explicitly schedule sequences of otherwise unrelatedevents. The use of parallel processes can free the designer from this temporalyoke.The classes in this category are:StimulusGeneratorAbstract StimulusGenerator superclassSternbergDisplayGeneratorThe SternbergTask stimulus generatorToneGeneratorThe ToneOddball stimulus generatorWordGeneratorThe WordOddball stimulus generator

76StimulusGeneratorThe StimulusGenerator class is an abstract superclass for a family of stimulusgeneration objects. It defines a common, default protocol for stimulusgenerators.class nameStimulusGeneratorsuperclassObjectinstance variable namesclass variable namespool dictionariescategoryStimulus-GeneratorshierarchyObjectStimulusGeneratorSternbergDisplayGeneratorToneGeneratorWordGeneratorStimulusGenerator methods for: instance initializationStimulusGenerator methods for: instance initializationinitialize"Provide nothing as our default behavior..."^selfStimulusGenerator methods for: stimulus controlThis protocol defines a default stimulus control protocol to which mostclients of any subclass of StimulusGenerator will subscribe. Note that not allsubclasses of StimulusGenerator will override all these methods. In thesecases, the default action (given below) will be to do nothing. Some subclassesof StimulusGenerator will need to provide a superset of the protocol givenbelow for stimulus control. Such classes will add additional methods to thisprotocol.StimulusGenerator methods for: stimulus controlfinishBlock"Default shall be to do nothing..."prepare: aStimulus"Default shall be to do nothing..."

77startBlock"Default shall be to do nothing..."turnOff: aStimulus"Default shall be to do nothing..."turnOn: aStimulus"Default shall be to do nothing..."StimulusGenerator classclassStimulusGenerator classsuperclassObject classStimulusGenerator class methods for: instance creationStimulusGenerator class methods for: instance creationn e w "Return an initialized instance..."^super new initialize

78SternbergDisplayGeneratorThe SternbergDisplayGenerator class simulates the hardware and softwarethat one would employ to generate the stimuli for a Sternberg task.class nameSternbergDisplayGeneratorsuperclassStimulusGeneratorinstance variable namesclass variable namespool dictionariescategoryStimulus-GeneratorshierarchyObjectStimulusGeneratorSternbergDisplayGeneratorToneGeneratorWordGeneratorSternbergDisplayGenerator methods for: stimulus controlSince the stimulus control scheme for a Sternberg task is different from thegeneric oddball scheme outlined in StimulusGenerator, we override thedefault (do nothing) behaviors for the default StimulusGenerator protocolusing shouldNotImplement. The display device itself is simulated by writingthe stimulus to the Smalltalk system transcript. Other messages in thestimulus generation protocol simply do nothing what so ever in thissimulation.This class is probably misplaced in the StimulusGenerator hierarchy. The factthat it in effect removes nearly the entire StimulusGenerator protocol isevidence that this hierarchy needs reorganization. This class is an example ofa stimulus generation scheme that uses multiple stimulus events. In the CPLBattery, two items exhibited this structure. The other items exhibited thesimpler structure that is reflected in the standard protocol for stimulusgeneration given in StimulusGenerator.I deferred a major reorganization of this hierarchy in recognition of thepotential a process-based organization might bring to the battery framework.

79SternbergDisplayGenerator methods for: stimulus controlprepare: aStimulus"We distinguish between probes and memory sets, so we don’t do this..."self shouldNotImplementprepareMemorySet: aStimulus"Do nothing here for now..."prepareProbe: aStimulus"Do nothing here for now..."turnOff: aStimulus"We distinguish between probes and memory sets, so we don’t do this..."self shouldNotImplementturnOffMemorySet: aStimulus"Do nothing here for now..."turnOffProbe: aStimulus"Do nothing here for now..."turnOn: aStimulus"We distinguish between probes and memory sets, so we don’t do this..."self shouldNotImplementturnOnMemorySet: aStimulus"Just write the memory set to the transcript for now..."Transcript show: ’--> Memory Set: ’ , aStimulus memorySet; cr; endEntryturnOnProbe: aStimulus"Just write the probe to the transcript for now..."Transcript show: ’--> Probe: ’ , aStimulus probe; cr; endEntry

80T o n e G e n e r a t o r The ToneGenerator class simulates a digital output driven two channel tonegenerator. Tones are generated by sending set and clear messages to instancesof OutputBit.class nameToneGeneratorsuperclassStimulusGeneratorinstance variable namesbitAbitBclass variable namespool dictionariescategoryStimulus-GeneratorshierarchyObjectStimulusGeneratorSternbergDisplayGeneratorToneGeneratorWordGeneratorToneGenerator methods for: accessingThese methods provide read/write access to the instance variables that housethe instances of OutputBit that activate the (simulated) tone generators.ToneGenerator methods for: accessingbitA"Return the output bit for the first tone..."^bitAbitA: aBit"Set the output bit for the first tone..."^bitA ‹ aBitbitB"Return the output bit for the second tone..."^bitBbitB: aBit"Set the output bit for the second tone..."^bitB ‹ aBit

81ToneGenerator methods for: stimulus controlThe methods in this category simulate a digital output bit driven tonegeneration scheme.When a block is begun, the startBlock method sends clear messages to boththe output bits to ensure that they are off. The same thing occurs at the end ofa block in finishBlock.The turnOn: and turnOff: methods both accept a stimulus descriptor, andcheck its primary stimulus field. If this field is #toneA, the output bit A isaffected, and if it is #toneB, output bit B is affected.ToneGenerator methods for: stimulus controlfinishBlock"Make sure both our bits are off..."bitA clear.bitB clearstartBlock"Make sure both our bits are off..."bitA clear.bitB clearturnOff: aStimulus"Turn off the bit indicated as the primary stimulus by the Stimulus objectthat was passed to us..."| primary |primary ‹ aStimulus primary.primary == #toneA ifTrue: [bitA clear. ^self].primary == #toneB ifTrue: [bitB clear. ^self].self error: ’Bad stimulus...’turnOn: aStimulus"Turn on the bit indicated as the primary stimulus by the Stimulus objectthat was passed to us..."| primary |primary ‹ aStimulus primary.primary == #toneA ifTrue: [bitA set. ^self].primary == #toneB ifTrue: [bitB set. ^self].self error: ’Bad stimulus...’

82ToneGenerator classclassToneGenerator classsuperclassStimulusGenerator classToneGenerator class methods for: instance creationThe bitA:bitB: message provides a shorthand for creating a ToneGeneratorand assigning it a pair of output bits. (Perhaps new should be overridden tomake this form of initialization mandatory.)ToneGenerator class methods for: instance creationbitA: a bitB: b"Create a tone generator, and set up the given bits..."| gen |gen ‹ super new.gen initialize.gen bitA: (OutputBit onBit: a).gen bitB: (OutputBit onBit: b).^gen

83W o r d G e n e r a t o r The WordGenerator class simulates the hardware and software one mightemploy for presenting word stimuli in a word oddball task. It is provided,upon creation, with a dictionary of stream objects that provide it with theword stimuli themselves. This dictionary is keyed using the primary field ofthe stimulus descriptor.class nameWordGeneratorsuperclassStimulusGeneratorinstance variable namesstreamDictionaryclass variable namespool dictionariescategoryStimulus-GeneratorshierarchyObjectStimulusGeneratorSternbergDisplayGeneratorToneGeneratorWordGeneratorWordGenerator methods for: stimulus controlThe prepare: method reads the next word from the stimulus stream for thetype of stimulus given by the primary field of the stimulus descriptor andstores it in the word field.The turnOn: method simulates the display of a word stimulus by writing it tothe system transcript.WordGenerator methods for: stimulus controlprepare: aStimulus"Load a word into the stimulus object..."| word stream |stream ‹ streamDictionary at: aStimulus primary.word ‹ stream next.aStimulus word: wordturnOn: aStimulus"For now, send the word to the transcript..."Transcript show: aStimulus word ; cr ; endEntry

84WordGenerator methods for: accessingWordGenerator methods for: accessingstreamDictionary^streamDictionarystreamDictionary: argumentstreamDictionary ‹ argument.^argumentWordGenerator classclassWordGenerator classsuperclassStimulusGenerator classWordGenerator class methods for: instance creationThe on: creation message allows a word stream dictionary to be specified for aWordGenerator as it is created. This dictionary contains one entry for eachprimary stimulus type the client defines. These entries are keyed by thisstimulus type, and should address a stream which will provide successivewords for that stimulus category.Note that these streams might be RandomStreams over a relatively smallvocabulary (as in the implementation of WordOddball given herein), oractual word lists. The stream dictionary scheme isolates this class from suchdetail.WordGenerator class methods for: instance creationon: aStreamDictionary"Create a WordGenerator, and tell it to remember the stream dictionary wewere given..."| generator |generator ‹ super new.generator initialize.generator streamDictionary: aStreamDictionary.^generator

85Stimulus-SupportThis system category defines a family of stimulus descriptor objects which aremanipulated by the various objects concerned with stimulus identity, such asthe battery items themselves, the stimulus sequencing and generation objects,the data management system, and the averaging and statistics collection code.The objects in this category are:StimulusDefines the basic stimulus descriptorSternbergStimulusAdds Sternberg specific stimulus fieldsToneStimulusAdds ToneOddball specific fieldsWordStimulusAdds WordOddball specific fields

86StimulusStimulus is an abstract superclass for a family of stimulus objects. It defines afield for a stimulus category indicator of some sort.class nameStimulussuperclassObjectinstance variable namescategoryclass variable namespool dictionariescategoryStimulus-SupporthierarchyObjectStimulusSternbergStimulusToneStimulusWordStimulusStimulus methods for: accessingStimulus methods for: accessingcategory"Return the stimulus category..."^ categorycategory: aCategory"Set the stimulus category..."^ category ‹ aCategory

87SternbergStimulusThe SternbergStimulus class adds fields for the memory set and probestimulus to Stimulus.class nameSternbergStimulussuperclassStimulusinstance variable namescategorymemorySetprobeclass variable namespool dictionariescategoryStimulus-SupporthierarchyObjectStimulusSternbergStimulusToneStimulusWordStimulusSternbergStimulus methods for: accessingSternbergStimulus methods for: accessingmemorySet^ memorySetmemorySet: argumentmemorySet ‹ argument.^ argumentprobe^ probeprobe: argumentprobe ‹ argument.^ argument

88ToneStimulusThe ToneStimulus class adds a field for the primary stimulus type toStimulus.class nameToneStimulussuperclassStimulusinstance variable namescategoryprimaryclass variable namespool dictionariescategoryStimulus-SupporthierarchyObjectStimulusSternbergStimulusToneStimulusWordStimulusToneStimulus methods for: accessingToneStimulus methods for: accessingprimary^ primaryprimary: argumentprimary ‹ argument.^ argument

89W o r d S t i m u l u s The ToneStimulus class adds a field for the primary stimulus type toStimulus.class nameWordStimulussuperclassStimulusinstance variable namescategoryprimarywordclass variable namespool dictionariescategoryStimulus-SupporthierarchyObjectStimulusSternbergStimulusToneStimulusWordStimulusWordStimulus methods for: accessingWordStimulus methods for: accessingprimary^ primaryprimary: argumentprimary ‹ argument.^ argumentword^ wordword: argumentword ‹ argument.^ argument

90Sequence-SupportThe Sequence-Support system category contains two classes which implementcomponents of the Battery stimulus sequence generation scheme. Theseclasses are:WeightedCollectionA collection with fixed proportionsSequenceGeneratorA stimulus sequence constructor

91W e i g h t e d C o l l e c t i o n A WeightedCollection is a collection of objects in which each object in a givenbase set is constrained to appear with a given relative frequency. For example,a WeightedCollection over #(dog cat mouse) of size nine would result in acollection in which each of dog, cat, and mouse were present three times.class nameWeightedCollectionsuperclassRunArrayinstance variable namesrunsvaluesweightsclass variable namescategorySequence-SupporthierarchyObjectCollectionSequencableCollectionArrayedCollectionRunArrayWeightedCollectionWeightedCollection methods for: growingThe grow: message allows the size of a WeightedCollection to be changed,while still retaining the underlying collection and relative probabilities. Theprotocol inherited from RunArray allows the underlying values collection tobe altered, should the user see fit.Note that the weight and run sets should be changed only at the user’s peril,since these are not mutually constrained in this implementation ofWeightedCollection.WeightedCollection methods for: growinggrow: size"Transform ourself into a new weighted collection..."| new |new ‹ WeightedCollectionon: self valueswithSize: sizeandWeights: self weights.^self become: new

92WeightedCollection methods for: privateAccess to the weight collection is provided for the purpose of internalabstraction only. Users should not attempt to alter the weight set of aWeighted collection once it is created.WeightedCollection methods for: privateweights"Return the weights collection..."^weightsweights: aCollection"Save the weights collection..."^weights ‹ aCollectionWeightedCollection classclassWeightedCollection classsuperclassRunArray classWeightedCollection class methods for: instance creationThe on:withSize:andWeights: method is the only means by which aWeightedCollection should be created. (The new method should probably beoverridden to enforce this restriction.) It works as follows: First, a collectionconsisting of the desired collection size scaled by each weight is constructed.(Note that the values are rounded to the nearest Integer.) Next, these valuesare summed. The error variable is then assigned the difference between thistotal and the desired collection size.If the sum of the counts produced by weighting the size comes up short, thenerror will be positive. If this value is too large, error will be negative. Thetest on error is used to set adjust to a positive count of the number of valuesthat need to be changed to balance the counts, and increment to plus orminus one. The error is then distributed among the first adjust elements ofthe counts collection. This collection then appeals to RunArray class to

93construct our underlying RunArray. The original weight set is also stored foruse by grow:.WeightedCollection class methods for: instance creationon: aCollection withSize: size andWeights: weights"Create a new weighted collection..."| counts total error adjust increment new |counts ‹ weights collect: [:weight | (weight * size) rounded asInteger].total ‹ counts inject: 0 into: [:sum :count | sum + count].error ‹ size - total.error > 0ifTrue: [adjust ‹ error. increment ‹ 1]ifFalse: [adjust ‹ error negated. increment ‹ -1].(1 to: adjust)do: [:i | counts at: i put: (counts at: i) + 1].new ‹ super runs: counts values: aCollection.new weights: weights.^newWeightedCollection class methods for: examplesThis example show how one might construct a ten element weightedcollection over the Array shown. The result is a collection with the followingstructure: #(dog dog dog dog cat cat cat mouse mouse mouse).WeightedCollection class methods for: examplesexample"WeightedCollection example inspect"^WeightedCollectionon: #(dog cat mouse )withSize: 10andWeights: #(0.3 0.3 0.3 )

94S e q u e n c e G e n e r a t o r Class SequenceGenerator is used to construct a stimulus sequence given afixed base collection and a given size and set of relative probabilities. Thepresent implementation of SequenceGenerator uses a WeightedCollection todo most of its work. WeightedCollection is, in fact, a generalization of anearlier implementation of SequenceGenerator. SequenceGenerator still addsa constraint check that ensures that the given probability set adds up to one.This check could (should) probably be moved to WeightedCollection as well.class nameSequenceGeneratorsuperclassObjectinstance variable nameslengthprobabilitiesstimuliclass variable namespool dictionariescategorySequence-SupporthierarchyObjectSequenceGeneratorSequenceGenerator methods for: sequence constructionThe generateSequenceOn:withSize:andProbabilities: method constructs astimulus sequence with the desired base set, size and probabilities and returnsit to its caller. We first store the parameters given us, then do a constraint teston the probability set, and then construct and return the stimulus sequence.SequenceGenerator methods for: sequence constructiongenerateSequenceOn: stims withSize: size andProbabilities: probs"Save our parameters, constrain the probability set, and build asequence..."length ‹ size.probabilities ‹ probs.stimuli ‹ stims.self constrainProbabilities.^self constructSequence

95SequenceGenerator methods for: privateThe constrainProbabilities method makes sure that the probability set givenus sums to one. It will adjust the final value if it finds a minor discrepancy.(Note that for this reason, we should probably have done a copy on the setbefore storing it in the instance variable above.) If a major problem is found,an error is declared.The constructSequence method merely passes the buck toWeightedCollection to get its work done.SequenceGenerator methods for: privateconstrainProbabilities"Make sure the probabilities add up to 1.0..."| sum last |sum ‹ (1 to: probabilities size - 1)inject: 0 into: [:sum :i | sum ‹ sum + (probabilities at: i)].(sum < 0 or: [sum > 1])ifTrue: [self error: ’Bad probability sum...’].probabilities at: probabilities size put: (1.0-sum)constructSequence"Build a weighted collection given our current size and probabilities... "^WeightedCollection on: stimuli withSize: length andWeights: probabilities"Notes 6/23/86: Hope they allow zero length runs...""Notes 7/24/86: They do....""Notes 8/25/86: Changed over to WeightedCollections..."SequenceGenerator classclassSequenceGenerator classsuperclassObject classSequenceGenerator class methods for: examplesThe example1 method shows a typical application of a SequenceGenerator.

96SequenceGenerator class methods for: examplesexample1"SequenceGenerator example1 inspect"| s stims probs |s ‹ SequenceGenerator new.stims ‹ #(catA catB ).probs ‹ Array with: 0.5 with: 0.5.^sgenerateSequenceOn: stimswithSize: 100andProbabilities: probs

97Response-SupportThe Response-Support system category represents an effort to model thehardware and software components of the subject response reporting systemas concrete objects. The rationale for this is similar to that for making theStimulus-Generators concrete objects. That is to say, it was hoped thatembodying the response collection strategies we use in separate, discretecomponents, we might be able to modify these strategies from application toapplication merely by dropping in a new component. The classes in thiscategory are:ButtonBoxSimulates a subject response boxButtonBoxResponseDescribes a subject response instance

98B u t t o n B o x The ButtonBox class models a two button subject response box. Such aresponse box typically will report button presses using a pair of digital inputbits. Hence, ButtonBoxes contain references to a pair of simulated input bits.A clock is also associated with each ButtonBox for response time reporting.Since InputBit events are simulated using the Smalltalk mouse buttons, it ispossible to demonstrate actual ButtonBox events when a simulatedBatteryItem is run.class nameButtonBoxsuperclassObjectinstance variable namesbitAbitBclockclass variable namespool dictionariescategoryResponse-SupporthierarchyObjectButtonBoxButtonBoxResponseButtonBox methods for: accessingThe bitA and bitB instance variables contain references to the InputBits thatwe use to report responses. The clock instance variable is used for responsetime reporting.The enable method arms the ButtonBox by passing an enableUsingClock:message to both of the ButtonBox’s InputBits.The response query is sent by the user of a ButtonBox to test for whether anyresponse activity has taken place. A ButtonBoxResponse object will always bethe result of such a query. If no button press has occurred since the last query,the ButtonBoxResponse object will contain only default values.

99Responses are detected by testing the flags of each InputBit object. If one ofthese flags is set, a #buttonA or #buttonB response event is reported, togetherwith the time (relative to the clock that was originally passed) at which theevent occurred. Note that if both button A and button B were pressed, thebutton A event is given precedence. More complex button box designs mightadopt some different strategy.ButtonBox methods for: accessingbitA^bitAbitA: argumentbitA ‹ argument.^argumentbitB^bitBbitB: argumentbitB ‹ argument.^argumentclock^clockclock: argumentclock ‹ argument.^argumentenable"Enable both our input bits using our clock..."self bitA enableUsingClock: self clock.self bitB enableUsingClock: self clockresponse"Return a response object with the bit for which we recordeda response (if any) and the response time for it..."| resp |resp ‹ ButtonBoxResponse new.(self bitA flag) ifTrue:[ resp responseButton: #buttonA. resp responseTime: self bitA time. ^resp].(self bitB flag) ifTrue:[ resp responseButton: #buttonB. resp responseTime: self bitB time. ^resp].^resp

100ButtonBox classclassButtonBox classsuperclassObject classButtonBox class methods for: instance creationThe bitA:bitB:usingClock: method creates a ButtonBox and assigns it theindicated realtime resources. As with several other instance creationmethods seen herein, we might want to consider enforcing the conventionthat this method be used to create ButtonBoxes by overriding new.ButtonBox class methods for: instance creationbitA: a bitB: b usingClock: aClock"Create a new button box..."| box |box ‹ super new.box bitA: (InputBit onBit: a).box bitB: (InputBit onBit: b).box clock: aClock.^box

101B u t t o n B o x R e s p o n s e ButtonBoxResponse objects are returned by ButtonBoxes in response toresponse queries. They convey a response button code and a response time.The possible response button codes are determined by the ButtonBox object.class nameButtonBoxResponsesuperclassObjectinstance variable namesresponseButtonresponseTimeclass variable namespool dictionariescategoryResponseSupporthierarchyObjectButtonBoxButtonBoxResponseButtonBoxResponse methods for: accessingButtonBoxResponse methods for: accessingresponseButton^responseButtonresponseButton: argumentresponseButton ‹ argument.^argumentresponseTime^responseTimeresponseTime: argumentresponseTime ‹ argument.^argument

102D a t a - M a n a g e m e n t The Data-Management system category contains the definitions for a set ofrecord-like objects that help to implement the battery data managementscheme. These classes are:BatteryBlockA per-block data recordBatteryTrialA per-trial data recordDataDictionaryRepository for archived battery dataDataDictionaryEntryAn entry in a DataDictionary

103B a t t e r y B l o c k BatteryBlock object tie together all the information that a battery itemproduces for each block it runs. A BatteryBlock stores the block averagecollection, a copy of the block parameters, the single trial collection for theblock, and the block tally set.class nameBatteryBlocksuperclassObjectinstance variable namesparameterssingleTrialstalliesaveragesclass variable namespool dictionariescategoryData-ManagementhierarchyObjectBatteryBlockBatteryBlock methods for: accessingBatteryBlock methods for: accessingaverages^averagesaverages: argumentaverages ‹ argument.^argumentparameters^parametersparameters: argumentparameters ‹ argument.^argumentsingleTrials^singleTrialssingleTrials: argumentsingleTrials ‹ argument.^argumenttallies^talliestallies: argumenttallies ‹ argument.^argument

104BatteryTrialBatteryTrial objects tie together the data produced for each trial. A block’ssingle trial collection is a collection of these objects, one for each trial. Thefollowing data are kept for each trial: A copy of the digitized data, thesubject’s response time (if any), a subject response type, the stimulusdescriptor for the trial, and the trial number.class nameBatteryTrialsuperclassObjectinstance variable namestrialNumberstimulusresponseTyperesponseTimedataclass variable namespool dictionariescategoryData-ManagementhierarchyObjectBatteryTrialBatteryTrial methods for: accessingBatteryTrial methods for: accessingdata^datadata: argumentdata ‹ argument.^argumentresponseTime^responseTimeresponseTime: argumentresponseTime ‹ argument.^argumentresponseType^responseTyperesponseType: argumentresponseType ‹ argument.^argumentstimulus^stimulus

105stimulus: argumentstimulus ‹ argument.^argumenttrialNumber^trialNumbertrialNumber: argumenttrialNumber ‹ argument.^argument

106D a t a D i c t i o n a r y DataDictionary objects are subclasses of AccessableDictionaries. They add noadditional protocol. A single instance of DataDictionary is kept in aBatteryItem class variable as a global repository for battery data.class nameDataDictionarysuperclassAccessableDictionaryinstance variable namestallyclass variable namespool dictionariescategoryData-ManagementhierarchyObjectCollectionSetDictionaryAccessableDictionaryDataDictionary

107DataDictionaryEntryDataDictionaryEntry objects play the role of file system directory entries in thebattery data management scheme. They record the following: some data(which will always be a BatteryBlock given the current battery simulation),the date and time of the entries creation, a label string of some sort, an entrytype field, and an entry name.class nameDataDictionaryEntrysuperclassObjectinstance variable namesnametypelabeldatetimedataclass variable namespool dictionariescategoryData-ManagementhierarchyObjectDataDictionaryEntryDataDictionaryEntry methods for: accessingDataDictionaryEntry methods for: accessingdata^datadata: argumentdata ‹ argument.^argumentdate^datedate: argumentdate ‹ argument.^argumentlabel^labellabel: argumentlabel ‹ argument.^argumentname^name

108name: argumentname ‹ argument.^argumenttime^timetime: argumenttime ‹ argument.^argumenttype^typetype: argumenttype ‹ argument.^argumentDataDictionaryEntry classclassDataDictionaryEntry classsuperclassObject classDataDictionaryEntry class methods for: instance creationThe method given below provides a convenient shorthand for creatingDataDictionaryEntry objects. Note in particular that the date and time timestamp is generated automatically by this method.DataDictionaryEntry class methods for: instance creationentryNamed: aString withLabel: aLabel andData: anObject"Create and entry and fill it in as indicated, together with the currentdate and time..."| entry date |entry ‹ super new.entry name: aString.entry label: aLabel.entry data: anObject.date ‹ Date dateAndTimeNow.entry date: (date at: 1).entry time: (date at: 2).^entry

109I n t e r f a c e - B a t t e r y The classes defined in the Interface-Battery category implement the userinterface for the Smalltalk battery simulation. The classes in this category are:ListHolderA simple generic model for ListViewsItemListControllerController for a battery item listParameterListControllerController for a parameter listBatteryCodeControllerController for the expression windowWaveformControllerController for a waveform viewBatteryBrowserModel for a set of battery itemsItemListViewView of a list of battery itemsParameterListViewView of the parameter listBatteryViewTopView for a battery browserBatteryCodeViewView for expression evaluationWaveformViewA graphical view of a waveform

110ListHolderListHolder objects provide a service similar to that provided by StringHolders.That is, they serve as a generic model for simple list objects.This function has been largely subsumed by Version II SelectionInListViewobjects. The Apple Smalltalk image used for this simulation was based on aXerox Smalltalk-80 Version I image that did not have pluggable views.class nameListHoldersuperclassAccessableObjectinstance variable namesitemslistlistIndexclass variable namespool dictionariescategoryInterface-BatteryhierarchyObjectAccessableObjectListHolderListHolder methods for: view accessThese methods implement the default interface between a list model and itsListView.ListHolder methods for: view accesslist"Return our list..."^listlist: argument"Set the new list and notify our dependents..."list ‹ argument.self changed: #list.^argumentlistIndex"Return our copy of the list index..."^listIndex

111listIndex: argument"Reset the list index, and notify our dependents..."listIndex ‹ argument.self changed: #listIndex.^argumentListHolder methods for: controller accessThese methods implement the default interface between a list model and itsListController.ListHolder methods for: controller accesstoggleListIndex: index"Just keep our copy of the list index up to date..."index = self listIndexifTrue: [self listIndex: 0]ifFalse: [self listIndex: index]ListHolder classclassListHolder classsuperclassAccessableObject classListHolder class methods for: instance creationListHolder class methods for: instance creationon: list"Create a new ListHolder for the designated list..."| aListHolder |aListHolder ‹ self new.aListHolder list: list.^aListHolder

112ItemListControllerItemListControllers operate the battery browser’s battery item list.class nameItemListControllersuperclassListControllerinstance variable namesmodelviewsensorredButtonMenuredButtonMessagesyellowButtonMenuyellowButtonMessagesblueButtonMenublueButtonMessagesscrollBarmarkersavedAreaclass variable namesItemListYellowButtonMessagesItemListYellowButtonMenucategoryInterface-BatteryhierarchyObjectControllerMouseMenuControllerScrollControllerListControllerItemListControllerItemListController methods for: instance initializationMake sure new ItemListControllers have their yellowButtonMenus set upcorrectly. The menu/message sets are kept in a pair of class variables for thispurpose.ItemListController methods for: instance initializationinitialize"Set up the yellow button menu, among other things..."super initialize.self initializeYellowButtonMenuinitializeYellowButtonMenuself yellowButtonMenu: ItemListYellowButtonMenuyellowButtonMessages: ItemListYellowButtonMessages

113ItemListController methods for: menu messagesThe doNothing method illustrates where additional menu messages wouldfit were one to want to add them.The changeModelSelection: method inherited from ListController isoverridden here to invoke toggleItemListIndex instead of toggleListIndex.When complex models like the BatteryBrowser with multiple cooperatingviews are used, it is necessary to differentiate at the model level among listupdate requests. In conventional ListViews, this is usually done byoverriding changeModelSelection in the manner just described.Version II SelectionInListViews allow the selectors for these sorts offunctions to be built into "adaptor" variables stored in the Views. The viewsthemselves must also distinguish multiple update requests when a complexmodel is used. This is done using view defined update: parameter protocols.Traditional ListViews must override update: to add this behavior.SelectionInListViews once again make this part of the adaptor.ItemListController methods for: menu messagesdoNothing"Do as it says, for testing...."ItemListController methods for: privateItemListController methods for: privatechangeModelSelection: anIntegermodel toggleItemListIndex: anInteger

114ItemListController classclassItemListController classsubclassListController classItemListController class methods for: class initializationThe default menu and message lists are stored in class variables so that theyneed not be copied of every time one of these controllers is created.ItemListController class methods for: class initializationinitialize"ItemListController initialize"ItemListYellowButtonMenu ‹ PopUpMenu labels: ’do nothingstill do nothing’ lines: #(1 ).ItemListYellowButtonMessages ‹ #(doNothing doNothing )ItemListController initialize

115ParameterListControllerParameterListControllers implement the controller end of the MVC triad forthe battery parameter list view.class nameParameterListControllersuperclassListControllerinstance variable namesmodelviewsensorredButtonMenuredButtonMessagesyellowButtonMenuyellowButtonMessagesblueButtonMenublueButtonMessagesscrollBarmarkersavedAreaclass variable namesParameterListYellowButtonMessagesParameterListYellowButtonMenupool dictionariescategoryInterface-BatteryhierarchyObjectControllerMouseMenuControllerScrollControllerListControllerParameterListControllerParameterListController methods for: instance initializationThe default menu and message lists are copied from two of theParameterListController’s class variables.ParameterListController methods for: instance initializationinitialize"Set up the yellow button menu, among other things..."super initialize.self initializeYellowButtonMenuinitializeYellowButtonMenuself yellowButtonMenu: ParameterListYellowButtonMenuyellowButtonMessages: ParameterListYellowButtonMessages

116ParameterListController methods for: menu messagesAs with ItemListController, changeModelSelection is overridden so that itpasses toggle parameter list requests to this object’s model in such a way sothat the model can learn their origin.ParameterListController methods for: menu messagesdoNothing"Do as it says, for testing...."ParameterListController methods for: privateParameterListController methods for: privatechangeModelSelection: anIntegermodel toggleParameterListIndex: anIntegerParameterListController classclassParameterListController classsuperclassListController classParameterListController class methods for: class initializationTwo menu entries are defined (as examples) here, both of which are linked tothe doNothing method.ParameterListController class methods for: class initializationinitialize"ParameterListController initialize"ParameterListYellowButtonMenu ‹ PopUpMenu labels: ’do nothingstill do nothing’ lines: #(1 ).ParameterListYellowButtonMessages ‹ #(doNothing doNothing )ParameterListController initialize

117BatteryCodeControllerThe BatteryCodeController class adds an accept message that forwards theresults of the accept back to the model usingreplaceParameterSelectionValue:.class nameBatteryCodeControllersuperclassStringHolderControllerinstance variable namesmodelviewsensorredButtonMenuredButtonMessagesyellowButtonMenuyellowButtonMessagesblueButtonMenublueButtonMessagesscrollBarmarkersavedAreaparagraphstartBlockstopBlockbeginTypeInBlockemphasisHereinitialTextselectionShowingisLockingOnclass variable namespool dictionariescategoryInterface-BatteryhierarchyObjectControllerMouseMenuControllerScrollControllerParagraphEditorStringHolderControllerBatteryCodeControllerBatteryCodeController methods for: menu messagesThe accept method evaluates the BatteryCodeController’s paragraph’s stringand makes the result the new parameter selection value of its model.

118BatteryCodeController methods for: menu messagesaccept| result |(model isUnlocked or: [model selectionUnmodifiable])ifTrue: [^view flash].self controlTerminate.result ‹ model doItReceiver class evaluatorClass newevaluate: (ReadStream on: paragraph string)in: model doItContextto: model doItReceivernotifying: selfifFail: [self controlInitialize. ^nil].result == #failedDoitifFalse:[model replaceParameterSelectionValue: result.self selectFrom: 1 to: paragraph text size.self deselect.self replaceSelectionWith: result printString asText.self selectAt: 1.super accept].self controlInitialize

119W a v e f o r m C o n t r o l l e r WaveformController objects provide cursor control for WaveformViewobjects. When the mouse is within the graphBox of a WaveformView, thecursor is turned into a cross hair cursor, and the WaveformView’s coordinatedisplay is updated.class nameWaveformControllersuperclassControllerinstance variable namesmodelviewsensorcursorPositionclass variable namespool dictionariescategoryInterface-BatteryhierarchyObjectControllerWaveformControllerWaveformController methods for: controllingTo control activity, the WaveformController must see if the view’s graphBoxcontains the cursorPoint. If so, the cursor is changed to a cross hair cursor andthe waveform coordinate display is updated. If the cursor has left thegraphBox, the normal cursor is restored.WaveformController methods for: controllingcontrolActivity(view graphBox containsPoint: sensor cursorPoint )ifTrue: [self controlCursor]ifFalse: [Cursor normal show]controlCursor| point |Cursor crossHair show.self view updateText.point ‹ sensor cursorPoint.self cursorPosition: point"Brian Foote 28 July 1987 Added code to copy point to cursorPosition..."

120controlInitialize"Say there is no cursor position for now..."self cursorPosition: nilcontrolTerminate"Get rid of the cross hair cursor..."Cursor normal showWaveformController methods for: accessingWaveformController methods for: accessingcursorPosition^cursorPositioncursorPosition: argumentcursorPosition ‹ argument.^argument

121BatteryBrowserBatteryBrowser objects are the common models that tie together thecomponents of a BatteryView.class nameBatteryBrowsersuperclassStringHolderinstance variable namescontentsisLockeditemListitemListIndexparameterListparameterListIndexrunSwitchparameterKeyListwaveformViewclass variable namespool dictionariescategoryInterface-BatteryhierarchyObjectStringHolderBatteryBrowserBatteryBrowser methods for: instance initializationThe initialize method starts us out with no item or parameter selections.BatteryBrowser methods for: instance initializationinitialize"Set a few defaults..."self itemListIndex: 0.self parameterListIndex: 0BatteryBrowser methods for: accessingBatteryBrowser methods for: accessingitemList^itemListitemList: argumentitemList ‹ argument.^argument

122itemListIndex^itemListIndexitemListIndex: argumentitemListIndex ‹ argument.^argumentparameterKeyList^parameterKeyListparameterKeyList: argumentparameterKeyList ‹ argument.^argumentparameterList^parameterListparameterList: argumentparameterList ‹ argument.^argumentparameterListIndex^parameterListIndexparameterListIndex: argumentparameterListIndex ‹ argument.^argumentrunSwitch^runSwitchrunSwitch: argumentrunSwitch ‹ argument.^argumentwaveformView^waveformViewwaveformView: argumentwaveformView ‹ argument.^argumentBatteryBrowser methods for: list accessThe replaceParameterSelectionValue method is invoked byBatteryCodeControllers when an accept is performed. It replaces the value ofthe currently selected parameter with a new value.The toggleItemListIndex: method is invoked when a new item list selection ismade. First, the wait cursor is turned on. Then our item list selection isupdated. Next, since either the current battery item was deselected or a new

123battery item in the item list was selected, the parameter list must be reset. Weupdate the parameter list and the parameter key list, set its selection to zero,and clear the contents of our code view. We then declare that the item listhas changed. (ParameterListViews respond to both item list and parameterlist changes. BrowserCodeControllers respond to any update whatsoever.)The toggleParameterListIndex: method saves the new list index given it, andstores the store string for the current parameter value as our contents. Aparameter list update is then declared, which will update theParameterListView and the BatteryCodeView.BatteryBrowser methods for: list accessreplaceParameterSelectionValue: value"Set the current parameter to the indicated value..."| key parms |key ‹ self parameterKeyList at: self parameterListIndex.parms ‹ self currentItem parameters.parms at: key put: value.self parameterList: self currentParameterListtoggleItemListIndex: anInteger"Toggle our item list index..."Cursor waitshowWhile:[self itemListIndex: (self itemListIndex = anIntegerifTrue: [0]ifFalse: [anInteger]).self parameterList: self currentParameterList.self parameterKeyList: self currentParameterKeyList.self parameterListIndex: 0.self contents: ’’.self changed: #itemList]toggleParameterListIndex: anInteger"Toggle our parameter list index..."self parameterListIndex: (self parameterListIndex = anIntegerifTrue: [0]ifFalse: [anInteger]).self contents: self currentParameterValue storeString.self changed: #parameterListIndex

124BatteryBrowser methods for: switch accessThe run switch object sends us this message when the run switch is pressed.If a battery item is selected, it is started up by sending it a doBlock message.When the block finally finishes, the run switch is turned off.BatteryBrowser methods for: switch accessrun"Off we go..."self currentItem ~= nil ifTrue: [self currentItem doBlock].self runSwitch turnOffBatteryBrowser methods for: selectingThe selectionUnmodifiable query is sent by accept method inBatteryCodeController to its models. Hence, BatteryBrowser must implementthis method. It returns true when there is no current selection. (Note thatthe accept method used in BatteryCodeController was borrowed from the onefound in the Version I InspectCodeController.)BatteryBrowser methods for: selectingselectionUnmodifiable"If the selection is zero, forget it..."^parameterListIndex=0BatteryBrowser methods for: privateThe methods in this protocol category encapsulate the BatteryBrowser’sinternal schemes for generating various structures that are used by other partsof the BatteryBrowser.The currentItem method uses the itemListIndex to return either nil or thecurrent battery item itself. The currentItemList is constructed by asking eachbattery item in our item list to ask its parameter object for an item name.These names are collected and returned as the current item list.

125The currentParameterKeyList method returns an OrderedCollectioncontaining the keys for the current list of parameters. It derives this by callingthe currentParameterList method. This method returns an emptyAccessableDictionary if no item is currently selected. If an item is selected, wefetch its parameter object (which is an AccessableObject) and turn this into anAccessableDictionary, which we then return.)The currentParameterValue method uses the key list to index the parameterlist which in turn allows us access to a parameter value.BatteryBrowser methods for: privatecurrentItem"Return the current battery item..."self itemListIndex = 0ifTrue: [^nil]ifFalse: [^self itemList at: itemListIndex]currentItemList"Get the current item list..."^self itemList collect: [:anItem | anItem parameters name].currentParameterKeyList"Get the current parameter key list..."^self currentParameterList keys asOrderedCollectioncurrentParameterList"Get the current parameter list..."| item parms |self currentItem = nil ifTrue: [^AccessableDictionary new].item ‹ self currentItem.parms ‹ item parameters asAccessableDictionary.^parmscurrentParameterValue"Return the current parameter value..."self parameterListIndex = 0ifTrue: [^nil]ifFalse: [^self parameterList at: (self parameterKeyList at: self parameterListIndex)]

126BatteryBrowser classclassBatteryBrowser classsuperclassStringHolder classBatteryBrowser class methods for: instance creationThe openOn: message creates a BatteryBrowser given a list of BatteryItemobjects. It initializes the browser, sets it list as indicated, and then informsevery item in the list that they belong to this browser.BatteryBrowser class methods for: instance creationopenOn: aList"BatteryBrowser openOn: BatteryItem defaultItemList"| browser |browser ‹ self new.browser initialize.browser itemList: aList.aList do: [:item | item parameters browser: browser].^browser

127ItemListViewItemListView objects merely specialize ListView objects by designating thatthe default controller class is ItemListController rather than ListController.(Note that Version II SelectionInListViews use an "adaptor" that makes thisspecialization unnecessary.)class nameItemListViewsuperclassListViewinstance variable namesmodelviewsuperViewsubViewstransformationviewportwindowdisplayTransformationinsetDisplayBoxborderWidthborderColorinsideColorboundingBoxlistselectiontopDelimiterbottomDelimiterlineSpacingisEmptyclass variable namespool dictionariescategoryInterface-BatteryhierarchyObjectViewListViewItemListViewItemListView methods for: controller accessItemListView methods for: controller accessdefaultControllerClass"Give a default controller for us..."^ItemListController

128ParameterListViewParameterListView objects specialize ListView objects by designating that thedefault controller class is ItemListController rather than ListController. Theyalso provide update: protocol for updating the parameter list in response toboth item list and parameter list change requests.class nameParameterListViewsuperclassListViewinstance variable namesmodelviewsuperViewsubViewstransformationviewportwindowdisplayTransformationinsetDisplayBoxborderWidthborderColorinsideColorboundingBoxlistselectiontopDelimiterbottomDelimiterlineSpacingisEmptyclass variable namespool dictionariescategoryInterface-BatteryhierarchyObjectViewListViewParameterListViewParameterListView methods for: controller accessWe have our own controller (which does nothing useful) so we designate itas our default.ParameterListView methods for: controller accessdefaultControllerClass"Give a default controller for us..."^ParameterListController

129ParameterListView methods for: updatingWhen a ParameterListView receives an #itemList update request, it resets itsparameter list and redisplay itself. When its gets a #parameterListIndexupdate request, it asks itself to move the selection box.ParameterListView methods for: updatingupdate: anObject"Something changed..."anObject == #itemListifTrue:[self list: model parameterKeyList.selection ‹ model parameterListIndex.self displayView].anObject == #parameterListIndexifTrue:[self moveSelectionBox: model parameterListIndex]

130BatteryViewBatteryView objects provide the StandardSystemView for BatteryBrowsers. Itis the BatteryView that creates and composes the subViews that comprises theBatteryBrowser.class nameBatteryViewsuperclassStandardSystemViewinstance variable namesmodelviewsuperViewsubViewstransformationviewportwindowdisplayTransformationinsetDisplayBoxborderWidthborderColorinsideColorboundingBoxlabelFramelabelTextisLabelComplementedsavedSubViewsminimumSizemaximumSizecollapsedViewportexpandedViewportlabelBitswindowBitsclass variable namespool dictionariescategoryInterface-BatteryhierarchyObjectViewStandardSystemViewBatteryView

131BatteryView classclassBatteryView classsuperclassStandardSystemView classBatteryView class methods for: instance creationTo start up a BatteryBrowser, one should first create a BatteryBrowser on a listof battery items, then pass this browser as the argument to an openOn:message to BatteryView. The comment below gives an example of this.BatteryView class methods for: instance creationopenOn: aBrowser"BatteryView openOn: (BatteryBrowser openOn: BatteryItem defaultItemList)"| topView itemList itemView parmList parmView stringView holderswitch wave switchView waveView |topView ‹ self new.topView model: nil; label: ’Battery Item Browser’; minimumSize: 100 @ 100.topView borderColor: Form lightGray; insideColor: Form gray.topView borderWidth: 0.itemView ‹ ItemListView new.itemList ‹ aBrowser itemList collect: [:anItem | anItem parameters name].itemView model: aBrowser.itemView list: itemList.itemViewborderWidthLeft: 2right: 1top: 2bottom: 1.itemView window: (0 @ 0 extent: 200 @ 100).topView addSubView: itemView.parmView ‹ ParameterListView new.parmView model: aBrowser.parmViewborderWidthLeft: 1right: 1top: 2bottom: 1.parmView window: (0 @ 0 extent: 200 @ 100).topViewaddSubView: parmViewalign: parmView viewport topLeftwith: itemView viewport topRight.aBrowser contents: ’’.stringView ‹ BatteryCodeView container: aBrowser.stringView window: (0 @ 0 extent: 200 @ 70).

132stringViewborderWidthLeft: 1right: 2top: 2bottom: 1.topViewaddSubView: stringViewalign: stringView viewport topLeftwith: parmView viewport topRight.switch ‹ Switch newOff.switch onAction: [aBrowser run].aBrowser runSwitch: switch.switchView ‹ SwitchView new.switchView model: switch; label: ’Run’ asParagraph.switchViewborderWidthLeft: 1right: 2top: 1bottom: 1.switchView window: (0 @ 0 extent: 200 @ 30).topViewaddSubView: switchViewalign: switchView viewport bottomLeftwith: parmView viewport bottomRight.waveView ‹ WaveformView new.aBrowser waveformView: waveView.wave ‹ Waveform points: 10.wave zero.waveView model: wave; window: (0 @ 0 extent: 600 @ 250); insideColor: Form white.waveViewborderWidthLeft: 2right: 2top: 1bottom: 2.waveView dataWindow: (1 @ 2500 corner: wave size @ -2500).topViewaddSubView: waveViewalign: waveView viewport topLeftwith: itemView viewport bottomLeft.topView controller open

133BatteryCodeViewBatteryCodeView objects provide views of the values of currently selectedparameters.class nameBatteryCodeViewsuperclassStringHolderViewinstance variable namesmodelviewsuperViewsubViewstransformationviewportwindowdisplayTransformationinsetDisplayBoxborderWidthborderColorinsideColorboundingBoxdisplayContentsclass variable namespool dictionariescategoryInterface-BatteryhierarchyObjectViewStringHolderViewBatteryCodeViewBatteryCodeView methods for: controller accessWe are a pre-pluggable view code view that exists only to designate a defaultcontroller.BatteryCodeView methods for: controller accessdefaultControllerClass^BatteryCodeController

134WaveformViewWaveformView objects generate graphical waveform displays. They alsoallow a cursor to be driven across these waveforms, and display informationabout its position.class nameWaveformViewsuperclassViewinstance variable namesmodelviewsuperViewsubViewstransformationviewportwindowdisplayTransformationinsetDisplayBoxborderWidthborderColorinsideColorboundingBoxdataWindowdataBoxdataTransformationdataInsetsgraphBoxlengthintervalthicknesstopMarginbottomMarginleftMarginrightMarginquilltitletitleEmphasislastPositionclass variable namespool dictionariescategoryInterface-BatteryhierarchyObjectViewWaveformView

135WaveformView methods for: instance initializationWaveformView methods for: instance initializationinitialize"Initialize this instance..."self thickness: 5 @ 5.self length: 5 @ 5.self interval: 25 @ 1000.self dataInsets: 0.0 @ 0.1.self topMargin: 30.self bottomMargin: 50.self leftMargin: 50.self rightMargin: 10.self quill: Pen new.self title: ’a Waveform View’.self titleEmphasis: 5.self lastPosition: 0.99 @ 0.99.super initializeWaveformView methods for: accessingWaveformView methods for: accessingbottomMargin^bottomMarginbottomMargin: argumentbottomMargin ‹ argument.^argumentdataBox^dataBoxdataBox: argumentdataBox ‹ argument.^argumentdataInsets^dataInsetsdataInsets: argumentdataInsets ‹ argument.^argumentdataTransformation^dataTransformationdataTransformation: argumentdataTransformation ‹ argument.^argument

136dataWindow^dataWindowdataWindow: argumentdataWindow ‹ argument.^argumentgraphBox^graphBoxgraphBox: argumentgraphBox ‹ argument.^argumentinterval^intervalinterval: argumentinterval ‹ argument.^argumentlastPosition^lastPositionlastPosition: argumentlastPosition ‹ argument.^argumentleftMargin^leftMarginleftMargin: argumentleftMargin ‹ argument.^argumentlength^lengthlength: argumentlength ‹ argument.^argumentquill^quillquill: argumentquill ‹ argument.^argumentrightMargin^rightMarginrightMargin: argumentrightMargin ‹ argument.^argument

137thickness^thicknessthickness: argumentthickness ‹ argument.^argumenttitle^titletitle: argumenttitle ‹ argument.^argumenttitleEmphasis^titleEmphasistitleEmphasis: argumenttitleEmphasis ‹ argument.^argumenttopMargin^topMargintopMargin: argumenttopMargin ‹ argument.^argumentWaveformView methods for: controller accessWaveformView methods for: controller accessdefaultControllerClass"Use a WaveformController to do our dirty work..."^WaveformControllerWaveformView methods for: displayingThe messages in this protocol category perform the tasks associated withdisplaying waveforms on the screen.The clear method fills our inset display box with our insideColor. ThedisplayAbscissa method draws an X axis.The displayData method plots our model (a Waveform).The displayOrdinate method draws our Y axis.

138The displayTitle method draws our title.The displayView method is the standard method for drawing a view. It resetsour variables, clears us, and draws our components.The displayXTick: and displayYTick: methods are used for tick markgeneration.The resetVariables method resets the reference boxes that we use to draw awaveform graph.WaveformView methods for: displayingclear"Zap the display box..."Display fill: self insetDisplayBox mask: self insideColordisplayAbscissa"Draw the X axis..."| box x start stop increment y |x ‹ self graphBox left - self thickness y.y ‹ self graphBox bottom + self thickness x.box ‹ x @ self graphBox bottom corner: self graphBox right @ y.Displayfill: boxrule: Form overmask: Form black.increment ‹ interval x.start ‹ self dataWindow left.start ‹ start roundUpTo: increment.stop ‹ self dataWindow right.stop ‹ stop roundDownTo: increment.start ~= self dataWindow left ifTrue: [self displayXTick: self dataWindow left].(start to: stop by: increment)do: [:value | self displayXTick: value]

139displayData"Draw the waveform..."| pen point |Display fill: self graphBox mask: Form white.pen ‹ Pen new.pen frame: self graphBox.point ‹ Point x: 1 y: (model at: 1).pen place: (self dataTransformation applyTo: point).(2 to: model size)do:[:i |point ‹ Point x: i y: (model at: i).point ‹ self dataTransformation applyTo: point.pen goto: point]displayOrdinate"Draw the Y axis..."| box x start stop increment y |x ‹ self graphBox left - self thickness y.y ‹ self graphBox bottom + self thickness x.box ‹ x @ self graphBox top corner: self graphBox left @ y.Display fill: box rule: Form over mask: Form black.increment ‹ interval y.start ‹ self dataWindow bottom.stop ‹ self dataWindow top.(start to: stop by: increment) do: [:value | self displayYTick: value]displayTitle"Display the title..."| text |text ‹ Text string: self title emphasis: self titleEmphasis.text ‹ text asDisplayText.text align: text boundingBox center with: self titleBox center.textdisplayOn: Displayat: 0 @ 0clippingBox: Display boundingBoxrule: Form undermask: Form blackdisplayView"Display a waveform..."self resetVariables.self clear.self displayTitle.self displayOrdinate.self displayAbscissa.self displayData.

140displayXTick: value"Display an X tick mark..."| x y pen text |x ‹ (self dataTransformation applyTo: value @ 0) x.y ‹ self graphBox bottom + self thickness x.pen ‹ Pen new.pen place: x @ y.pen down.pen goto: x @ (y + self length y).text ‹ value printString asDisplayText.text align: text boundingBox topCenter with: x @ (y + self length x).textdisplayOn: Displayat: 0 @ 0clippingBox: Display boundingBoxrule: Form undermask: Form blackdisplayYTick: value"Display a Y tick mark..."| box x y start stop increment pen text |x ‹ self graphBox left - self thickness y.y ‹ (self dataTransformation applyTo: 0 @ value) y.pen ‹ Pen new.pen place: x @ y.pen down.pen goto: x - self length y @ y.text ‹ value printString asDisplayText.text align: text boundingBox rightCenter with: x - self length y @ y.textdisplayOn: Displayat: 0 @ 0clippingBox: Display boundingBoxrule: Form undermask: Form blackresetVariables"Calculate new values for some of our variables..."| box |box ‹ self insetDisplayBox.self graphBox:(boxinsetOriginBy: self leftMargin @ self topMargincornerBy: self rightMargin @ self bottomMargin).self dataBox: (self graphBox insetBy: self graphBox extent * self dataInsets).self dataTransformation:(WindowingTransformation window: self dataWindow viewport: self dataBox)WaveformView methods for: display boxesThe text and title boxes demarcate where the cursor position and title text willbe drawn.

141WaveformView methods for: display boxestextBox"Return the text box..."| textBox |textBox ‹ self insetDisplayBox copy.textBox top: textBox bottom - (self bottomMargin / 2).^textBoxtitleBox"Return the title box..."| titleBox |titleBox ‹ self insetDisplayBox copy.titleBox bottom: self graphBox top.^titleBoxWaveformView methods for: text updatingThe cursorPosition method translates the current sensor position into datarelative coordinates.The updatePosition: method draws the current data relative X and Y cursorposition in our text box.The updateText method coordinates this update, and ensures that it is onlydone when the cursor position changes (which makes the display flash lesswhen the cursor is not being moved).WaveformView methods for: text updatingcursorPosition"Return the cursor position..."| point |point ‹ self controller sensor cursorPoint.^(self dataTransformation applyInverseTo: point) rounded

142updatePosition: position"Update the position text..."| text |Display fill: self textBox mask: self insideColor.text ‹ ’X: ’ , position x printString , ’ ’ , ’Y: ’ , position y printString.text ‹ text asDisplayText.text align: text boundingBox center with: self textBox center.textdisplayOn: Displayat: 0 @ 0clippingBox: Display boundingBoxrule: Form undermask: Form blackupdateText"Update the displays..."| position |position ‹ self cursorPosition.self lastPosition ~= positionifTrue:[self updatePosition: position.self lastPosition: position]WaveformView methods for: updatingWhen we get a #waveform update request, we clear our view, and redrawthe entire display.WaveformView methods for: updatingupdate: aSymbol"Do everything over for now..."aSymbol == #waveformifTrue:[self clear.self displayView]

143Chapter IV -- Anatomy of the Battery LibraryThe six categories given herein define the battery simulation’s relativelyapplication independent code. These categories are:Realtime-SupportSimulated realtime timebase codeRealtime-DevicesClocks, digitizers, digital I/O devicesWaveform-SupportWaveform collection and statisticsRandom-SupportRandom integer and stream supportPlumbing-SupportObjects for connecting streams togetherAccessable-ObjectsSupport for record/dict. transparencyThe Realtime-Support and Realtime-Devices categories together simulate therealtime hardware that laboratory applications must call upon to conduct dataacquisition and experimental control.The Waveform-Support category contains support for multichannelwaveform collections, as well as a stream-style averager and statisticalcollection class.The Plumbing-Supply category contains a variety of fixtures for connectingstream-objects together. These are used to construct the stream-styleaveraging and statistical tools mentioned above.The Accessable-Object category contains a pair of classes that allow any objectto in effect add new instance variables dynamically. These new fields arekept in a per-instance dictionary. Attempts to use the conventional instancevariable accessing protocols are translated into dictionary references.Attempts to access an AccessableObject using the dictionary accessingprotocols will allow access to instance variables as well.Once again, the code for each system category is presented in turn. A generaldescription of each category is given first, along with a list of the classesdefined in that category. Each class in the category is then presented. Eachclass description begins with a table that resembles a standard Smalltalk classdefinition template. The class name and its superclass are given, firstfollowed by lists of instance and class variables. Inherited instance variable

144names are given in italics. These lists are followed by the pool dictionary list,the category name, and a table showing the class hierarchy.

145Realtime-SupportThe Realtime-Support system category contains but one class in the currentbattery simulation scheme:TimebaseGenerates a simulated timebase

146T i m e b a s e The Timebase class provides a simulated timebase for the simulated clockedrealtime devices. It is unusual in that all its methods are defined in itsmetaclass. Timebase objects keep their simulated timebase in a metaclassinstance variable named tick. Devices that want to connect themselves withthe Timebase object do so by making themselves dependents of Timebase.Timebase ticks themselves are declared when someone sends a doTickmessage to Timebase. Timebase’s job then is two-fold: it counts the tick, anddeclares itself to have changed.

147T i m e b a s e class nameTimebasesuperclassObjectinstance variable namesclass variable namespool dictionariescategoryRealtime-SupporthierarchyObjectTimebasecommentTimebase objects generate a simulated timebase forclocked realtime device objects.Timebase classclassTimebase classsuperclassObject classinstance variablestickprocessTimebase class methods for: class initializationThe class initialization method zeros the tick count and breaks any previouslyexisting dependent entries that might have existed for us. (One might besurprised how much trouble one can get into if one doesn’t do this, whatwith old versions of various devices on the heap and all.)Timebase class methods for: class initializationinitialize"Initialize our instance variables, and rid ourself of old dependents.""Timebase initialize"tick ‹ 0.self breakDependentsTimebase class methods for: instance creationWe override new to ensure that no instances of Timebase are created.

148Timebase class methods for: instance creationn e w "Do not permit this."self error: ’Timebase should have no instances...’Timebase class methods for: accessingWe allow external access to the tick counter.Timebase class methods for: accessingtick"Return the number of ticks we’ve counted since we were last initialized."^ticktick: anInteger"Explicitly set the tick counter."^tick ‹ anIntegerTimebase class methods for: timebase processWhen a tick is declared, we increment the tick count, and declare that achange has occurred. This will send an update: message to all the Timebase’sdependents, with Timebase as the argument. This protocol’s name is avestige of an earlier implementation of Timebase that used Smalltalkprocesses. (One early reader of this work, upon seeing the current dependent-based scheme for driving timebase dependent simulated devices remarkedthat he couldn’t imagine anything much slower. The current Timebasescheme is indeed quite slow. However, that reader had never seen an earlierprocess-based scheme in action.)Timebase class methods for: timebase processdoTick"A tick has occurred. Up our tick count, and say we changed."tick ‹ tick + 1.self changedwaitForEvent"Declare a clock tick. This will in turn update any timebase dependent dependents."self doTick

149R e a l t i m e - D e v i c e s The Realtime-Devices system category contains simulations of the sorts ofrealtime peripheral devices typically used in laboratory applicationenvironments. The classes in this category are:DeviceAbstract superclass for realtime devicesClockedDeviceSuperclass for Timebase dependentsClockA simulated programmable clock classDigitizerAbstract clocked A/D converterBufferedDigitizerA/D converter that writes to a bufferStreamedDigitizerA/D converter that writes to a streamInputBitA simulated digital input bitOutputBitA simulated digital output bit

150D e v i c e Device is an abstract superclass for all simulated realtime devices. It addsdefault initialization protocol, and provides a shared random integergenerator.class nameDevicesuperclassObjectinstance variable namesclass variable namesDeviceAccessDeviceIntegerGeneratorpool dictionariescategoryRealtime-DeviceshierarchyObjectDeviceClockedDeviceClockDigitizerBufferedDigitizerStreamedDigitizerInputBitOutputBitcommentThis abstract class provides common realtime device behavior...Device methods for: instance initializationDevice methods for: instance initializationinitialize"Default for Devices is to do nothing."^self

151Device classclassDevice classsuperclassObject classDevice class methods for: instance creationDevice class methods for: instance creationn e w "Create a new device, and initialize it. (This ensures that any instanceof device is initialized upon creation (as per usual practice).)"| device |device ‹ super new.device initialize.^deviceDevice class methods for: class initializationDevice class methods for: class initializationinitialize"Device initialize""Create a shared random number generator and a semaphore. (Thesemaphore is not used by the current synchronous realtime deviceimplementation.)"DeviceAccess ‹ Semaphore forMutualExclusion.DeviceIntegerGenerator ‹ IntegerGenerator newDevice initialize

152C l o c k e d D e v i c e Clocked devices are an abstract superclass for all the simulated realtimedevices that require that they receive Timebase updates. (All the simulateddevices in the current battery simulation except for OutputBit fit thisdescription.)class nameClockedDevicesuperclassDeviceinstance variable namesclass variable namesDeviceAccessDeviceIntegerGeneratorpool dictionariescategoryRealtime-DeviceshierarchyObjectDeviceClockedDeviceClockDigitizerBufferedDigitizerStreamedDigitizerInputBitOutputBitcommentClockedDevice is an abstract class that adds protocol for setting up Timebasedependencies to Device.ClockedDevice methods for: instance initializationEach new clocked device is a dependent of the Timebase object.ClockedDevice methods for: instance initializationinitialize"All ClockedDevice instances should be made Timebase dependents."super initialize.Timebase addDependent: self

153ClockedDevice methods for: timebase accessThe default behavior for a ClockedDevice when the Timebase declares anupdate is to tell itself that a tick has occurred by sending doTick to itself.ClockedDevice methods for: timebase accessupdate: anObject"Our timebase must have issued an update request.Do what we need to do when a tick occurs.(We keep this method in reserve in case additional updateprotocol needs to be added somewhere.)"self doTick

154ClockThe Clock class simulates a programmable realtime clock. These clocks arebased on the six hardware and four software timers found in the Pearl IILABPAK library (See [Heffley 85] and [Foote 85]).Class Clock allows the user to start a clock for an indicated interval (inTimebase ticks), and test for whether this interval has elapsed. While a clockis running, the number of ticks since it was started can be ascertained.A Clock may be run either in single or repeat mode. In single mode, the clockis stopped when the interval originally requested has elapsed. In repeatmode, the Clock is restarted from zero when the original interval elapses. Aparticularly useful feature of these timers is that a block may be scheduled torun either each time a timer completes an interval, or at any timepointduring a timer’s interval. (This feature, in fact, might serve as the basis for asimulated parallel process-based stimulus generation and response reportingscheme.)class nameClocksuperclassClockedDeviceinstance variable namesintervalactivecountflagcyclerecyclescheduledBlocksstartTickclass variable namesDeviceAccessDeviceIntegerGeneratorcategoryRealtime-DeviceshierarchyObjectDeviceClockedDeviceClockDigitizerBufferedDigitizerStreamedDigitizerInputBitOutputBitcommentClock is a realtime programmable clock simulation. It provides protocolfor starting and stopping timers in a number of different modes...

155Clock methods for: instance initializationWe make sure each new Clock is marked as off when it is created.Clock methods for: instance initializationinitialize"Make sure the active flag has a value, then let super make thedependent list connections."active ‹ false.flag ‹ false.super initializeClock methods for: clock controlThese messages define the basic clock control protocol. The atTime:do:message allows a given block to be scheduled for execution when the clockreaches the given timepoint.The mechanism for keeping track of this is somewhat interesting. Eachinstance of Clock keeps a Dictionary in its scheduledBlocks instance variable.When a block for a given timepoint is scheduled, we check to see if there is anentry in this dictionary keyed by the given timepoint. If such an entry exists,we add the block given us to the OrderedCollection of blocks for thattimepoint. If there is no entry for the given key, we create one and place anew OrderedCollection with the given block in it.The startEvery: method starts a Clock in repeat mode using the given intervaland no completion block.The startEvery:thenDo: method starts a clock in repeat mode and schedulesthe given block to be executed every time the clock times out.The startFor: method starts a clock in single mode using the given intervaland no completion block.The startFor:thenDo: method starts a clock in single mode and schedules thegiven block for execution when this interval has elapsed. Each of these

156methods calls the private method startInterval:recycle:thenDo: to actuallymanipulate the Clock.The stop message may be called at any time to turn off a given Clock.Clock methods for: clock controlatTime: tick do: aBlock"Add this block to the OrderedCollection for the given time point. Ifthere is no collection in the Dictionary for this time point, make one."(scheduledBlocks at: tick ifAbsent:[scheduledBlocks at: tick put: (OrderedCollection new: 4)])add: aBlockstartEvery: ticks"Run us in repeat mode."selfstartInterval: ticksrecycle: truethenDo: nilstartEvery: ticks thenDo: aBlock"Run the indicated block at the indicated interval."selfstartInterval: ticksrecycle: falsethenDo: aBlockstartFor: ticks"Start us for the indicated interval."selfstartInterval: ticksrecycle: falsethenDo: nilstartFor: ticks thenDo: aBlock"Start a clock for the indicated interval, and schedule the indicatedblock when it is done."selfstartInterval: ticksrecycle: falsethenDo: aBlockstop"Just mark the clock as inactive."active ‹ false

157Clock methods for: public accessThe public access protocol provides access to information about the state ofthis Clock. Some values are read directly from instance variables, others arecomputed. Compare, for example the methods for elapsed and left.The wait method waits until a Clock times out. It accomplishes this byrepeatedly waiting for Timebase events until the one that finally causes theClock to time out occurs. Similarly, the waitUntil: method allows the user towait until a given Clock reaches a particular timepoint.Clock methods for: public accesselapsed"Return how many ticks we’ve counted."^countflag"Allow the user to test the done flag."^flagflag: aBoolean"Allow the user to set the done flag."^flag ‹ aBooleanleft"Return the amount of time left until the clock times out."^interval - countwait"Just wait for the done flag."[flag]whileFalse: [Timebase waitForEvent]waitUntil: tick"Just wait ’til we’ve counted up to tick."[count ~= tick]whileTrue: [Timebase waitForEvent]

158Clock methods for: timebase accessThe methods in this protocol category define what happens when a Clockreceives an update request from the Timebase object. Recall that the update:method in ClockedDevice calls doTick.When a Clock receives a doTick message, it first check the active flag. If thisflag is turned off, it ignore this tick. Otherwise, it updates the internalcounter, and check to see if any blocks have been scheduled for execution forthe current timepoint. If so, it passes the collection in the scheduledBlocksdictionary for this timepoint to the doBlocks: method. This method executeseach block in the collection given it. The Clock then check to see whether thecurrent interval has elapsed. If so, it calls doTimeout.Clock methods for: timebase accessdoBlocks: blocks"Run all the blocks in the collection given us. (Note that we may wantto think about forking these instead of running them here and now.)"blocks do: [:aBlock | aBlock value]doTick"A timebase tick occurred. If we are active, up our count, check for scheduled blocks,and see if we timed out."activeifTrue:[count ‹ count + 1.(scheduledBlocks includesKey: count)ifTrue: [self doBlocks: (scheduledBlocks at: count)].count = interval ifTrue: [self doTimeout]]doTimeout"If this is repeat mode, start over, otherwise just stop."recycleifTrue: [count ‹ 0]ifFalse: [active ‹ false].cycle ‹ cycle + 1.flag ‹ true

159Clock methods for: privateThe startInterval:recycle:thenDo: method is called by several of the publicclock control methods to turn on a Clock. It accepts an interval, asingle/repeat mode flag, and a block to execute when the clock has timed out.Clock methods for: privatestartInterval: ticks recycle: aBoolean thenDo: aBlock"Initialize the clock variables, and start us up."count ‹ 0.interval ‹ ticks.active ‹ true.cycle ‹ 0.recycle ‹ aBoolean.flag ‹ false.startTick ‹ Timebase tick.scheduledBlocks ‹ (Dictionary new: 4).(aBlock~~nil) ifTrue: [self atTime: ticks do: aBlock]

160Clock classclassClock classsuperclassClockedDevice classClock class methods for: examplesThe example below illustrates how several features of Clock are used. Thecritical section demonstration was a bit more realistic back when thissimulation used Smalltalk processes to implement the Timebase.Clock class methods for: examplesexample"Clock example""MessageTally spyOn: [Clock example]""Time millisecondsToRun: [Clock example]"| aClock |"Set up the timebase..."Timebase initialize."Create a clock, and schedule a bunch of completion blocks..."aClock ‹ Clock new.aClock startFor: 5 thenDo: [Transcript show: ’All done...’; cr].aClock atTime: 5 do:[Transcript show: ’Time: ’ , aClock elapsed printString; cr].aClock atTime: 4 do:[Transcript show: ’Time: ’ , aClock elapsed printString; cr]."This should make things interesting (and demonstrate a classic critical sectionproblem)..."Transcript show: ’During set up: ’ , aClock elapsed printString; cr.aClock atTime: 3 do:[Transcript show: ’Time: ’ , aClock elapsed printString; cr].aClock atTime: 2 do:[Transcript show: ’Time: ’ , aClock elapsed printString; cr].aClock atTime: 1 do:[Transcript show: ’Time: ’ , aClock elapsed printString; cr].aClock wait.Transcript show: ’After wait...’; cr.

161DigitizerThese classes simulate clock driven multichannel analog-to-digital (A/D)subsystems. Digitizer is an abstract superclass for two concrete digitizers,BufferedDigitizer and StreamedDigitizer. Most of the code for these two typesof digitizers is contained in this class.class nameDigitizersuperclassClockedDeviceinstance variable namesintervalactivecountflagchannelspointsblockpoint class variable namesDeviceAccessDeviceIntegerGeneratorMinValueMaxValuecategoryRealtime-DeviceshierarchyObjectDeviceClockedDeviceClockDigitizerBufferedDigitizerStreamedDigitizerInputBitOutputBitcommentThis abstract class simulates clocked, multichannel A/D convertersystems. Subclasses demonstrate different approaches to handlingdigitizer output data...Digitizer methods for: instance initializationDigitizer methods for: instance initializationinitialize"Make sure the active flag has a value, then let super make thedependent list connections."active ‹ false.flag ‹ false.super initialize

162Digitizer methods for: data collectionMore data collection methods are defined by subclasses of Digitizer.Digitizer methods for: data collectionstop"Just mark the clock as inactive."active ‹ falseDigitizer methods for: public accessDigitizer methods for: public accessflag"Allow the user to test the done flag."^flagflag: aBoolean"Allow the user to set the done flag."^flag ‹ aBoolean.wait"Just wait for the done flag."[flag]whileFalse: [Timebase waitForEvent]Digitizer methods for: timebase accessIf we have timed out, execute any completion blocks that may be pending,turn off our active flag, and set our done flag. Per timepoint activity isdefined by our concrete subclasses.The simulatePoint method uses the three class variables (theIntegerGenerator we inherited from Device, and the own value bounds) tofabricate random A/D-like values.

163Digitizer methods for: timebase accessdoTimeout"We are done. Execute our block, turn off the active flag, and say we are done."block ~~ nil ifTrue: [block value].active ‹ false.flag ‹ truesimulatePoint"Fabricate a point. We might want to make this more interesting later."^DeviceIntegerGenerator from: MinValue to: MaxValueDigitizer classclassDigitizer classsuperclassClockedDevice classDigitizer class methods for: class initializationDigitizer class methods for: class initializationinitialize"Digitizer initialize""Define constants for our minimum and maximum values. The valueschosen here are consistent with what a real 12 bit signed A/D systemwould report."MinValue ‹ -2048.MaxValue ‹ 2047Digitizer initialize

164BufferedDigitizerBufferedDigitizers are fairly faithful simulations of the A/D subsystems thatexist on the CPL Pearl II systems [Heffley 85]. They allow a caller to stipulatethat a given number of A/D channels be sampled repeatedly at a giveninterval until a given buffer has been filled.class nameBufferedDigitizersuperclassDigitizerinstance variable namesintervalactivecountflagchannelspointsblockpointbufferclass variable namesDeviceAccessDeviceIntegerGeneratorMinValueMaxValuepool dictionariescategoryRealtime-DeviceshierarchyObjectDeviceClockedDeviceClockDigitizerBufferedDigitizerStreamedDigitizerInputBitOutputBitBufferedDigitizer methods for: data collectionThe method below is used to start a BufferedDigitizer. Most of the parametersare explained in the method comment. A user supplied block may optionallybe scheduled for execution when a multi-point sweep has completed.

165BufferedDigitizer methods for: data collectioncollectChannels: chans points: pnts in: buf every: ticks thenDo: aBlock"Collect data from the indicated number of channels at the indicatedinterval until the given number of time points have been sampled. Thedata will be stored in a caller supplied buffer. This buffer must be anArrayedCollection with (at least) ’chans’ elements. Each of theseelements must be an ArrayedCollection large enough to accommodated atleast ’pnts’ data points."interval ‹ ticks.count ‹ 0.active ‹ true.flag ‹ false.channels ‹ chans.point ‹ 0.points ‹ pnts.buffer ‹ buf.block ‹ aBlockBufferedDigitizer methods for: timebase accessIf a BufferedDigitizer is active and a timebase tick occurs, it increments thetick count and sees if the sampling interval has elapsed. If so, it resets thecounter and fake some data. For each waveform in the buffer, it adds asimulated point at the offset for the current timepoint. When it has filled allthe points in the buffer, it declares a timeout.BufferedDigitizer methods for: timebase accessdoTick"Fake some data."activeifTrue:[count ‹ count + 1.count = interval ifTrue:[count ‹ 0.point ‹ point + 1.buffer do: [:waveform | waveform at: point put: self simulatePoint].point = points ifTrue: [self doTimeout]]]"Brian Foote 7/21/87 (?!) Repaired to fix missing interval timeout code..."

166StreamedDigitizerStreamedDigitizers are much like BufferedDigitizers, except that instead offilling a buffer with data, they write them down an output stream of somesort as they are collected. This capability, together with the Plumbing-Supportclasses for constructing dataflow fixtures, might make an interestingcombination, especially if support for piping data between processes wereimplemented. This implementation of the battery does not useStreamedDigitizers.class nameStreamedDigitizersuperclassDigitizerinstance variable namesintervalactivecountflagchannelspointsblockpointstreamclass variable namesDeviceAccessDeviceIntegerGeneratorMinValueMaxValuepool dictionariescategoryRealtime-DeviceshierarchyObjectDeviceClockedDeviceClockDigitizerBufferedDigitizerStreamedDigitizerInputBitOutputBitStreamedDigitizer methods for: data collectionThe data collection start up protocol for StreamedDigitizers is much like thatfor BufferedDigitizers, except that a WriteStream of some is given (in place ofthe buffer).

167StreamedDigitizer methods for: data collectioncollectChannels: chans points: pnts on: aStream every: ticks thenDo:aBlock"Collect data from the indicated number of channels at the indicated interval until thegiven number of time points have been sampled. The data will be written to a callersupplied stream..."interval ‹ ticks.count ‹ 0.active ‹ true.flag ‹ false.channels ‹ chans.point ‹ 0.points ‹ pnts.stream ‹ aStream.block ‹ aBlockStreamedDigitizer methods for: timebase accessThis method looks pretty much like the one in BufferedDigitizer, except thatinstead of filling a buffer, it sends points down the output stream every timean inter-point interval elapses.StreamedDigitizer methods for: timebase accessdoTick"Fake some data..."activeifTrue:[count ‹ count + 1.count = interval ifTrue:[count ‹ 0.point ‹ point + 1.(1 to: channels) do: [stream nextPut: self fakePoint].point = points ifTrue: [self doTimeout]]]"Brian Foote 7/21/87 Added some missing interval timeout code..."

168InputBitClass InputBit simulates a set of hardware and software capabilities that allowa digital input device to serve as a parallel source of time stamped events. Inthis simulation, each line of such an parallel point is simulated as a separateinstance of InputBit. A line number is given when an InputBit is created.The simulation does not check for whether a given line is used for more thanone purpose at a time. In practice, of course, such misuse could causeproblems.class nameInputBitsuperclassClockedDeviceinstance variable namesactivecountflagbitclocktimeblockfakeTimelowhighclass variable namesDeviceAccessDeviceIntegerGeneratorcategoryRealtime-DeviceshierarchyObjectDeviceClockedDeviceClockDigitizerBufferedDigitizerStreamedDigitizerInputBitOutputBitcommentThis class simulates a single line parallel input device.InputBit methods for: instance initializationInputBit methods for: instance initializationinitialize"Set out reasonable defaults."active ‹ false.flag ‹ false.super initialize.

169InputBit methods for: input reportingBefore an InputBit can report events, it must be enabled. The three methodsdefined here allow a bit to be merely enabled, enabled in association with agiven Clock, or enabled with a Clock and a block that will be executedwhenever an input event occurs for the given bit.The disable method disarms a previously armed InputBit.InputBit methods for: input reportingdisable"Mark us as off."active ‹ falseenable"Turn us on with no clock or block."self enableUsingClock: nil onInputDo: nilenableUsingClock: aClock"Turn us on, saving the given clock."self enableUsingClock: aClock onInputDo: nilenableUsingClock: aClock onInputDo: aBlock"Turn us on, saving the given clock and block."clock ‹ aClock.block ‹ aBlock.flag ‹ false.count ‹ 0.active ‹ trueInputBit methods for: accessingThe bit and bit: methods allow access to a simulated line number. ThefakeTimeLow:high: method can be called by the user to indicate that an eventbe faked (forced) for this InputBit at a time randomly selected within the timerange given.The time method returns the time at which the last input event occurred forthis InputBit, relative to the associated Clock (if any). If no event hasoccurred, or no Clock is associated with this bit, the time method returns nil.

170InputBit methods for: accessingbit"Return the bit that I watch."^bitbit: bitNumber"Set the bit number."^bit ‹ bitNumberfakeTimeLow: lowLimit high: highLimit"Turn on faking."low ‹ lowLimit.high ‹ highLimit.fakeTime ‹ DeviceIntegerGenerator integerBetween: low and: hightime"Return the saved time or nil."^timeInputBit methods for: timebase accessInputBits handle Timebase ticks by first checking to see whether they areactive. If not, the tick is ignored. If the bit is active, the InputBit incrementsthe tick count, and checks to see if any mouse button is currently pressed. Ifso, or if a forced fake input time has is due for this bit, it will declare an inputevent.The doEvent method is called when an input event occurs. It sees if a blockmust be executed, records the input time relative to the associated Clock (ifany), sets the event flag, and turns off the bit. Note that because the firstdetected event disables an InputBit, programs that expect multiple eventsmust take care to quickly detect and rearm their input bits.

171InputBit methods for: timebase accessdoEvent"An input event for this bit has been generated (somehow). Set the eventflag to true and the active flag to false. Then, record the event time relativeto the given clock, if any. Then run the completion block, if need be. Note that all thishas the effect of latching the first event time after a bit is enabled. Subsequent events will be ignored until the bit is reenabled."flag ‹ true.active ‹ false.clock ~~ nil ifTrue: [time ‹ clock elapsed].block ~~ nil ifTrue: [block value]"Notes 4/29/86: It might be a good idea to make the order in which these tasks are doneconsistent across devices. As long as we use a synchronous event base this won’t matterthat much...""Brian Foote 7/21/87 Changed the order of these actions so that completion blockscouldreenable the bits, if desired..."doTick"Count ticks, and check for mouse buttons and faked events"activeifTrue:[count ‹ count + 1.SensoranyButtonPressed |(fakeTime ~~ nil and: [count = fakeTime])ifTrue: [self doEvent]]InputBit methods for: public accessInputBit methods for: public accessflag"Allow the user to test the done flag."^flagflag: aBoolean"Allow the user to set the done flag."^flag ‹ aBooleanwait"Just wait for the done flag."[flag]whileFalse: [Timebase waitForEvent]

172InputBit classclassInputBit classsuperclassClockedDevice classInputBit class methods for: instance creationInputBit class methods for: instance creationn e w "Force a bit number..."self shouldNotImplementonBit: anInteger"Save the bit number..."| newBit |newBit ‹ super new. newBit bit: anInteger.^newBitInputBit class methods for: examplesInputBit class methods for: examplesexample"InputBit example""MessageTally spyOn: [InputBit example]""Time millisecondsToRun: [InputBit example]"| aBit aClock |"Start the timebase..."Device initialize.Timebase initialize."Set up a bit and a clock..."aClock ‹ Clock new.aClock startFor: 1000.aBit ‹ InputBit newOnBit: 0.aBit fakeTimeLow: 200 high: 800.aBit enableUsingClock: aClock."Wait for the bit event, and print the time..."aBit wait.Transcript show: ’Time was: ’ , aBit time printString ; cr.

173OutputBitThe OutputBit class simulates a parallel digital output system. Each line ofthe simulated output port is represented by an instance of Output bit.class nameOutputBitsuperclassDeviceinstance variable namesbitclass variable namesDeviceAccessDeviceIntegerGeneratorpool dictionariescategoryRealtime-DeviceshierarchyObjectDeviceClockedDeviceClockDigitizerBufferedDigitizerStreamedDigitizerInputBitOutputBitcommentThis class simulates a single line parallel output device.OutputBit methods for: accessingOutputBit methods for: accessingbit"Return the bit number..."^bitbit: bitNumber"Set the bit number..."^bit ‹ bitNumberOutputBit methods for: set/clearNote that the set and clear methods do nothing what-so-ever. The buck trulystops here.

174OutputBit methods for: set/clearclear"This is only a simulation..."^selfs e t "The buck stops here..."^selfOutputBit classclassOutputBit classsuperclassDevice classOutputBit class methods for: instance creationOutputBit class methods for: instance creationn e w "Force a bit number..."self shouldNotImplementonBit: anInteger"Save the bit number..."| newBit |newBit ‹ super new. newBit bit: anInteger.^newBit

175W a v e f o r m - S u p p o r t The Waveform-Support system category contains classes that managewaveform data and statistical information. The classes in this category are:AveragerA stream-style incremental averagerWaveformA collection of dataWaveformCollectionA collection of waveformsTallyA streamed incremental statistics collector

176A v e r a g e r Averager objects provide a stream-oriented framework for incrementallyaveraging anything that adheres to a given set of protocols. An instance ofAverager is given a sum object when it is created into which individualobservations are accumulated. Individual observations are fed to anAverager using the standard WriteStream message nextPut:.Sum objects must be able to respond to the messages +=, /=, and zero. Objectsgiven to an Averager by nextPut: must be suitable arguments to the +=method of the sum object. Averager objects take care of counting the numberof observations they have seen, and can be asked to report a current average atany time.class nameAveragersuperclassObjectinstance variable namescountsumclass variable namespool dictionariescategoryWaveform-SupporthierarchyObjectAveragerAverager methods for: instance initializationThe initialize method merely makes sure that the counter is zeroed when webegin.Averager methods for: instance initializationinitialize"Make sure new averages start with their counters at zero..."self count: 0

177Averager methods for: accessingThe accessing methods allow the current observation count to be easilyascertained, and could be used to insert a previously computed set of sumsand counts should it be necessary to pick up a previous average where it hadleft off.Averager methods for: accessingcount"Return the number of objects incorporated into our sum buffer so far..."^countcount: n"Set the counter as indicated. This might be useful were one to want toadd new data into a saved pair of sum and count objects..."^count ‹ nsum"Return the current sum object. (This can be any object that responds to’+=’, ’/=’, and ’zero’.)"^sumsum: anObject"Set the current sum object. (This can be any object that responds to’+=’, ’/=’, and ’zero’.)"^sum ‹ anObjectAverager methods for: averagingThis category defines the primary external averaging protocol. An Averagercan be reinitialized using the zero method. Individual observations arereported to us using the nextPut: method.The use of a steam-oriented protocol allows Averagers to be easilyincorporated into a pipelined dataflow scheme of the sort made possible bythe classes in the Plumbing-Support system category.

178The nextPut: method sends the object it receives to the sum object as part ofan add-to-self message. The += selector for this message is modelled after a C[Kernighan 78] operator that performs an analogous function. For examplesof how averagable objects might implement these messages, see classesWaveform and WaveformCollection.The average method similarly employs a C-style /= operator to divide thesum object by the accumulated count. The use of the += and /= operatorsrepresents an attempt to take into account the the relative runtime efficiencydifferences between, for example, adding one collection to another vs.creating a new collection, adding two collections into it, and discarding one ofthe old ones. Such considerations are important when realtime constraintscome into play. One can, however, make a case that using + and / as theaveragable object protocol might have given the Averager greater potentialgenerality.Averager methods for: averagingaverage^self sum /= self countnextPut: anObject"Tell our sum object to add this object into to itself. Then update ourcount... "self sum += anObject.self count: self count + 1zero"Forward this to our sum object, if any..."count ‹ 0.sum isNil ifFalse: [sum zero]

179Averager classclassAverager classsuperclassObject classAverager class methods for: instance creationAveragers can either be created with a designated summing object, or createdwithout one with the expectation that one will be assigned later.Averager class methods for: instance creationn e w "Create a new averager..."| avg |avg ‹ super new.avg initialize.^avgon: anObject"Create a new averager and set its initial sum buffer as indicated. (This canbe any object that responds to ’+=’, ’/=’, and ’zero’.)"| avg |avg ‹ self new.avg sum: anObject.avg zero.^avg

180W a v e f o r m Waveform objects simulate digitized time-series waveforms. They addprotocol for simulating A/D data, and for conforming to the Averager’saveragable object protocol to Array.class nameWaveformsuperclassArrayinstance variable namesclass variable namespool dictionariescategoryWaveform-SupporthierarchyObjectCollectionSequenceableCollectionArrayedCollectionArrayWaveformcommentWaveforms represent single channels time series records...Waveform methods for: instance initializationThe initialize method makes sure that all Waveforms are initially filled withzeros. Since a zero method is required to conform to the protocol required bythe Averager, Waveform uses this method to set all the Waveform’selements to zero.Waveform methods for: instance initializationinitialize"Let’s zero new waveforms..."self zeroWaveform methods for: element initializationWaveforms know how to do two things to all their elements. One is to setthem all to zero. The other is to fill each element with random integervalues of the sort that might be returned by an A/D system. It is easy toimagine other useful capabilities that might be added here, such as sinusoid,square, ramp, and triangle wave creation.

181Waveform methods for: element initializationsimulateData"Put a random number in the range that one would expect from an A/Dconverter into each or our elements..."|r|r ‹ IntegerGenerator new.(1 to: self size)do: [:p | self at: p put: (r from: -2048 to: 2047)]"Notes 4/30/86: We might want to consider creating a pool with A/D ranges andthe like in it..."zero"Filling a collection with zeros is easy..."self atAllPut: 0Waveform methods for: averagingTwo C-style averaging methods required by the Averager are implementedhere. The += method allows us to do an element-wise addition of all theelements of a given waveform into ourself. The /= method divides each ofthe Waveform’s elements by the given value, and rounds the result to thenearest integer.Waveform methods for: averaging+= aWaveform(1 to: self size)do: [:p | self at: p put: (self at: p)+ (aWaveform at: p)]/= count|w|w ‹ self collect: [:pnt | pnt / count rounded].^w

182Waveform methods for: extremaThese methods are called primarily by WaveformView. (Waveform could doworse than use them internally.)Waveform methods for: extremahighX^self sizehighY^2047lowX^1lowY^-2048Waveform classclassWaveform classsuperclassArrayWaveform class methods for: instance creationThe points: instance creation method gives us a pithy mechanism for creatingnew Waveform objects.Waveform class methods for: instance creationpoints: size"Create a waveform of the given size..."|w|w ‹ super new: size.w initialize.^w

183W a v e f o r m C o l l e c t i o n WaveformCollections are (as the name suggests) collections of Waveformobject. They implement much of the same external protocol as doesWaveform, so that operations such as the averaging protocol and datasimulation can be done en-masse on several waveforms at one.WaveformCollections model the two dimensional arrays that a conventionalprogramming language might employ to store multi-channel waveform data.class nameWaveformCollectionsuperclassArrayinstance variable namesclass variable namespool dictionariescategoryWaveform-SupporthierarchyObjectCollectionSequenceableCollectionArrayedCollectionArrayWaveformCollectionWaveformCollection methods for: element initializationThese element initialization methods simply forward their respectiveselectors to each of the WaveformCollection’s constituent Waveform objects.WaveformCollection methods for: element initializationsimulateData"Tell all our elements to fill themselves with bogus data..."self do: [:chan | self at: chan simulateData]zero"Tell all our elements to zero themselves..."self do: [:chan | chan zero]WaveformCollection methods for: averagingWaveformCollections implement the averaging protocol by applying theaveraging selectors in turn to each of their components.

184WaveformCollection methods for: averaging+= aWaveformCollection"Sum each of the elements of the given waveform collection into therespective element of us..."self with: aWaveformCollection do:[:selfElement :otherElement | selfElement += otherElement]/= count"Divide each of our elements by the given value..."self do:[:waveform | waveform /= count]WaveformCollection classclassWaveformCollection classsuperclassArray classWaveformCollection class methods for: instance creationThe instance creation protocol provides a pithy means of creating aWaveformCollection with the indicated number of channels, each of whichwill be a Waveform with the indicated number of points.WaveformCollection class methods for: instance creationchannels: chans points: pnts"Create a waveform collection with ’size’ elements, each of which is awaveform..."|w|w ‹ super new: chans.(1 to: chans)do: [:elem | w at: elem put: (Waveform points: pnts)].^wn e w "We need to know dimensions to make a waveform collection..."self shouldNotImplement

185TallyTally objects are WriteStream-like objects that collect statistical informationabout the data that is written into them. The data kept are: a count of thenumber of observations written into the Tally object, the running sum andsum of the squares of the data, the average for the data, and the variance andstandard deviation of the data.Tally objects were designed to be used with the streamed dataflow fixtureclasses defined in the Plumbing-Support category. See the plumbing fixtureset up code in BatteryItem for an example of their use. A major benefit ofencapsulating the strategies for statistical data collection in objects like Tallyobjects is that by extending or subclassing objects like these, one can easily addcode for additional statistics and have it be available for every data collectioncategory for which Tally-like fixtures are used.class nameTallysuperclassObjectinstance variable namessumsumSquaredcountclass variable namespool dictionariescategoryWaveform-SupporthierarchyObjectTallyTally methods for: instance initializationThe collection of standard deviations requires that the Tally object keep acount, a running sum and a running sum of squares. All of the othersummary statistics are a special case of these. New Tally objects begin lifewith all their accumulating variables zeroed.Tally methods for: instance initializationinitialize"Tell ourself to zero our accumulators..."self zero

186zero"Zero our counter, and our two sums..."count ‹ 0.sum ‹ 0.sumSquared ‹ 0Tally methods for: statisticsTally objects calculate averages and standard deviations in the conventionalfashions (after first guarding for counts of zero). As for the variance, the bestone can say is that this is a good example of how object-orientedprogramming allows us to prototype a function like this and substitute amore efficient algorithm at a later date.Tally methods for: statisticsaverage"Return the average value across all the values we’ve seen..."count == 0ifTrue: [^0]ifFalse: [^sum / count]standardDeviation"Return the accumulated standard deviation..."| t |count == 0 ifTrue: [^0].t ‹ count * sumSquared - (sum * sum).^t sqrt / countvariance"There are certainly more efficient ways to do this one..."^self standardDeviation * self standardDeviationTally methods for: accessingTally objects make a virtue of necessity by making the count, running sumand sum of squares counters available to the public.Tally methods for: accessingcount"Return our current counter value..."^count

187count: n"Set the counter value..."^count ‹ nsum"Return the current running sum..."^sumsum: n"Set the sum accumulator..."^sum ‹ nsumSquared"Return the squares sum..."^sumSquaredsumSquared: n"Set the squares sum..."^sumSquared ‹ nTally methods for: updatingTally objects use the WriteStream convention of using nextPut: to write datato Tally objects. This convention allows Tally objects to be used with theplumbing fixture classes, which allow arbitrary stream-like objects to beconnected together. (The comment in nextPut: notes that earlier versions ofTally used addIn: or += for this function.)By using the standard protocol for streams to implement these dataaccumulation objects, the streamed digitizers, and the plumbing supportobjects, the potential generality of all is increased. Standard protocols arediscussed in a paper by Johnson [Johnson 88].Tally methods for: updatingnextPut: value"Sum the given value into our accumulators. (We used to call this addIn: and +=)..."sum ‹ sum + value.sumSquared ‹ sumSquared + (value * value).count ‹ count + 1

188Tally classclassTally classsuperclassObject classTally class methods for: instance creationTally class methods for: instance creationn e w "Create a tally, and initialize it..."| aTally |aTally ‹ super new.aTally initialize.^aTally

189Random-SupportThe Random-Support system category contains a set of classes that aid in theproduction of sequences of random integers and other objects. These classesare:IntegerGeneratorReturns an integer in a given intervalIntegerStreamReturns integers in a given rangeRandomStreamSamples a collection with replacementSampledStreamSamples without replacement

190I n t e g e r G e n e r a t o r IntegerGenerator objects are subclasses of Random that return an integer in agiven range. (This class has been renamed RandomInteger in newer versionsof the battery simulation.)class nameIntegerGeneratorsuperclassRandominstance variable namesseedclass variable namespool dictionariescategoryRandom-SupporthierarchyObjectStreamRandomIntegerGeneratorIntegerStreamcommentIntegerGenerators return random integers within given ranges...IntegerGenerator methods for: accessingThe from:to: method returns an integer in the given range. Either of theextrema may be returned (that is, the range is inclusive).IntegerGenerator methods for: accessingfrom: start to: stop"Return a random integer in the range from start to stop inclusive."| x range |range ‹ stop - start + 1.x ‹ super next.^(x * range) truncated + start

191I n t e g e r S t r e a m An IntegerStream is an infinite stream of integers randomly chosen fromwithin a designated closed interval. This interval is established when anIntegerStream object is created, and may be modified by the user.class nameIntegerStreamsuperclassIntegerGeneratorinstance variable namesseedstartstopclass variable namespool dictionariescategoryRandom-SupporthierarchyObjectStreamRandomIntegerGeneratorIntegerStreamIntegerStream methods for: accessingThe next method sends a from:to: to IntegerStream’s superclass to create arandom integer in the range stipulated by the endpoints of the interval. Notethat we allow explicit read/write access to these values here.IntegerStream methods for: accessingnext"Return a random integer in the range from start to stop inclusive."^self from: start to: stopstart"Return our starting (lower) bounding value."^startstart: anInteger"Set our start bound."^start ‹ anIntegerstop"Return our stop bound."^stop

192stop: anInteger"Set our stop bound."^stop ‹ anIntegerIntegerStream classclassIntegerStream classsuperclassIntegerGenerator classIntegerStream class methods for: instance creationThe from:to: instance creation method creates a read stream that will generateuniformly distributed random integers from within the given closed interval.IntegerStream class methods for: instance creationfrom: startInteger to: stopInteger"Create a new IntegerStream with the specified bounds."| temp |temp ‹ self new.temp start: startInteger.temp stop: stopInteger.^temp

193R a n d o m S t r e a m RandomStreams are ReadStream-like objects. They are created on: a givencollection much as a ReadStream is. The difference is that each time anelement is requested from a RandomStream, an element of the basecollection is selected at random and returned. Sampling is with replacement.Hence, RandomStreams never run out of elements.class nameRandomStreamsuperclassStreaminstance variable namescollectionrandclass variable namespool dictionariescategoryRandom-SupporthierarchyObjectStreamRandomStreamSampledStreamcommentRandomStreams return randomly chosen elements (with replacement) from the collection giventhem. They never run out. (That is, atEnd will always be false.)RandomStream methods for: accessingRandomStreams support the essential portions of the Smalltalk ReadStreamprotocol conventions.The atEnd method is implemented to always return false, because since weare sampling with replacement, we will never run out of elements.The contents method is implemented so that it returns a collection of thesame size as the original base collection with elements randomly chosen(with replacement) from it. Also, size returns the size of the base collection,even though next will return elements forever.RandomStream methods for: accessingatEnd"We’ll allow random elements to be chosen forever."^false

194collection"Return our collection."^collectioncollection: aCollection"Set our collection."^collection ‹ aCollectioncontents"Return elements of the base collection in a random order. Note that theresulting collection will be of the same size as the base collection, andthat some elements may appear multiple times, while others do notappear at all. Note that a scrambled stream containing all elements ofthe base collection can be had by defining a SampledStream over it..."| temp |temp ‹ collection copy.^temp collect: [:each | self next]next"Pick an element at random and return it."^collection at: (rand from: 1 to: self size).nextPut: anObject"We can’t do this."self shouldNotImplementrand"Return our IntegerGenerator."^randrand: anIntegerGenerator"Set our IntegerGenerator."^rand ‹ anIntegerGeneratorsize"Size is whatever the size of our collection is."^collection size

195RandomStream classclassRandomStream classsuperclassStream classRandomStream class methods for: instance creationThe instance creation messages allow an instance of RandomStream to becreated over either all or a portion of any collection that can be coerced intoan OrderedCollection. Note that we work from a copy of the given collectionrather than the original. This becomes important in subclasses ofRandomStream like SampledStream that alter their copies of the basecollection.RandomStream class methods for: instance creationon: aCollection"Create ourself, and set up a IntegerGenerator..."| temp |temp ‹ self basicNew.temp collection: aCollection copy asOrderedCollection.temp rand: IntegerGenerator new.^temp"Brian Foote 6/8/87 Does asOrderedCollection return a copy if it is sent to anOrderedCollection?""Brian Foote 6/8/87 Added the copy above anyway..."on: aCollection from: firstIndex to: lastIndex"Answer an instance of me, streaming over the elements of aCollectionstarting with the element at firstIndex and ending with the one atlastIndex."^self on: (aCollection copyFrom: firstIndex to: lastIndex)"Brian Foote 6/8/87 Removed the basicNew above (which could not haveworked)..."RandomStream class methods for: examplesThe example below returns ten random integers in the range from 1 to 100inclusive.

196RandomStream class methods for: examplesexample1"RandomStream example1"| temp |temp ‹ RandomStream on: (Interval from: 1 to: 100).^(1 to: 10)collect: [:n | temp next]

197S a m p l e d S t r e a m SampledStreams are ReadStream-like objects that return the elements oftheir base collections in a random order. Sampling is performed withoutreplacement. Hence, unlike RandomStreams, atEnd will become true aftereach of the elements of the original base collection has been exhausted.class nameSampledStreamsuperclassRandomStreaminstance variable namescollectionrandclass variable namespool dictionariescategoryRandom-SupporthierarchyObjectStreamRandomStreamSampledStreamcommentSampledStreams stream randomly over a copy of the collection given them withoutreplacement...’SampledStream methods for: accessingWe are atEnd when a complete permutation of the original set has beenreturned. The next method uses the method inherited from RandomStream.Note that the contents method we inherit from RandomStream isimplemented in such as way as to return a permutation of the elementsremaining when it is executed by a SampledStream. In particular, if contentsis executed without calling next, a permutation of the entire base class will bedelivered.SampledStream methods for: accessingatEnd"Anything left?"^self size ~~ 0next"Return the next element, but remove it from our collection first."^collection remove: super next

198SampledStream classclassSampledStream classsuperclassRandomStream classSampledStream class methods for: examplesThe first example below demonstrates how the contents of a SampledStreamgenerate a permutation of the stream’s base class. The second example showshow a SampledStream can be used to randomly select six numbers for theIllinois State Lottery. First, a SampledStream is defined over the numbersfrom 1 to 44. Next, 6 draws from this stream are collected, converted to aSortedCollection (so that they will print in order) and finally are converted toan Array. Smalltalk can be remarkably concise sometimes...SampledStream class methods for: examplesexample1"SampledStream example1"^(SampledStream on: #(dog cat mouse gerbil)) contentsquickPick"SampledStream quickPick"| lotto |lotto ‹ SampledStream on: (1 to: 44).^((1 to: 6)collect: [:i | lotto next]) asSortedCollection asArray

199Plumbing-SupportThe classes in this category allow stream-like objects to be strung together intochains that be used to process data. Both read and write steams can be tiedtogether using the fixtures defined in this category. Most of the fixtures givenhere are write steam style objects. Read stream objects are incorporated intoplumbing fixtures (in keeping with the plumbing metaphor used here) usingPump objects to draw values from the read streams and push them down achain of one or more write streams. Plumbing fixtures are constructed usingan easily cascaded connection protocol. The classes in this category are:FilterSuperclass for other plumbing fixturesPumpPumps drawn values down its sinkT e e Passes values down any number of sinksValueFilterTransforms objects using a given blockValvePasses objects if a block returns trueValueSupplyGenerates values using a given blockThe Plumbing-Support objects use a positive pressure, WriteStream-likeprotocol to pass objects from one fixture object to another. A ReadStream-based approach would have lead to awkwardness at Tee-like objects. WithPump objects to convert between ReadStream and WriteStream-style objects,there was no need to have each fixture object implement both read and writeprotocols.This set of objects, perhaps more so than any other set of objects produced aspart of the battery simulation, has a high potential for extension. Forinstance, buffering capabilities could be added to filters, and they could beused as the basis for subclasses that could pass objects from one process toanother. Certainly, a set of graphical tools for constructing fixture pipelines isanother obvious potential enhancement. The combination of such tools withobjects like ValueSupplies, Valves, and Pumps, could constitute the basis fora modest graphical programming language.

200F i l t e r Filter objects are WriteStream-like objects that (usually) pass each value thatthey receive to another WriteStream-like object that has been designated astheir sink. Like Unix filter applications, they will often transform the valuesthey receive before passing them along. This class, Filter, defines the defaultbehavior for most of the plumbing support classes. Straight Filter objects passthe values they receive without making any changes whatsoever to them.More concrete subclasses might change this behavior to do more interestingthings.class nameFiltersuperclassStreaminstance variable namessinkclass variable namespool dictionariescategoryPlumbing-SupporthierarchyObjectStreamFilterPumpTeeValueFilterValveValueSupplycommentFilters allow Stream-like objects and other Filters to be strung together.They allow nextPut:-based plumbing fixtures to be constructed. Subclasses may add additionalfunctionality so that they do more with the data they receive than merely pass it down the line.Filter methods for: accessingThe >> message designates a given stream or stream like object as the sink, oreffluent object. Hence it connects the output of its left-hand operand to theright-hand operand. Since the argument is returned as the result of thismessage, chains of plumbing fixtures can be strung together using a series ofthese operators.The implementation of the nextPut: method is such that the object given uswill simply be consumed if no sink has been designated. Hence, filters

201subclasses with useful side effects need not designate special bit-bucket objectsto catch their output.The result of nextPut: is, by default, the result of sending nextPut: with theargument to the sink stream.Filter methods for: accessing>> aSink"Connect us to the indicated output sink.Note that we return the given sink so as toallow connect messages to be strung together."^self sink: aSink.next"No reading allowed. Filters are WriteStream-like objects."self shouldNotImplementnextPut: anObject"Write the given object to our output sink. If no sink has beendesignated, eat the object."sink isNil ifTrue: [^anObject].^sink nextPut: anObjectsink"Return our output sink."^sinksink: aSink"Set our output sink, and return this object as our result."^sink ‹ aSinkFilter classclassFilter classsuperclassStream classFilter class methods for: instance creationThe implementation of new we inherited from Steam is overridden here.The inherited method strove to force us to use the on: or with: methods tocreate new instances. We restore new here.

202Filter class methods for: instance creationn e w "It’s okay to use new to create these..."^self basicNew

203P u m p One of the primary considerations in designing the plumbing support classeswas whether to model them after Smalltalk ReadStreams, WriteStreams, orReadWriteStreams.An accessing protocol based on ReadStreams would have required the lastobject in a chain of objects to draw objects from those ahead of it in the chainbe sending a next message. In the parlance of the plumber, this mightcorrespond to suction or negative pressure.A WriteStream-based approach, however, requires positive pressure. Objectshave to be forced down a chain of fixture objects using nextPut: messages. AReadWriteStream-based approach might have allowed either scheme to beused, or might have required each plumbing fixture object to in effect be aPump, drawing objects with next messages and passing them down the chainusing nextPut messages.Pump objects draw objects from a ReadStream-like source and force themdown their WriteStream-like sink sides. Pump objects are designed to allowReadStream-style sources to be connected to WriteStream-style sinks. Theobjects described here use the WriteStream-based positive pressure metaphor.class namePumpsuperclassFilterinstance variable namessinksourcecategoryPlumbing-SupporthierarchyObjectStreamFilterPumpTeeValueFilterValueSinkValveValueSupplycommentPumps draw data from ReadStream-like objects, and send themdown WriteStream-like objects (such as Filters).

204Pump methods for: accessingThe << message is used to connect a source object to a Pump. Since thissource object is returned as the value of the message, a chain of source objects(but not sink objects) can easily be expressed using this operator.A pump is activated using the nextPut message. This message selector is anamalgam of next and nextPut:, and results in a next being sent to the Pump’ssource object, with the result therefrom being nextPut:’ed down the Pump’soutput side. (Note the lack of atEnd protection in nextPut.)The nextPutAll message copies all the objects from the source side of a Pumpto the Pump’s effluent side. The source is emptied and flushed down thedestination pipeline.The source and source: methods allow the source fixture to be explicitlyaccessed. Recall that as a Filter, a Pump inherits all the accessing behavior ofFilter objects as well. (The code relies on the user not to make inappropriateuse of some of these methods. Pumps might be made more robust byoverriding some of this behavior.)Pump methods for: accessing<< aSource"Set our current source object.Note that we return the given source so as toallow connect messages to be strung together..."^self source: aSource.nextPut"Send the next item down the pike, and return whatever it was as ourresult. We send a next to our source, and nextPut: the result down oursink. "^sink nextPut: source nextnextPutAll"Send all we can the pike. While our source is not atEnd, draw objectsfrom it and shove them down our output pipeline."[self atEnd]whileFalse: [self nextPut]

205source"Return our current source object."^sourcesource: aSource"Set our current source object, and return it as our result."^source ‹ aSourcePump methods for: testingIf there no source, the pump is always at end. If there is a source object, ask itwhether it has any data left.Pump methods for: testingatEnd"Any source data left?"source isNil ifTrue: [^true].^source atEndPump classclassPump classsuperclassFilter classPump class methods for: examplesThe example code below shows how a plumbing fixture might be constructedand used. First, a buffer is created, and a WriteStream is defined over it.Then, a pump is created, and connected to a ReadStream over the Intervalfrom 1 to 10 using the connect source operator <<. The output of this Pumpis then connected to a ValueFilter that doubles each value that passes throughit. This is connected to a Valve that only passes objects that are evenlydivisible by 4. The objects that are passed by this Valve flow into the resultstream constructed above. Once this fixture is constructed, all the valuesfrom its input side are pumped to its output side using the nextPutAllmessage. The contents of the result stream are then returned. This resultwill be the numbers between 2 and 20 divisible by 4.

206Pump class methods for: examplesexample1"Pump example1"| result fixture |"We’ll dump our results on this array, to which we will fit a stream..."result ‹ WriteStream on: (Array new: 100)."Build a fixture. Start with a pump. Hook a stream on an intervalinto it as a data source. Run its output into a ValueFilter, whichwill double each value, and a divisible by four Valve, then intothe result stream..."fixture ‹ Pump new.fixture << (ReadStream on: (Interval from: 1 to: 10)).fixture>> (ValueFilter using: [:value | value * 2])>> (Valve using: [:value | value \\ 4 = 0])>> result."The fixture is all constructed, so now let’s use it.Run all the data from our input stream throughthe pipeline constructed above into the result stream.Return the contents of the result stream..."fixture nextPutAll.^result contents

207T e e Tee objects are like normal Filters, except that instead of using a single sink,they pass each object they receive to multiple sinks.class nameTeesuperclassFilterinstance variable namessinkclass variable namespool dictionariescategoryPlumbing-SupporthierarchyObjectStreamFilterPumpTeeValueFilterValueSinkValveValueSupplycommentTees are output Filters that allow multiple output sinks.(If this facility proves really useful, it can be added to Filter.)Tee methods for: accessingTo add multiple outputs to sink, only two messages needed to be overridden.The sink instance variable was made to refer to a Collection, and >> andnextPut: were changed to allow multiple connections and multiple writes.Tee methods for: accessing>> aSink"Add this sink to our collection..."self sink isNil ifTrue: [self sink: (OrderedCollection new: 4)].self sink addLast: aSink.^aSinknextPut: anObject"Do writes to all our effluent ports..."self sink do: [:aSink | aSink nextPut: anObject].^anObject

208ValueFilterClass ValueFilter overrides Filter to allow a user supplied block to modifyeach object passed to a Filter before it is passed to subsequent plumbing fixturestages. The combination of Filters and Smalltalk blocks is a very powerfulone. The ability to pass a ValueFilter an arbitrary block removes the need forspecial purpose subclasses to make specialized value transformations.The role performed by this class in analogous to that performed by the collect:messages in the Collection hierarchy.class nameValueFiltersuperclassFilterinstance variable namessinkblockclass variable namespool dictionariescategoryPlumbing-SupporthierarchyObjectStreamFilterPumpTeeValueFilterValueSinkValveValueSupplycommentValueFilters transform the input they receive using a designatedblock, and send the result to their output sinks...ValueFilter methods for: accessingValueFilters allow the block to be reset using a block: message. The nextPut:method checks whether a block is defined, and if one is, passes the object itwas passed to the block as its argument. This value is then passed down thepipeline using the standard Filter method for doing this. If no block isdefined, ValueFilters revert to behaving like a straight Filters.

209ValueFilter methods for: accessingblock: aBlock"Set (or reset) our transformation..."^block ‹ aBlocknextPut: anObject"Return the value of running the given object through our block..."block isNilifTrue: [^super nextPut: anObject]ifFalse: [^super nextPut: (block value: anObject)]ValueFilter classclassValueFilter classsuperclassFilter classValueFilter class methods for: instance creationThe using: instance creation method allows a ValueFilter’s block to bespecified as a new ValueFilter is created. This block must be a singleargument block. Each time an object is passed through a ValueFilter, it willbe passed through this block before being sent down the rest of the pipeline.ValueFilter class methods for: instance creationusing: aBlock"Set our value transformation block..."| filter |filter ‹ super new.filter block: aBlock.^filter

210ValveValve objects pass objects through to their output sides only if they pass adesignated test. This test is provided by the user in the form of a booleansingle argument block. Each time an object is passed to a Valve, the Valvepasses it through the given block. If the result of the block is True, the objectis passed to the Valve’s output side. If the result is False, nothing is passed tothe Valve’s output. The combination of Smalltalk blocks and conditionalValves allows arbitrary tests to be built into plumbing fixtures.The role performed by this class in analogous to that performed by the select:messages in the Collection hierarchy.class nameValuesuperclassFilterinstance variable namessinkblockclass variable namespool dictionariescategoryPlumbing-SupporthierarchyObjectStreamFilterPumpTeeValueFilterValueSinkValveValueSupplycommentValve objects pass data through to their output sinksonly if a given block evaluates to true...Valve methods for: accessingThe nextPut: method for Valves passes each value it is passed through thedesignated test block. If this block returns True, the Value passes the object tothe its effluent side. If the test is False, it merely returns.

211Valve methods for: accessingblock: aBlock"Set (or reset) our predicate block. This should be a one argumentblock, which will receive the current output object..."^block ‹ aBlocknextPut: anObject"Return the value of running the given object down our sink only if wehave a predicate block, and it is true. Otherwise return the object itself..."block isNil ifTrue: [^anObject].(block value: anObject)ifTrue: [^super nextPut: anObject].^anObjectValve classclassValve classsuperclassFilter classValve class methods for: instance creationThe using: method allows a boolean single value block to be designated as thetest block for a Valve as the Valve is created.Valve class methods for: instance creationusing: aBlock"Set our test block..."| filter |filter ‹ super new.filter block: aBlock.^filter

212ValueSupplyValueSupply objects are the only ReadStream-style objects in the Plumbing-Supply system category. Like ValueFilters and Valves, they exploit the powerof Smalltalk blocks to allow an arbitrary block to be invoked whenever avalue is needed. This block must be a zero argument block.class nameValueSupplysuperclassObjectinstance variable namesblockclass variable namespool dictionariescategoryPlumbing-SupporthierarchyObjectStreamFilterPumpTeeValueFilterValueSinkValveValueSupplycommentThis ReadStream-like object evaluates a given block in responseto next requests...ValueSupply methods for: accessingThe next method queries the ValueSupply’s block for a value and returns it.ValueSupply methods for: accessingblock: aBlock"Set (or reset) our value generating block..."^block ‹ aBlocknext"Return the result of evaluating our block..."^block value

213ValueSupply classclassValueSupply classsuperclassObject classValueSupply class methods for: instance creationThe using: instance creation method allows a zero argument block to bespecified for a ValueSupply as it is created.ValueSupply class methods for: instance creationusing: aBlock"Set our value generating block..."| filter |filter ‹ super new.filter block: aBlock.^filter

214A c c e s s a b l e - O b j e c t s The classes in the Accessable-Object system category allow dictionary-likeobjects to be accessed using the conventional record-style accessing protocol,and allow instance variables to be accessed using the dictionary-style accessingprotocol. The effect is to allow the attribute list type programming style seenin some Lisp dialects and the record style accessing schemes seen in Pascal andSimula style languages to be used when appropriate on individual objects.The objects in this category are:AccessableObjectAllow dictionary access to a "record"AccessableDictionaryAllow "record" access to a dictionary

215A c c e s s a b l e O b j e c t Accessable objects are objects that allow dictionary-style access to all theirinstance variables, along with record-style access to a built in dictionary.Hence, instance variables can be accessed using at: and at:put:, as well as thestandard record-style access protocol (name and name:).Both access styles are provided without any need to explicitly defineadditional accessing methods. The record-style access method is rather slowhowever, and should be overridden when efficiency is an importantconsideration.If name: or at:put: storage attempt is made and no instance variable with thegiven name exists, an entry is made for the given selector in theAccessableObject’s item dictionary. Thereafter, this soft instance variable maybe accessed using either access method. In this way, uniform access to hardand soft fields is provided, and Smalltalk’s Simula/Lisp dualism is bridged.AccessableObjects provide a way of adding associations to objects in a mannersimilar to that provided by Lisp’s property list mechanisms.class nameAccessableObjectsuperclassObjectinstance variable namesitemsclass variable namespool dictionariescategoryAccessable-ObjectshierarchyObjectAccessableObjectBatteryItemSternbergTaskToneOddballWordOddballBatteryParametersSternbergTaskParametersToneOddballParametersWordOddballParametersListHolderProtocolItem

216AccessableObject methods for: instance initializationAll AccessableObjects respond to initialize and at least do nothing.AccessableObject methods for: instance initializationinitialize"As a default, do nothing..."^selfAccessableObject methods for: accessingAccessableObjects allow Dictionary style access to AccessableObject instancevariables and soft (item dictionary) fields through the valueAt: family ofmessages. The at: family of messages employs these to do its work.The items and items: accessing messages allow explicit, efficient access to anAccessableObject’s item dictionary.The size of an AccessableObject is defined to be the size of the items dictionaryplus the number of instance variables the object has.AccessableObjects use the value prefix before the at family messages so thatthe at messages might be overridden, when necessary, without removing theaccessing capabilities. (These are "basic" accessing methods, in a sense.)The valueAt:ifAbsent: method is the main accessing method. It first sees ifwe have an instance variable with the name given it. If so, we return thisvalue. If there is no variable by this name, we look for the given key in theitem dictionary. If this search fails, we execute an error block. For valueAt:,this is the standard Dictionary failure message errorKeyNotFound.The valueAt:put: method works in a similar fashion. It first allocates an itemdictionary, if need be. It then sees if an instance variable with the given nameexists. If so, it calls upon variableAt:put: to store the value. If there is no

217instance variable with the given name, an entry is made in the itemsdictionary.AccessableObject methods for: accessingat: key"Return the object associated with the given key..."^self valueAt: keyat: key ifAbsent: aBlock"Allow graceful recovery if an item is not defined..."^self valueAt: key ifAbsent: aBlockat: key put: value"Store the indicated value at the designated place in our itemdictionary... "^self valueAt: key put: valueitems"Return our item list..."^itemsitems: itemList"Set our item list..."^items ‹ itemListsize"Let’s say our size is the size of our item dictionary plus our number ofinstance variables..."^self items size + self instVarNames sizevalueAt: key"Return the object associated with the given key..."^self valueAt: key ifAbsent: [self errorKeyNotFound]valueAt: key ifAbsent: aBlock"Allow graceful recovery if an item is not defined..."^self variableAt: key ifAbsent: [^self items at: key ifAbsent: aBlock]valueAt: key put: value"Store the indicated value at the designated place in our itemdictionary, unless there is an instance var by that name..."items isNil ifTrue: [items ‹ IdentityDictionary new: 16].(self hasVariableNamed: key)ifTrue: [^self variableAt: key put: value]ifFalse: [^items at: key put: value]

218AccessableObject methods for: instance variable accessThe methods in this protocol category provide the instance variable accessmechanisms.The allInstVarNames method exploits a class method to return a collection ofstrings representing all the instance variables defined for a givenAccessableObject (including its superclasses).The hasVariableNamed: method is a predicate which is true if we have aninstance variable with the given name. (Again, instance variables defined bythe superclasses count.)The instVarNames method returns only those instance variables added by agiven class itself, not those defined in any superclasses.The variableAt: method allows an instance variable to be accessed using aSymbol or String as a selector. The variableAt:ifAbsent: method allows afailure block to be given.The variableAt:put: method allows an arbitrary instance variable to be storedinto given a symbolic key.The variableIndex: method converts an instance variable name into an indexsuitable for the basic instVarAt: and instVarAt:put: methods defined in classObject.AccessableObject methods for: instance variable accessallInstVarNames"Define a shorthand for this class method..."^self class allInstVarNameshasVariableNamed: name"Say whether we have a variable by the given name..."^(self variableIndex: name) ~= 0

219instVarNames"Define a shorthand for this class method..."^self class instVarNamesvariableAt: name"Return the named value..."| index |index ‹ self variableIndex: name.index = 0 ifTrue: [self error: ’Bad instance variable name...’].^self instVarAt: indexvariableAt: name ifAbsent: aBlock"Return the named value..."| index |index ‹ self variableIndex: name.index = 0 ifTrue: [^aBlock value].^self instVarAt: indexvariableAt: name put: value"Set the named instance variable to the indicated value..."| index |index ‹ self variableIndex: name.index = 0 ifTrue: [self error: ’Bad instance variable name...’].^self instVarAt: index put: valuevariableIndex: name"Return the instance variable index for this name, or zero..."^self class allInstVarNames indexOf: name asString.AccessableObject methods for: error interceptionAccessableObjects use doesNotUnderstand: to convert record-style accesses toAccessableObjects to instance variable or item dictionary probes.To accomplish this, they first pick up the selector from the message we wesent. Then they pick up the name for the selector by copying it without thetrailing colon (if present). Next, they ask the message for its argument count.After this, they test to see whether an instance variable with the given nameis defined for this object. If one is, AccessableObjects use the number ofarguments to determine whether they should do a read or a store on thisinstance variable.

220Note that this method of performing instance variable access is much lessefficient than if explicit instance variable access methods are defined for agiven object.If no instance variable with the given name is defined, an AccessableObjectasks the item dictionary itself if it responds to the message we were passed. Ifit does, we pass this message along to the item dictionary. (This allows someof the functionality that would be available were AccessableObjects fullfledged Dictionaries to be exploited. A keysDo: to an AccessableObject, forexample, will be performed by the item dictionary. This will often, but notalways, do the expected thing. For example, instance variables will not beincluded among the keys processed using this scheme. When this is the effectdesired, one should convert the AccessableObject into anAccessableDictionary, and then request the desired service.)If the item dictionary cannot respond to the given selector, an item dictionaryaccess is attempted. If this fails, the doesNotUnderstand: method ofAccessableObject’s superclass (Object) is invoked.AccessableObject methods for: error interceptiondoesNotUnderstand: aMessage"Refer messages we don’t understand to our item dictionary..."| selector name args |selector ‹ aMessage selector.name ‹ (selector copyWithout: $:) asSymbol.args ‹ aMessage arguments.(self hasVariableNamed: name)ifTrue: [args size = 1ifTrue: [^self variableAt: name]ifFalse: [self variableAt: name put: (args at: 1)]].(items respondsTo: selector)ifTrue: [^items perform: selector withArguments: args].args size = 1ifTrue: [^self valueAt: name put: (args at: 1)]ifFalse: [^self valueAt: name ifAbsent: [^super doesNotUnderstand: aMessage]]AccessableObject methods for: conversionIt is occasionally prudent to convert an AccessableObject into anAccessableDictionary. The resulting AccessableDictionary will share all theunderlying objects that were accessed by the AccessableObject, and will allow

221standard Smalltalk Dictionary manipulations (such as keysDo:) to refer to allitems referenced by the original AccessableObject, whether they were referredto by instance variables or item dictionary entries. Note in particular that at:and at:put: style references will incur much less overhead when made usingan AccessableDictionary that they would if made to an AccessableObject.The asAccessableDictonary method works as follows. First, anAccessableDictionary with 10 extra slots is created. Then all the items in ouritem dictionary are copied to it. Then make entries for each of the instancevariables are made, and these values are copied as well.AccessableObject methods for: conversionasAccessableDictionary"Return an AccessableDictionary with the same contents as us..."| dict |dict ‹ AccessableDictionary new: self size + 10.self items~~ nil ifTrue:[self items keysDo: [:key | dict at: key put: (self at: key)]].self allInstVarNames do: [:name | dict at: name asSymbol put: (self at: nameasSymbol)].^dictAccessableObject methods for: privateThis standard complaint was copied from Dictionary.AccessableObject methods for: privateerrorKeyNotFound"Make the obvious complaint..."self error: ’key not found’

222AccessableObject classclassAccessableObject classsuperclassObject classAccessableObject class methods for: instance creationAccessableObject class methods for: instance creationn e w "Slip in a default instance initialization message..."| anObject |anObject ‹ super new.anObject initialize.^anObjectAccessableObject class methods for: examplesThe example below shows how an AccessableObject can be created and used asan extensible record object. The #dog and #cat entries are added using therecord-style accessing protocol. The record-style access to these soft fields isthen tested. Finally, the example iterates over the soft fields using keysDo:.AccessableObject class methods for: examplesexample"AccessableObject example"| temp |temp ‹ AccessableObject new.temp dog: ’Fido’.temp cat: ’Tabby’.Transcript print: temp dog; cr.Transcript print: temp items; cr.temp keysDo: [:key | Transcript print: key; cr].Transcript print: (temp variableAt: #items); cr.Transcript endEntry

223A c c e s s a b l e D i c t i o n a r y AccessableDictionaries are Dictionaries that allow their fields to be accessedusing record-style (name and name:) conventions. They complementAccessableObjects by providing a means of bringing the full power ofSmalltalk Dictionary objects to bear on hybrid AccessableObject (which may beconstructed using some hard and some soft fields). The addition of thisuniform reference capability to Dictionaries is a worthy extension in its ownright.class nameAccessableDictionarysuperclassDictionaryinstance variable namestallyclass variable namespool dictionariescategoryAccessable-ObjectshierarchyObjectCollectionSetDictionaryAccessableDictionaryDataDictionaryParameterDictionaryAccessableDictionary methods for: accessingWe provide these methods for compatibility with AccessableObjects.AccessableDictionary methods for: accessingitems"Say that we are one big item list..."^selfitems: itemList"Say that we are one big item list..."^self error: ’AccessableDictionaries should not reset their item lists...’valueAt: key"Just send this to ourself..."^self at: key

224valueAt: key ifAbsent: aBlock"Just send this to ourself..."^self at: key ifAbsent: aBlockvalueAt: key put: value"Just send this to ourself..."^self at: key put: valueAccessableDictionary methods for: error interceptionThis is a simplified variation of the method found in AccessableObject. Itconverts record-style accesses into dictionary accesses. First, the selector andargument count for the message sent to the AccessableDictionary aredetermined. The method then determines whether the selector is a keywordselector. If so, the message is assumed to be a request to store a value. Theselector is copied without colons, and a dictionary entry entry is created. Ifthis is a unary selector, a probe is attempted. If this probe fails, an errormessage is given.AccessableDictionary methods for: error interceptiondoesNotUnderstand: aMessage"Convert accessing messages to dictionary accesses..."| selector args |selector ‹ aMessage selector.args ‹ aMessage arguments.selector isKeywordifTrue:[selector ‹ (selector copyWithout: $:) asSymbol.^self at: selector put: (args at: 1)]ifFalse: [^self at: selector ifAbsent: [^super doesNotUnderstand: aMessage]]

225Chapter V -- A Tour of the Battery SimulationThis chapter shows how the user interacts with the simulated battery usingthe Battery Item Browser, and how the simulation appears when a batteryitem is running.The figure above shows he Battery Item Browser before any battery itemshave been run. The the pane at the upper left of the browser gives a list of theavailable battery items. When an item is selected, a list of its parametersappears in the center pane.

226When a parameter value is selected, its value is displayed in the pane at theupper right of the battery browser. The parameter value pane is similar to astandard Smalltalk-80 code view.

227This example shows how the Battery Browser appears while a block of trials isrunning. Once the experimenter is satisfied with his or her parametersettings, a block of trials may be initiated by pressing the "Run" switch. Whilea block of trials is running, the "Run" switch is highlighted, and a waveformaverage display is continually shown on the screen. The amplitude of thewaveform may be interactively examined using the mouse. The a crosshaircursor is displayed when the mouse is within the waveform frame to indicatethis.

228The battery simulation uses the Smalltalk system transcript to simulate theoriginal battery’s more elaborate VT100 runtime informational display.When the transcript is updated, it pops in front of the Battery Browser. On asystem with a larger screen area, the transcript could be kept off to the side.

229Chapter VI -- DiscussionThis chapter discusses a number of issues raised by this investigation. Thebulk of the discussion is centered on the emergence and use of object-orientedframeworks, and their impact on the design process and the software lifecycle.Later sections discuss the impact of object-oriented techniques in general, andthe Smalltalk-80 system in particular, on the design and implementation ofrealtime laboratory applications.The chapter begins with a discussion of object-oriented frameworks andenvironments. This section explains what distinguishes them fromconventional programming techniques. Next, the problems associated withskeleton programs are discussed. This is followed by a lengthy examinationof why software design, which is difficult under any circumstances, isparticularly difficult in the presence of changing requirements. Subsequentsections discuss designing to facilitate change, and the tension betweenspecificity and generality.These discussions are followed by an examination of certain software lifecycleissues. The so-called maintenance phase and the question of whether toreuse or reinvent software are covered in these sections.The final parts of this chapter examine object-oriented programming andrealtime applications, as well as the problems of designing general datastructures in Smalltalk.Object-Oriented FrameworksAn object-oriented framework is a set of classes that provide the foundationfor solutions to problems in a particular domain. Individual solutions arecreated by extending existing classes and combining these extensions withother existing classes.

230The Battery simulation described herein is a framework for constructingrealtime psychophysiological application programs. MacApp [Apple 85] is aframework for constructing Macintosh application programs. It is in effect ageneric application program that provides standard Macintosh user interfaceand document handling capabilities. The Lisa Toolkit [Apple 83] was anearlier package that used object-oriented techniques to integrate applicationsinto the Lisa desktop environment. The Smalltalk-80 Model-View-Controller triad (MVC) is a framework for constructing Smalltalk-80 userinterfaces [Goldberg 84].Frameworks are more than well written class libraries. A good example of aset of utility class definitions is the Smalltalk Collection hierarchy. Theseclasses provide ways of manipulating collections of objects such as Arrays,Dictionaries, Sets, Bags, and the like. In a sense, these tools correspond to thesorts of tools one might find in the support library for a conventionalprogramming system. Each component in such a library can serve as adiscrete, stand-alone, context independent part of a solution to a large range ofdifferent problems. Such components are largely application independent.A framework, on the other hand, is an abstract design that much more closelyresembles a skeleton program depicting a solution to a specific kind ofproblem. It is a template for a family of solutions to a set of related problems.Where a class library contains a set of components that may be reusedindividually in arbitrary contexts, a framework contains a set of componentsthat must be reused together to solve a specific instance of a certain kind ofproblem.One should not infer that frameworks are useful only for reusing mainlineapplication code. The abstract designs of library components as well as thoseof skeletal application code may serve as the foundations for frameworks.The ability of frameworks to allow the extension of existing librarycomponents is in fact one of their principal strengths.It is important to distinguish between using library components in thetraditional fashion and using them as part of the basis for a framework. Forexample, most of the classes in Chapter V (the battery library) of this

231document are used by the battery simulation primarily as traditional, discretelibrary components. However, the classes in Chapter IV (the batteryframework) illustrate a set of three concrete applications derived from ageneric psychophysiological experimental design. Each application wascreated by defining application specific subclasses that selectively overrodeand extended the behavior of the abstract battery design. A finishedapplication is comprised of a cooperating set of specialized framework objectssupplemented by library and system components. The view and controllerclasses in the Interface-Battery category are examples of system componentsthat have been specialized by the battery simulation.Recall that one way to look at a framework is as an abstract design. Such adesign is extended and made concrete via the definition of new subclasses.Each method that a subclass adds to such a framework must abide by theinternal conventions of its superclasses.Another type of framework is a collection of abstract component designs. Alibrary of components will, in this case, supply at least one, and perhapsseveral components that fit each abstract design.The major difference between using object-oriented frameworks and usingcomponent libraries is that the user of a component need understand only itsexternal interface, while the user of a framework must understand theinternal structure of the classes being extended by inheritance. Thus,components are "black boxes" while frameworks are "white boxes". Clearly,inheritance-based frameworks require more training to use and are easier toabuse than component-based frameworks, but they allow application-dependent algorithms to be recycled more easily.A few examples from the battery simulation should serve to illustrate thesedistinctions. The abstract classes BatteryItem and BatteryParametersconstitute the roots of an inheritance framework that defines genericexperiments. The subclasses WordOddball, ToneOddball, and SternbergTask,along with WordOddballParameters, ToneOddballParameters, andSternbergTaskParameters define three concrete applications derived from thisframework.

232The abstract classes Stimulus and StimulusGenerator define a genericstimulus handling mechanism. The subclasses WordGenerator,ToneGenerator, and SternbergDisplayGenerator, along with WordStimulus,ToneStimulus, and SternbergStimulus define concrete realizations of thesedesigns for each battery application that has been defined. Hence, the twohierarchies built around Stimulus and StimulusGenerator are inheritanceframeworks as well. The four hierarchies rooted in BatteryItem,BatteryItemParameters, Stimulus, and StimulusGenerator can hence bethought of as together comprising a framework for constructing experiments.However, the relationship between the BatteryItem and StimulusGeneratorhierarchies merits additional scrutiny. Subclasses of BatteryItem do not havedirect access to the states of their stimulus generation objects. They insteadown instances of an appropriate kind of StimulusGenerator. They thus haveaccess to these objects only via their external protocols. Hence, even thoughthe class hierarchies for stimulus handling parallel those used to define thebattery items, this need not be the case in general. In fact, any object that metthe protocol assumptions made in a given battery item for its stimulusgenerator would, as a result of polymorphism, work correctly with thatbattery item. The battery items in this case define a component framework, inwhich any object that meets a given abstract design may replace any other.If the relationship between parts of a framework can itself be defined in termsof an abstract protocol (or signature), instead of using inheritance, then thegenerality of all the parts of the framework is enhanced. In fact, as the designof a system becomes better understood (as it evolves) more component-basedrelationships should emerge to replace inheritance-based ones. One canthink of such component-based relationships as an ideal towards whichsystem components should be encouraged to evolve.The stimulus hierarchies discussed above are examples of just this sort ofevolution. In the CPL battery, as well as in earlier versions of the batterysimulation, the stimulus generation code was intertwined tightly with otherbattery item control code. It became clear as I worked with this code thatseparating the stimulus generation code from the rest of the battery items

233would increase the modularity and clarity of both the resulting hierarchies.In addition, even though there is still a one-to-one correspondence betweenthe concrete subclasses in each hierarchy, the relationship among theseobjects need not stay this way. Since the stimulus generation objects are nowcomponents of battery items, future items may mix and match these as theyplease.Object-oriented inheritance allows extensions to be made while leaving theoriginal code intact. The original root objects of a framework may also serveas the basis for any number of concrete extensions. A framework may bestructured as a hierarchy of increasingly more specific subclasses. In contrast,a purely component-based reuse strategy requires that application code thatorchestrates application independent components either be conditionalizedor rewritten for each new application.A framework may, in ideal cases, evolve from the sort of white box structuredescribed above into a gray or even black box structure. It may do so in thoseinstances where overridden methods can be replaced by message sends toblack box parameters. Examples of such frameworks are the sorting routinesthat take procedural parameters seen in such conventional systems. Where itis possible to factor problems in this fashion, it is certainly desirable to do so.Reducing the coupling necessary between framework components so that theframework itself works with any plug-compatible object increases its cohesionand generality. A number of authors have written on the desirability of usingcomponent-decomposition as an alternative to inheritance where possible(see [Halbert 87] and [Johnson 88] for instance). It should be a goal of theframework architect to allow a given framework to evolve into a componentframework. The route by which a given inheritance framework will evolveinto a component framework will not always be obvious, and many (most?)frameworks will not complete the journey from skeleton to componentframeworks during their lifetimes.White box inheritance frameworks should be seen as a natural stage in theevolution of a system. They may be intermediate stages in the evolution ofthe system, or permanent fixtures in it. The important thing to realize aboutthem is that by providing a middle ground between task specific and general

234realizations of a design, white box inheritance frameworks provide anindispensable path along which applications may evolve.Barbara Liskov, in a keynote address given at the OOPSLA ’87 conference inOrlando, distinguished between inheritance as an implementation aid (whichshe dismissed as unimportant) and inheritance for extending the abstractfunctionality of an object. Liskov claims that in the later case, only theabstract specification, and not the internal representation of the parent objectshould be inherited. She was in effect advocating that only the black boxframework style described above should be employed. Such a perspectiveignores the value of white box frameworks, particularly in the face ofchanging requirements.A failure to confront the challenges of design evolution is characteristic ofmost of the work that has been done on programming methodologies. It isnot my intention to fault researchers in this area for this, however. Theproblems of system design are difficult enough without adding the enormousadditional complication of moving target requirements.One way of characterizing the difference between inheritance and componentframeworks is to observe that in inheritance frameworks, the state of eachinstance is implicitly available to all the methods in the framework, much asthe global variables in a Pascal program are. In a component framework, anyinformation passed to constituents of the framework must be passedexplicitly. Hence, an inheritance framework relies, in effect, on the intra-object scope rules to allow it to evolve without forcing it to subscribe to anexplicit, rigid protocol that might constrain the design process prematurely.It is possible, albeit difficult, to design good class libraries and frameworks in atop-down fashion. More frequently, good class libraries and frameworksemerge from attempts to solve individual problems as the need to solverelated problems arises. It is through such experience that the designer is ableto discern the common factors present in solutions to specific problems andconstruct class hierarchies that reflect these commonalities. It is the ability ofinheritance hierarchies to capture these relationships as they emerge that

235makes them such powerful tools in environments that must confrontvolatile requirements.Much of the remainder of this section looks at the impact of frameworks onthe software design process and the software lifecycle, with a particularemphasis on the problems surrounding application environmentscharacterized by rapidly changing requirements. We will compare theframework-based approach with conventional solutions to such problems,such as application skeletons and subroutine libraries, and examine thoseareas addressed by frameworks where no clearly recognized alternativemethodologies currently exist.EnvironmentsAn object-oriented application construction environment, or environment,is a collection of high level tools that allow a user to interact with anapplication framework to configure and construct new applications.Environments are referred to as Toolkits in [Johnson 88]. Examples ofenvironments are Alexander’s Glazier system for constructing Smalltalk-80MVC applications [Alexander 87], and Smith’s Alternate Reality Kit [Smith87]. A framework for a given application domain can often serve as the basisfor the construction of tools and environments for constructing andmanaging applications.Getting Skeletons Back in the ClosetOne has only to examine the state of practice in many research applicationdomains to realize how much they need better tools and techniques. Thereare certainly some problems with the approaches taken in the researchdescribed herein. To put things in perspective, it might serve us well to lookat how much worse the status quo is.Let’s examine the ways in which realtime psychophysiological applicationprograms developed in a typical laboratory environment. (The author has

236spent a considerable amount of time working in this domain. See [Heffley84].)At the University of Illinois’ Cognitive Psychophysiology Laboratory, researchapplications are normally written by scientists and graduate students, usingFortran 66 and a structured preprocessor. Realtime device access, and timecritical functions are performed using a large library of fast assembly languagesubroutines. (See [Foote 85].) Some might ask whether a language such asPascal or C might be a better choice for this sort of application programming.In fact, Fortran retains a number of advantages over these other languages forscientific programming. These include de facto support for separatecompilation, good support for subroutines that manipulate arbitrarilydimensioned multidimensional arrays, and very good floating point support.In any case, so far so good.A given group of students working in such a research environment willexhibit tremendous diversity in their levels of programming ability. Somestudents will have extremely strong computer backgrounds, others will haveminimal programming backgrounds. One result of this is that novelapplication programs are developed by those with the better computer skills,and become templates, or skeleton programs, upon which others build.The person writing such a skeleton program is seldom interested in solvinganything more than the problem at hand. The program is only a tool forconducting the current experiment. A programmer in a researchenvironment will often be in a poor position to plan for future version of aprogram, since research is often a somewhat fuzzy, exploratory enterprise.The initial version of a given program might be a short, spare shell thatperforms the rudiments of a given experimental design and nothing more.Since these initial programs are usually thought of (at least at the time) asone-shot, disposable programs, they are frequently underdocumented orundocumented. (The question of what constitute a truly well documentedprogram is a very interesting one I will not try to address here.) Still, thingshave not yet gotten unmanageable. The production of disposable programsmay be a reasonable practice when applications will consistently be short and

237trivial, and where successive applications will not be required to try to buildon previous ones.Trouble can begin when new problems that resemble the one for which anoriginal program was written in some respects (but not others) arise. This is afamiliar situation in most application domains, but occurs with much greaterfrequency in some research programming domains, again, because such is thenature of research. When this point is reached, the programmer is faced withthe following choices:He or she can write a new program "from scratch", perhaps based in somerespects on the original program. This alternative is merely the generation ofa new "disposable" program.The programmer can generalize the existing program to accommodate boththe old and new requirements. In some instances, the existing program canbe made to accommodate the new requirements merely by altering overlyspecific code. (An example of this is a program written to collect, say, 2channels of data, when it could nearly as easily have been written to collect"n" channels.) I call this approach "parameterization".More frequently, accommodating multiple requirements in a given programwill require "conditionalization", the addition of flag parameters or othervariant tag tests that direct the flow of control to code that implements eitherthe old or new requirements.Global variants can be eliminated very elegantly using an object-orientedinheritance hierarchy. The base class containing tag checks becomes anabstract superclass. At each point where a tag is tested, a method dispatch toself is performed instead. (Such variant elimination might even beautomated.) Each variant becomes a subclass of the new abstract class. Themethods in these subclasses encompass only the code that distinguishes themfrom the abstract superclass. The result is much more readable, since the codethat distinguishes each variant from the common ancestor is collectedtogether, rather than scattered among case statements all over the parent

238module. Variant elimination and the generation of such abstract superclassesthus promote the emergence of frameworks.The final alternative is to copy the original program. This copy is altered tomeet the new requirements. I call this approach metastisization. (Thesomewhat perjorative connotation is intentional.) My experience has beenthat this is the approach most often taken in informal communities ofprogrammers when faced by rapidly changing requirements. It is replete withproblems. To name a few: New programmers usually understand only thoselocalized portions of the programs that they are called upon to change. Newdocumentation is rarely added, and is often incorrect. Worse yet, obsoletecode and documentation often litters the derived program. A lack ofcomprehension of the global structure of these programs frequently leads toerrors. (It is only fair to note here that some of the same sorts ofcomprehensibility problems can arise in massive object-oriented inheritancehierarchies.)As such programs grow more complex, no single individual completelyunderstands what they do. Reading and fully comprehending such code isamong one of the most difficult intellectual challenges one might have themisfortune to encounter. In part for this very reason, these programs take onlives of their own. Starting over would require that somebody figure outwhat these programs do and rewrite them properly. Since this would usuallyrequire a large investment of the time of someone who is not a programmingprofessional and has other things to do, these monsters live on. Thebehavior of these programs, and not any explicit experimental design, comesto define what the de facto designs of certain experiments are.One of the biggest difficulties with allowing a plethora of variants on anoriginal skeleton to proliferate is that the chore of maintaining or improvingthem increases n-fold, since any bug fix or improvement must be made toevery copy. The version management problems, should multiple system beinvolved, become similarly overwhelming.What can be done to drive stakes through the hearts of these creatures?

239Let me review the lifecycle alternatives I’ve just given:Disposable programs Good for short orders, but wastefulParameterization Generalization, internal complexityConditionalization De facto variants, internal complexityMetastisization Skeleton programs, version proliferationBrad Cox of Productivity Products has proposed the notion that object-oriented programming promotes the generation of what he calls software ICs[Cox 86]. It is interesting to observe how the evolution of IC interfaces hasparalleled the paths described above in many respects. MLSI ICs were clean,simple, single purpose black boxes. New ICs were often designed by treating aprevious design as a skeleton, with the features that distinguished the newdesign added in lieu of certain features of the base design. Todays VLSIcontrollers have much more complex interfaces, that provide a variety ofmodes (conditionalization) and internal registers (parameterization). Ratherthan being able to learn a single external interface, and treat the component asa black box, the designer is forced to become much more familiar with theinternal structure of these new controllers.Software vendors who wish to protect their source code have an interest inpromoting frameworks as black boxes. It remains to be seen whether this is apractical approach. Vendors who retain their source code must nonethelessproduce extensive documentation of the the internal structure of theircomponents. It is interesting to note that two of the most successful object-oriented frameworks, Smalltalk-80 and MacApp, come with full source code.Both the skeleton and VLSI controller discussions above illustrate one of themajor problems with brute force generalization attempts. Attempts toencompass too much functionality in a single component can greatly increasethat component’s internal and external complexity. A component with anexcessive number of modes will suffer from a perception of high complexityand will require a larger number of operations for initialization andconfiguration.

240The CPL battery was in many respects a radical antithesis inspired by the woesof disposable programming and metastisization. It pushed the alternativestrategies of parameterization and conditionalization to their limits, andthen headed in the direction of employing a crude, brute force inheritancescheme to manage some of the subapplications as they evolved. The successof the techniques used in the CPL battery led me to investigate the use of atrue object-oriented design as exemplified by the battery simulation.(Another factor was the superior facilities that object-oriented systemsprovide in the way of user interface components.)Object-oriented frameworks allow a base application to serve as a dynamicskeleton for a number of derived applications. Unlike a typical skeletonprogram, a change to the root classes of a framework will affect all thesubclasses that inherit its behavior. By allowing application specific code toreside in subclasses, frameworks encourage the designer to develop andenhance the base classes. Enhancements to a skeleton affect only thoseapplication written using it after the enhancements are made. Subsequentenhancements to a skeleton cannot affect programs previously derived fromit. Frameworks used in this fashion are perhaps one of the best examples ofhow one should properly exploit the code sharing facilities provided byobject-oriented inheritance.The CPL battery items have repeatedly benefited from the ability thatframeworks provide for sharing improvements made to their generic cores.Each time a feature is added to this core, all the battery items are able to usethis feature the next time they are compiled. Managing parallel changes toevery member of a large family of applications on a program by program basiscan become so time consuming as to be prohibitive.Skeletons and libraries in conventional systems can be thought of as lying attwo poles along a generality axis. Frameworks bridge this gap by serving aswaystations at which components can reside as they evolve from applicationsto framework components to library components. Note that not allcomponents will complete such a journey. Some will never even begin.However, as a system matures, the responsible designer will make everyeffort to factor common code out of application classes into abstract

241frameworks. He or she will also take pains to find application independentcomponents and place them in libraries.Skeleton-based approaches have become increasingly popular over the lastfew years as the general level of application program complexity hasincreased. Programmers who several years ago might have been producingsimple applications with command-based glass teletype style user interfacesare now faced with demands for complex, event-driven applications inmultiprocessor distributed environments. As a result, programmers whomight have written applications from first principles in the past must relymore and more on skeletal templates.Application frameworks like the Smalltalk MVC framework and MacApphave already demonstrated the advantages of object-oriented frameworksover skeleton-based programming in the user interface domain. Enterpriseslike the battery simulation are a first step towards demonstrating the power ofthis approach outside the cozy realm of those domains well known tocomputer scientists.Why Software Design is So DifficultTo understand how object-oriented frameworks might ease the plight of thesoftware designer, it might prove useful to first examine the difficultiespresent in the software design process in general, with a particular focus onhow traditional design practices address volatile requirements.At the most fundamental level the reasons for the difficulty of softwaredesign are as varied as each individual set of requirements, implementationtools, and programmers. However, it should not be surprising that design isat the heart of most difficulties in software systems, since design encompassesthe structural complexity of the solution that must match a givenspecification and the low level algorithmic idioms that must express thissolution. No matter how carefully prepared or detailed a system definitionand requirements specification might be, it should only specify what is to beimplemented, and not how this is to be accomplished. In the end, many

242easily specified tasks might still be "easier said than done". Likewise, thetraditional distinctions between programmers and analysts reflect arecognition that is is harder to design systems than it is to implement them.Software design is difficult in part because software designers work in auniverse of arbitrary complexity where their creations are not constrained byphysical laws, the properties of materials, or, in the case of many applicationdomains, by the history and traditions of earlier designs. Hence, the numberof degrees of freedom that confront the software designer can dwarf thosefaced by designers in more conventional engineering disciplines.Adding to this difficulty is the fact that only a few application domains havebeen studied thoroughly enough so that their design principles are wellunderstood. Computer scientists have spent a massive number ofperson/years investigating the principles of compiler construction andoperating system design. These efforts have allowed the construction of trulyuseful automatic tools, and allow the analyst working in these areas to "standon the shoulders of giants" when confronted with design problems drawnfrom these domains.However, the hapless designer confronting a problem from outside theseareas is nowhere near so fortunate. The triumphs of another applicationdomain may map poorly, if at all, to a new discipline, and the designprinciples of a given domain may be quite subtle. It took four centuries todiscover that mimicking the birds was a bad way to design heavier than airvehicles that flew. The solution that is now commonly used, the airfoil,seems upon naive examination to be a peculiar place in the space of allpossible solutions to fix as a fundamental constraint. Yet, our fleets of flyingmachines are now designed with just such a basic constraint. The point tothis all is that for many application domains, we simply have not discoveredthe basic pivot points around which other constraints may be relaxed. Eachdomain may await solutions with the elegance of our parsing techniques, orsynchronization primitives, before other design constraints can be wrestledinto place. In this sense, design can be said to be "experience limited" or even"idea bound".

243Another general problem with the massive constraint satisfaction problemfacing the software designer is (apart from the fact that there are many moreconstraints than face other types of designers) the fact that design parametersvary along vague, difficult to conceptualize (let alone visualize), frequentlynon-scalar dimensions. A bridge designer can gauge the effect of addingadditional concrete to a roadbed in terms of weight, volume, and the like.However, the effects of manipulating software design parameters (coupling,cohesion, number of modules, module size, intermodule protocols) and theeffect of changes to these on functionality, reliability, generalizability,reusability, etc. are difficult (at best) to accurately estimate.One of the worst effects of this state of affairs is that it is not always easy to tellif a specification is unreasonable. Considers the example of constructing anautomobile that can fly using parts found at local shopping malls. I willsubmit that some of the problems that confront software designers are in avery real practical sense every bit as outlandish as the task given above. Thespecification might be quite clear, and the implementation materials andtools well understood, and the task might well be theoretically possible. Yet,in the absence of experience to guide the design process, a designer might notbe able to distinguish between the software equivalents of the merely difficulttask (building an automobile from parts) and the much more difficult task ofallowing it to to meet all the previous constraints on automobiles and fly aswell. If the solution domain is such that there is no major axis ofimpracticality, but some number of axes along which a design must beoptimized, the task can become quite daunting.How can these sorts of problems be addressed? Clearly we must give thedesigner the means to limit the huge number of design decision he or shemust make, and to identify those aspects of the design that have a majorimpact on the suitability of the resulting product to the task for which it isbeing designed.How might the number of design decision be limited? One approach is toallow the designer to refer to an existing body of work that meets similarconstraints, if not perfectly, then at least in an aesthetically reasonablemanner. Kristina Hooper [Hooper 86] points out that software design often

244has as much in common with disciplines like architecture as it does withdisciplines more traditionally associated with it (such as engineering,mathematics, and physics). From this perspective, questions of aesthetics,style and experience play a much more central role in the design process, andjudgement as well as empirical constraints may legitimately serve asconstraints on the design process. Hooper points out that in software design,as in architecture, fads and even "schools" of design orthodoxy can rise andfall. Of course, previous "conventional" design experience often comprises arich lode material for the designer as well. However, in those domains whereprevious principles are not well established, intangibles like experience,judgement and aesthetics can reasonable be brought into play. It is probablyalso the case (to paraphrase [Kernighan 76]) that with design as well as withprogramming, good practice is developed as much from looking at actualworking systems as from "abstract sermons". Disciplines like architecture andengineering can teach us much about the value of case studies. Object-oriented programming, with its emphasis on reading code, provides moreopportunity for this that most other systems.Fred Brooks [Brooks 87] makes a similar point in his paper "No Silver Bullet:Essence and Accident in Software Engineering". He states: "We can get gooddesigns by following good design practices instead of poor ones. Good designpractice can be taught." However, he goes on to say: "Whereas the differencebetween poor designs and good ones may lie in the soundness of the designmethod, the difference between good designs and great ones surely does not.Great designs come from great designers. Software construction is a creativeprocess."A second point at which to limit design chaos is at the interface between thesoftware system being designed and the substrate upon which it is being built.Hence, the programming environment under which a design is undertakencan do much to limit the number of arbitrary choices that a designer mustmake. One way it can do so is by providing a large library of fixed, wellunderstood, reusable components (see [Harrison 86]). A knowledge-basedsystem can even apply design schemas to coding situations into whichtemplate idioms can be fit (see for instance [Lubars 86]). In either case, havinga set of "canned" idioms serve as low level reference points in the design

245constraint satisfaction process is of value to both human and automatic"designers". Most designers recognize that working up from a set of fixedlow level components brings many advantages to an ostensibly "top-down"design exercise. It is frequently observed that design is an iterative process inwhich fixed points at either end of the design "space" reach in from both thetop-down and the bottom-up to attempt to fix additional decisions.A third aid to the designer is the set of rules and guidelines that have beendeveloped to guide the design process itself. Our variations on the ancientedict to "divide and conquer" and on the notion of "need to know" helpguide the designer to limit the internal complexity of his or her designs.Notions like stepwise refinement, hierarchical decomposition, andinformation hiding guide the designer to keep the intermediate nodes in thedesign graph intellectually manageable. Admonishments to keep cohesionhigh and coupling low (see [Pressman 82]) give the designer goals to try toachieve as he or she wades through the muck between the desires expressedin the specifications and the reality of what problems there are alreadysolutions at hand for. However, despite the best of intentions, sometimes theproblem has ideas of its own. Only the most hardened theoretician couldbelieve that for every problem, no matter how inherently complex, sloppyand idiosyncratic, there must be one or more elegant, tidy solutions.Programming tools that help express complex constraints among systemcomponents can help somewhat as the going gets thicker. Alan Borning’sThingLab [Borning 79] and other work on constraint satisfaction systemsshows that more powerful systems and notations can aid the designer indealing with complex problems. Borning also cites Simon’s observationsabout "nearly decomposable systems" that can almost, but not quite, becomposed into cohesive units. Borning’s system displays problem solutionsbuilt from objects that are more or less cohesive units ("wholes") inthemselves, while they at the same time comprise the components ("parts")of higher level "wholes". Such part/whole type organizations are frequentlyseen in both artificial and natural systems.

246For certain classes of problems, very high level languages, or declarative orknowledge-based languages can force the designer down paths that are knownto have a high likelihood of leading to success.Tools that help the designer visualize the structure of the system he isdesigning can aid the design process as well. Systems like SADT [Ross 85]provide facilities for divining and visualizing the structures of existingsystems, including ones under construction.Still, the situation must at times seem fairly dismal to the large systemdesigner. He or she works in a realm where the normal physical bounds onsystem complexity do not exist, and the roots of complexity are poorlyunderstood. The benefits of the insights of Eli Whitney and Henry Ford (i.e.standard interchangeable, reusable parts) are still largely unavailable tosoftware designers in most application domains. (This lack of standardizationis in part the fault of a tension between the desire for generality, and a desireto achieve simplicity in individual designs. More on this later.)Programming tools can help at the lowest levels, but as the size of a systemincreases, the entire effort can become increasingly design intensive. Finally,good tools to help the designer understand the structure of existing systemsare only beginning to appear.All of this might seem bad enough, but wait, it gets worse...Designing in the Presence of VolatileR e q u i r e m e n t s Software design for all but the most trivial applications is a difficult processunder even the best of circumstances. In the traditional waterfall softwarelifecycle model, software design is performed once and for all after initialsystem definition and software requirements assessments have been made.Forcing the designer to confront the probability that system requirements willchange throughout the lifetime of the software product adds a newdimension of complexity to the design problem. Few treatments of the

247software design process address this possibility. Changing requirements arenonetheless a fact of life in most application domains.Dave Brown, in an article entitled "Why We did So Badly in the DesignPhase" [Brown 84] points out that by putting all the design effort up front, werun the risk that that effort will be deemed to be difficult to abandon, evenwhen a better solution is identified later in the process of productdevelopment. In the horror story he cites, a design group was reluctant togive up the effort it had put into a cumbersome design, simply because ofhow much effort had already been expended in developing and documentingthat design. In the end, a fresh team member shows the original team theerror of its ways.One could construe this as merely an example of Brook’s [Brooks 75]admonition to "plan to throw out the first one. You will anyway." I thinkthe example might serve to make a stronger point than that. That is, thatsince change is inevitable, we should anticipate it and plan for it.There are many reasons why the designer often has the requirements rugpulled from beneath him. Sometimes, change requests come from users whodo not fully comprehend the impact that software changes might have on thestructure of a software product. This problem is addressed below. Certainlyone way of addressing the problem of volatile requirements is to attemptmore vigorously to prohibit them. My feeling is that, as helpful as this mightbe, it is simply not realistic to expect that this is possible in many (perhapsmost) cases. I would argue instead that we must accept volatile requirementsas inevitable, and develop design techniques and tools to cope with them.One of the more difficult problems facing the software designer is the myth ofsoftware malleability. This myth holds that since a given system isimplemented in software, it must be arbitrarily easy to change. This belief iscommon among users and customers with no or (worse yet) modest amountsof programming experience. It is reinforced by experience with smallprograms that can lead one to generalize incorrectly from the experience oneperceives of the ease with which one can make a minor changes. The naive

248seem to think that this phenomenon scales directly in such a way so as tomake arbitrary changes to large systems "trivial".The truth is that in many instances the structural edifice that constitutes thesoftware architecture of a system is its most "rigid" part. As systems grow incomplexity, the lattice of architectural dependencies between its constituentparts can become more and more dense. Such patterns of coupling amongthe components of a system reflect real complexity in the architecture of thesystem that result directly from the complexity inherent in the originalrequirements and the design choices that were made in divining particularsolutions to the problems posed by those requirements. This perspectivemakes it easy to see why sometimes emulations are the most effective way tokeep existing useful systems in the field working. In these instances theobservation that "software is hard, and hardware is soft" is appropriate. Theperson charged with maintaining the system in these cases may havecorrectly recognized that the instruction set level interfaces was the moststructurally simple place in the system to intervene.Another source of the impression that software should be more malleablethan it is is a failure to recognize that the order in which design decisions aremade affects other decisions in ways that are difficult to undo. Design inpractice is neither truly top-down or bottom up, but it is a hierarchical process.At the top of the hierarchy are the broad outlines of the product beingdesigned. At the bottom are those things we already know how to do that werecognize as likely to play a role in the solution to the problem at hand. Thedesigner fixes decisions at a given level by considering the impact they willhave on their ancestors, neighbors, and descendents in the design hierarchy.At each level, decision making is influenced by both top-down and bottom-upfeedback. The designer attempts to come to an optimal solution to the issuespresent at each level of the hierarchy before turning his or her attention tothe next level. As decisions at each level are fixed, they become fixedconstraints around which other constraints are relaxed. Attempts to violatethe structure of a system so constructed can be very disruptive. To give anarchitectural analogy, it is much more appropriate to make changes to thewiring plan of a building after the floor plan is determined, and before thewallboard is up. Considering this level of detail too early can be counter-

249productive, since the wall locations have yet to be determined. Later changescan require radical backtracking (such as tearing down the wallboard).Incorrect perceptions of software malleability are but one phenomenon thatdrives change and evolution in software systems. Changing requirements,the need to add additional capacity, the need to repair existing problems, andincreased user sophistication are other factors that can foster system change.This list is by no means exhaustive. I’d like to concentrate here on externallyinitiated change requests, that result in a system’s having to meet what are inessence dynamic "moving target" requirements.The requirement that a system designer somehow design to facilitate changeadds a whole new dimension of difficulty to the design process. The easiestposition to take is to ignore all but the current system requirements. This isonly done, however, at the expense of avoiding obvious opportunities togeneralize system components in such a way as to anticipate futurerequirements. This tension between generality and simplicity (andspecificity) is a pervasive problem facing the designer. Does the designerbuild a simple component with poor generality but (perhaps) a simple,cohesive interface, or a more general, but (perhaps) more complexcomponent that might require more parameters and a more complicatedinterface? How does the designer gauge the potential for possible reuse,especially in the face of changing requirements? To put it another way, doesone narrowly solve only the problem at hand, or does one spend considerableadditional effort to build general components that solve a more general rangeof problems, some of which one might (or might not ever!) have to address atsome future date? If one attempts to do this, how does one know that he orshe has anticipated the right problems? Where does one draw the line?Assume that any component lies somewhere along a generality continuum.At one end, there are actions, such as string manipulation, basic displayprimitives and the like, that obviously are sufficiently context independent,and of sufficient general utility to justify the effort needed to make themgeneral tools. At the other end of this continuum are those portions of anyprogramming task that are manifestly specific to the application itself. Inbetween is a broad gray area that up until now has been claimed by default by

250the application specific end of the continuum. It is in this area that I thinkapplication frameworks can help the designer the most.Recall that frameworks can allow the abstract designs present both in specificapplications and libraries to be customized, extended, and reused. Since aframework can encompass a family of diverging, related components, lesspressure is placed on the designer to initially anticipate all the demands thatmight be placed on a given component. The designer can address theproblem at hand, knowing that the resulting component can serve as the rootof a framework as related problems arise. Also, the designer can seizeopportunities to exploit potential generality, since a general component canbe recustomized to meet specific application demands that might if necessary.Recall, too, that as such frameworks emerge, any enhancements made to theircore components will be shared by other elements of the framework. Inconventional systems the only way to accommodate divergence in anevolving family of applications is to maintain separate sources, and shareonly those application independent components that are characteristic ofconventional libraries. This proliferation of source files and versions can be anightmare for the designer entrusted with maintaining them.I believe that the use of object-oriented application frameworks can help thedesigner to design in such a way as to facilitate change. Such frameworks canalso foster the sharing of generic skeletons and somewhat application specificcomponents, and can help the designer avoid the haphazard, patchworkorganization frequently seen in evolving systems during the maintenancephase of the software lifecycle.A final problem confronting the designer is designing systems to be safe andreliable. As if designing the system to work the way it is supposed to is notenough, the designer is confronted as well with the responsibility for makingsure that his or her system performs reasonably in the face of input or uses forwhich it was not intended. Here too, the process of making a system morerobust is much more complex than that facing designers in moreconventional disciplines. An aircraft engineer can increase safety by

251increasing design margins. If only typing each line of code five times wouldmake a module five times more reliable.One way to aid the designer in dealing with these problems is to provide agreater armamentarium of off-the-shelf, proven components. Suchcomponents can be more reliable since they will often have been tested andproven in previous applications. Since it is known that components in sucha library may be frequently reused, the software engineer can justify lavishingmore attention and resources on them that might be justified were they beingused only one. The potential range of application of such components can besubstantially increased using schemes like the application frameworkapproach.The plight of the designer is daunting, but not hopeless. Despite the manyperils that face the software designer, programs that appear to work stillmanage to appear. We are only beginning to understand the real complexityof these undertakings, and construct tools and techniques to come to gripwith them.Designing to Facilitate ChangeOver the last twenty years, computer scientists have made impressiveprogress in understanding how to design and implement computer programsgiven a fixed set of requirements. Much less is known, however, about howto design systems to facilitate their orderly evolution. Designing to facilitatechange is a much more demanding task than designing simply to meet fixedrequirements. Managing systems in the presence of volatile, changing, highlydynamic requirements can be a daunting task. Lifecycles that arecharacterized by a steady infusion of new requirements are qualitativelydifferent from the traditional "waterfall" lifecycles.[Booch 86] has discussed the use of object-oriented development techniques asa partial lifecycle method. [Jacobson 86] discusses how object-orientedapproaches can support change in large realtime systems.

252It is far more difficult to design a framework that attempts to accommodatefuture expansion and extension requirements than it is to merely meet therequirements at hand. How does one trade off the simplicity of solving onlythe current problem with the potential benefits of designing more generalcomponents? There is, (to paraphrase Randall Smith), a tension betweenspecificity and generality.Kent Beck [O’Shea, 1986] claims that turning solutions to specific problemsinto generic solutions is a difficult challenge facing system designers usingany methodology. To quote: "Even our researchers who use Smalltalk everyday do not often come up with generally useful abstractions from the codethey use to solve problems. Useful abstractions are usually created byprogrammers with an obsession for simplicity, who are willing to rewritecode several times to produce easy-to-understand and easy-to-specializeclasses." Later he states: "Decomposing problems and procedures isrecognized as a difficult problem, and elaborate methodologies have beendeveloped to help programmers in this process. Programmers who can go aset further and make their procedural solutions to a particular problem into ageneric library are rare and valuable."Useful abstractions are (more often than not) designed from the bottom up,and not from the top down. We create new general components by solvingspecific problems, and then recognizing that our solutions have potentiallybroader applicability.Specificity vs. GeneralityIt would seem that the point at which it pays to design a general rather than atask specific component is different in an object-oriented environment thanin a conventional environment. The main reason is that polymorphism andinheritance increases the likelihood that any given component might itself beusable in a wide range of contexts, and that other components can be reusedwithin it.

253However, generalization has a cost. Attempting to design a generalcomponent requires a great deal more thought and effort than designing anarrow, single purpose component. Furthermore, such efforts are not at allcertain to succeed. It is not at all obvious how many specific problems will bespecial cases of a particular general solution. It may be the case that acomponent can be made more general only at the cost of increased internal orexternal complexity. (For instance, it should be clear that any givencomponent could be made to solve two problems with the addition of anexternal "switch" and a number of internal tests on this switch.) In all butthe most obvious cases, it may not be easy to determine how useful it is tomake a given component more general. The designer will at times engage inthe speculative design of general purpose components that solve problemsthat may never arise.A general design can be like a swiss army knife. The danger is that a complextool may perform many tasks, but none well. As with the swiss army knife,this approach may sometimes be just what a given job requires, and may beinadequate in other cases.The goal of the conscientious designer is to find simple solutions thatencompass not only the problem at hand, but a wide range of other as well.These are the holes-in-one that more than make up for the many blind alleysthat the designer may have explored.As has been noted before, the use of inheritance hierarchies can allow anevolving set of components to occupy intermediate states between beingcompletely specific to one problem and being largely context independent.The use of subclassing to allow a given core to solve several related problemsprovides an alternative to conditionalization, and can allow the outlines ofan abstract superclass to emerge as a given set of classes is reapplied tosuccessive sets of requirements.Inheritance can help the system designer avoid the loss of generality that canoccur during mid-life phases of the software lifecycle when the pressures topush a clean design beyond its original specifications inevitably arise. A welldesigned software component should have but a single purpose (that is, it

254should exhibit a high degree of cohesion). (See for instance [Pressman 82].)However, it is often easier to pervert a clean single purpose component tomake it serve multiple roles than it is to build new components from theground up. Thus, a previously general component may have task specificfeatures added to it.The pressure to do this may be particularly hard to resist when a componentthat was conceived of by the designer as truly general is currently being usedfor only one or two purposes. Short sighted managers are often willing totrade long term, hypothetical generality for such short term gains. Thewisdom of such trade-offs can only be gauged in hindsight. The use of aframework-based approach can reduce the pressure to lose generality byallowing a generic core component to retain its generality. Applicationspecific features are implemented in subclasses using inheritance.In this way, object-oriented systems provide a continuum along which systemcomponents may evolve from specificity to generality. A given classhierarchy containing an entourage of task specific subclasses provides anintermediate stage that is much harder to manage using conventionalapproaches.The ability to allow a family of applications to be managed as they evolve anddiverge is very valuable in environments characterized by highly dynamic,rapidly changing (even fickle) requirements. Laboratory research applicationsare, by the very nature of research itself, such environments.Objects, Evolution, and MaintenanceIt is not difficult to argue that evolutionary lifecycles are the rule rather thanthe exception in practice. Sofware lifecycle researchers are increasinglyrecognizing the distinctive problems that must be addressed during a softwareproduct’s evolutionary phase. (See for instance, [Lehman 80], and [Boehm 85].Fairley observes that "the distribution of effort between development andmaintenance has been variously reported as 40/60, 30/70, and even 10/90"[Fairley 85]. Pressman [Pressman 82] quotes figures (from [Lientz 80]) that

255identify four software maintenance categories: perfective, corrective,preventative, and adaptive. Corrective maintenance is the process ofdiagnosing and correcting errors (i.e. the bug fixing that is usually thought ofas the maintenance phase of the software lifecycle. Adaptive maintenanceconsists of those activities that are needed to properly integrate a softwareproduct with new hardware, peripherals, etc. Perfective maintenance isrequired when a software product is successful. As such a product is used,pressure is brought to bear on the developers to enhance and extend thefunctionality of that product. Preventative maintenance activity occurs whensoftware is changed to improve future maintainability or reliability or toprovide a basis for future enhancements. [Lientz 80] reported in a study of 487software development organizations that a typical distribution of theseactivities was:Corrective21%Adaptive25%Perfective50%Others 4%This observation and the observation that 50% of maintenance activity is"perfective" would seem to support the contention that an evolutionaryphase is a inevitable (and quite important) phase in the lifecycle of asuccessful software product.The term "maintenance" phase has a certain perjorative quality about it. Ithas come to be associated with the drudgery of dealing with, debugging, andmopping up after other people’s code. In large organizations, maintenancetasks are often assigned to junior programmers. After having spent sometime doing maintenance tasks, programmers can then graduate to moreglamorous development work.The term maintenance implies that this part of the software lifecycle consistsof the software equivalent of checking the oil and changing the filters. Iwould contend instead that it is at this stage in the evolution of a software

256system that many of the most important and difficult design challenges areencountered.In many respects, maintenance is a more demanding task than development.The maintainer must infer a complex design, frequently given inadequate orabsent internal documentation, and make modifications that might cut acrossthe grain of the existing design.It is not surprising, then, that senior people in an organization might reservefor themselves the relatively pleasant, rewarding tasks of designing andimplementing clean new systems from initial requirement sets, and leave toothers the task of molding existing systems to changing requirements. This isbecause doing a new design for any one set of requirements is a relativelysimple, high profile task, while adapting another programmer’s existingsystem to requirements that contradict those of an original design can be adifficult, tedious, and relatively thankless job.This is an ironic corollary to the Peter Principle. The person best qualified tomaintain a system component, its original designer, is promoted as a result ofthe success of this design effort to a position where he or she is no longerresponsible for the component’s further evolution.The design clashes that occur during the maintenance/evolutionary phase ofthe software lifecycle that normally confound the original design can often beminimized by an application framework. Because application frameworksprovide a middle ground between generalizing a single application to meetcontradictory requirements (conditionalization) and spawning new versions(metastisization) they can provide a path by which sub-versions of theoriginal application can gradually diverge from the original design.By promoting the sharing, reuse and understanding of other people’s code,object-oriented environments can help enhance the appeal of perfecting andadapting existing systems over that of designing new systems.Reuse vs. Reinvention

257There are limits to how complex a system a given person can construct,manage, and comprehend. No (sane) person would dream of attempting tosingle-handedly engineer an entire automobile, or a Saturn-V. Yet, many acontemporary software engineer harbors (with out realizing it, in many cases)equally outlandish expectations about what it might take to construct certainsoftware systems from first principles. Faced with reusing the work of others,many would elect to reimplement a given component instead. An aversionto code "not invented here" or even "not invented by me" is quite commonin programming circles. Why are programmers so often inclined to rewritecode rather than reuse code?Often the fig leaf of "source control" is cited as a reason why existing productsmust be reimplemented. Certainly ego is often the reason that code isreinvented. There are those who aspire to reimplement the world, with theirname at the top of each module.There are more benign reasons as well. One is the difficulty of reconstructingthe assumptions and implicit design principles that underlie a given moduleby reading the code for it. The difficulty of comprehending what a givenmodule does by merely reading its code is, I think, one of the mostunderestimated things in all of computer science. Also, as mostprogrammers know, the state of the internal documentation in mostproduction modules is typically quite poor (to say the least). (To jump aheadto learnability, the question is not why Smalltalk is hard to read, it is why wecompare a programming style that requires extensive reading with one thatdoes not.) In most environments, programmers are seldom called upon to(or seldom undertake to, in any case) understand much more than verylocalized portions of existing systems. Most such encounters take placeduring the so-called maintenance phase of a given product’s lifecycle.Hence, one of the major motivations for rewriting existing code is to ensurethan the design assumptions and structure of that module are completelyunderstood.

258There seem to be but two ways out of this conundrum. One is that reusablecomponents must be written using a level of abstraction that makes themeasy to comprehend. The second must be that the effort to learn the internalsof a given component must be rewarded by a high level of generality andreusability. That is, either we must only learn a component’s externalinterface, or learning the internals must be worth it in terms of reusepotential. (One path leads to data abstraction and black box frameworks, theother to extensible white box inheritance frameworks.)If a component is likely to be reused, then a greater level of effort to make itmore general can be justified. Object-oriented languages can have just thisimpact. Polymorphism increases the likelihood that a new component willbehave correctly right away in a number of existing contexts, and that thatcomponent will be able to operate on a potentially wide range of differentobjects. The judicious use of inheritance can allow the construction of verygeneral abstract cores, (i.e. frameworks), that can then be extended andspecialized as specific requirements dictate.Note that frameworks occupy a position in between application code andlibrary components in terms of generality. A component can be reused as ablack box, the behavior of which is defined by its protocol (or signature).(Re)using a framework, on the other hand, requires that existing code betreated as a white box. Subclassing the components that comprise aframework requires that the programmer have a detailed knowledge of theinternal structures and mechanisms in order to choose judicious overrides toenable the framework to implement the problem being addressed. Even inthose cases (for example MacApp) where the override points are wellspecified, extending a framework might be said to require a "gray box"understanding of the framework.William Cook, in a forthcoming paper on the denotational semantics ofinheritance [Cook 87] makes a similar observation. He claims that an objecthas two interfaces, an outer interface that is seen by code that uses the object,and an inner interface seen only by its subclasses.

259Frameworks provide a way of reusing the sort of code that is resistant to moreconventional reuse attempts. Object-oriented libraries provide reusecapabilities for application independent components that are analogous to(though considerably more powerful than) those seen in the utility andsupport libraries used in conventional environments. However, it is verydifficult to use conventional systems to build general abstract algorithms thatcan be used in a wide range of different contexts. Hence, we can reusewhatever application independent components we might generate in thecourse of generating an application rather easily, but reusing the edifice thatties the components together so that they solve a problem of interest isusually possible only by physically copying the application. (This is theskeleton program approach.)Approaches like using procedure and function parameters, and Ada genericmodules address these concerns to some extent, but with nowhere near thegenerality of an object-oriented framework approach. One can make the casethat the use of these techniques is a sort of brute force attempt to reap thebenefits of object-oriented polymorphism and inheritance usingconventional programming tools.Frameworks and the Software LifecycleThis section depicts the relationships among applications, frameworks, andlibrary components. It attempts to illustrate how the use of frameworks canbridge the gulf that traditionally exists between application specific andapplication independent code.

260The figure above shows an application program surrounded by a set ofapplication specific subcomponents (the squares). The circles at the rightrepresent application independent library components. The gray line showsthe boundary between application specific and application independent code.The figure above illustrates a phenomenon that can occur duringmaintenance. Expediency can force maintainers to modify a previouslygeneral component to meet the needs of a specific application. A loss ofgenerality ensues. This can be seen in the way that the boundary betweenapplication independent and application specific code has shifted to encroachon what was previously application independent territory. In practice, thisphenomenon is most frequently exhibited in somewhat application domainspecific components that were originally designed for the given application,with an eye towards reuse. The pressures of the maintenance phase canresult in the benefits of such foresight being squandered.

261A variation on this phenomenon is when the previously general componentis used as a skeleton for the new component. This leads to a proliferation ofcomponents derived from a given skeleton.If a library component is used as the root of a component framework, theproblems discussed above can be avoided. The figure above shows how thespecializations needed to the original component can be embodied in asubclass of that component. This subclass will share most of the originalcomponents code, and inherit any subsequent changes made to the originalcomponent. Note how the boundary between application specific andapplication independent code has been gerrymandered over into the librarycomponent’s realm to encompass the application specific subclass.The figure above depicts two applications (the lower rectangles) derived froman original application that has served as a skeleton for them. The large

262rectangles represent the mainline application code. The smaller rectanglesare application specific subroutines. The large circles are library componentsshared by all three programs. Though all the applications share the samelibrary components, they share no application specific code. Hence, anyapplication specific changes required by all the programs must be madeseparately to each. This barrier between the original skeleton application andthe two derived applications is represented by the thin gray line. This processbecomes increasing difficult as these applications evolve and diverge, sincewhat should be common code may not be maintained as such in any orderlyfashion.This figure shows how an application like the one from the previous figuremight be organized using a framework-based approach. On the applicationside, each application is a subclass (the small rectangles) derived from what isnow a general core on the application specific side (the plain circle) and thelibrary components. Notice how the gray boundary line now encloses onlythe two gray subclasses. The original application is now itself serving as theroot of a framework. Since this inheritance framework is itself shared, it isdrawn as a circle. Changes made to this common core will be reflectedimmediately in each derived application. Each application is comprised onlyof that code that distinguishes it from the roots of the frameworks, and islikely to be much smaller and easier to comprehend than the correspondingskeleton program. The identities of the application specific subroutines (thesmall boxes) will not necessarily remain distinct when a set of skeletalapplications is transformed into a framework. (They do not in this example.)

263This figure shows a dilemma that faces programmers using conventionaltools when they are faced with changing requirements that are at odds withan applications original specifications. They may either create aconditionalized variant that encompasses the functionality of both sets ofspecifications, or use the original application as a skeleton for a newapplication. The former approach increases the internal complexity of anapplication, since it becomes filled with case-like statements that test varianttag fields. On the plus side, each variant will continue to retain all thefunctionality of the original application as both evolve. The latter approachintroduces all the problems associated with managing a family of skeletalapplications.A framework-based approach combines the power of the first approach withthe code level simplicity of the second approach. Since message sending willin effect perform the dispatches on the variant tags implicitly, the subclassescan retain the structural clarity of single purpose components while retainingthe shared capabilities of their ancestors.Programming in the Smalltalk-80 EnvironmentDeveloping a system using the Smalltalk-80 environment is distinctlydifferent sort of enterprise from doing so using a conventional environment.The most obvious difference is that from the onset, one spends ones timereading (other people’s) existing code, rather than writing (or reinventing)new code. This is because in order to exploit the vast body of existing code

264that one extends (subclasses) in order to create new, application specificclasses, one must understand the capabilities of the classes that already exist.The rich vocabulary of preexisting classes is what gives object-orientedsystems much of their power. It is the need to learn the capabilities of theclasses in these libraries that is at the root of some of the "learnability"problems reported with some object-oriented systems. In any case, it is thepresence of this huge library that results in the need to spend time readingcode rather than writing it.The Learnability GapA drawback cited by some to the use of object-oriented environments is thatprogrammers find them difficult to learn [O’Shea 86]. My experience usingthe Smalltalk-80 environment has been that it does indeed take a great deal oftime to learn it well. The learnability gap is real. However, there arereasonable explanations for it.By far the most significant factor affecting the relative learning times insystems like Smalltalk is the need to to master an enormous library ofmethods before one can begin to intelligently use the system. A conscientiousnewcomer to Smalltalk may spend almost all of his or her time readingexisting code. The same programmer using a language like C would probablybegin by reimplementing the very primitive operations that the Smalltalkprogrammer is searching the existing code for. So in one sense, comparingthe Smalltalk environment with the C language in terms of learnability is tocompare apples and oranges, it is the Smalltalk language itself (which is quitesmall) that should be compared with languages like C. A much fairercomparison might be to compare the learning time for the Smalltalk systemwith that of the Unix environment.The notion that long learning curves are caused by the need to master a largelibrary of components is borne out by the experiences reported byprogrammers attempting to write applications using the Apple MacintoshToolbox [Apple 85]. This subroutine library is not object-oriented (though it

265was heavily influenced both by Smalltalk, and an earlier objected orientedlibrary, the Lisa Toolkit [Apple 84]). The sheer size of this library, and therequirement that a substantial subset of it be mastered before a simpleapplication could be constructed has evidently lead to learnability difficultiesthat are quite similar to those reported with object-oriented systems. In fact,the addition of an object-oriented superstructure, MacApp [Apple 86], isreported to greatly facilitate the generation of Macintosh code [Schmucker 86].Another factor that comes into play is the emphasis that is placed on thesupport of window-based interactive graphical user interfaces in systems likeSmalltalk. Comparing the difficulty of developing an MVC-based graphicalapplication with the effort involved in writing a "Hello world" program mayagain be comparing apples and oranges. In this respect, the comparisonsamong Smalltalk, the Macintosh Toolbox, and MacApp seem quite apt.Hence, the sheer size of the method library under Smalltalk, is, in myopinion, the greatest contributor to the relatively long time one needs tomaster it. This is consistent with what others have reported [O’Shea 86].There are other factors at work here. The requirement that a programmeractually read another programmer’s code is one that is met by a surprisingdegree of resistance in some circles. My feeling is that the difficulty of readingand comprehending someone else’s code is one of CS’s "dirty little secrets".The browsing tools under Smalltalk-80 are the best tools I have seen forgleaning information from source code. However, even better tools andbrowsers would be helpful. (See [Borning and O’Shea 86].Another problem is that much of the Smalltalk system is underdocumented.The absence of good descriptions of the rationale for much of the system’sstructure, especially in much of the graphics and MVC code, is particularlytroublesome. However, even if the final Smaltalk-80 book were to exist,better facilities than are currently available for managing systemdocumentation within the system itself could prove very useful.An additional problem with learning Smalltalk-80 is that as much aspolymorphism and inheritance aid the implementor, they can hinder the

266reader. Polymorphism makes it difficult for the reader to determine the flowof control. (Ironically, this information may have been known to the authorof the original method. In these cases, the availability of a type system mightenhance readability by increasing the reader’s certainty of his or herknowledge of the flow of control.)The readability problems associated with inheritance seem as if they could beameliorated through the use of better browsers. See, for instance [Goldberg 82]and [Foote 87].Another approach that might aid comprehensibility might be the addition ofa module mechanism [Borning and O’Shea 86] or the formalization ofprotocols.Smalltalk and Realtime SystemsIt may seem peculiar to use Smalltalk-80 system to investigate realtimelaboratory programming problems. After all, realtime systems must operateunder tight, demanding performance constraints, and Smalltalk has areputation for being anything but fast. However, a need for high performanceis but one of the characteristics that distinguishes the laboratory programmingproblems from more traditional programming problems. Among the otherdemands that the laboratory application domain places on the softwaredesigner are a need for highly interactive graphical user interfaces, and a needto respond to highly dynamic software requirements (i.e. requirements thatare changing frequently).The laboratory environment shares with traditional application domains theneed for good editing, debugging, and code management tools.It was the observation that the strengths of an object-oriented programmingenvironment like Smalltalk-80 might be well matched to many of the needsof the laboratory programming domain that motivated this project.

267Note that to achieve accurate realtime event handling, it is essential thatinput events be accurately timestamped and that output event initiation beaccurately scheduled. If these two requirements can be met in such a way asto maintain accurate system timing, the software that schedules andconsumes these events can be slow and sloppy from a timing standpoint, aslong as overall throughput constraints are met (and the global timebase isprecisely managed). In an object-oriented system, this might mean that aforeground process that allows tightly timed events to be produced andconsumed by slower code could be used to achieve adequate realtimeperformance. Such table-driven scheduling and timestamping techniqueshave been used in more conventional situations where realtime events mustbe managed by slow processes.A number of approaches might be taken to restore some of the performancethat is lost when a system like Smalltalk is employed. Among these are:The use of hybrid object-oriented languagesThe use of custom primitivesThe use of a typed, optimized Smalltalk systemIncreased exploitation of multiprocessing and multitaskingHybrid object-oriented languages like C++ [Stroustrup 86], Classcal, Objective-C, and Object Pascal [Schmucker 86] can allow performance levelsapproaching those of the base languages (in these cases C and Pascal) to beattained. In certain cases, hybrid object-oriented implementations haveexceeded the performance of their counterparts written in the base languages.These improvements resulted because the use of an object-orientedframework allowed superior library routines to replace slower applicationroutines [Schmucker 86].Another approach one can take is to use efficient primitives to implementoperations for which performance is critical. Such primitives might bewritten in fast, conventional languages like C or assembly language. This, ofcourse, is what Smalltalk itself does for operations like graphical bit blocktransfers.

268A third approach might be to use a highly optimized, "typed" variant ofSmalltalk [Johnson 87]. This approach, in effect, turns Smalltalk itself into ahybrid language. In those contexts where polymorphism can be reduced tostatic overloading, the full efficiency of compile-time typing can be exploited.It might be possible as well to exploit hardware parallelism to restore some ofthe performance lost to runtime polymorphism. Such improvements mightresult from parallel garbage collection schemes, or the delegation of time-critical tasks to dedicated processors.Also, the sorts of functional separations made possible by language levelmultitasking (see the StimulusGenerator discussion in Chapter III) mightfacilitate the generation of more efficient runtime code, as well as batterymodularity and reusability.The StimulusGenerator hierarchy is a portion of the battery simulation thatwas formerly embedded in the BatteryItem hierarchy that has, underSmalltalk, evolved into a separate part of the overall battery framework.Indeed, the StimulusGenerator hierarchy is in some respects still in transitionbetween membership in the original battery hierarchy and clean isolationfrom it. The degree of coupling seen in the interface between each batteryitem and these classes is still somewhat high.One very intriguing route by which this coupling might be reduced is via theintroduction of parallelism. Under such an approach, stimulus generatorswould run in parallel with battery items, with both tied to the sameunderlying timebase. Such an approach would simplify both the battery itemstimulus coordination code, and the stimulus sequencing code in thisstimulus generators. Hence, the use of parallelism could greatly increase thegenerality and reusability of components of both hierarchies.Realtime application programs frequently exhibit a structure in which themainline code must explicitly schedule sequences of otherwise unrelatedevents. The use of parallel processes can free the designer from this temporalyoke.

269Starting with a "Real" SystemBy building a system that was based one built from real, productionrequirements, I believe I was able to avoid the artificial simplicity seen inmany academic demonstration systems. It is easy to specify a set ofrequirements that in effect are a "straw man" waiting to be dealt with by thetechniques being demonstrated.This approach is not without its problems. In working in an area that has notbeen well studied, it is more difficult to evaluate the conclusions that onereaches about the effectiveness of techniques for coping with problems onemust address in that domain. One also runs the risk that superfluous detailand breadth may confound one’s ability to adequately focus on areas oflegitimate academic interest. Both these issues arose to some extent duringthe Battery simulation effort.On the whole, I feel that having used a system like the Battery as the basis fora project such as this one has been a sound idea. The combination of issues itraised, such as volatile requirements, data management, data flow problems,parameter management, and realtime device simulation, is quiteunorthodox. Computer science research has a tendency towardsparochialism. By addressing problems outside the veins we havetraditionally mined, we increase the potential that we will gain insights ofvalue not only to the new domains investigated, but to computer science ingeneral as well.

270Lisp, Simula, and Uniform AccessOne of the most difficult design bottlenecks in the battery simulation effortwas the design of the parameter access and data management mechanisms.These difficulties arose because Smalltalk’s dual heritage from Lisp andSimula made it more difficult that I would have expected to design the sortsof active data structures I needed.The problems arose for the following reasons. I wanted battery items to beable to access their user alterable parameter values in an efficient fashion. Atthe same time, I wanted to be able to write a general utility that would allowusers to inspect and alter the parameters of any program, with facilities suchas help and error checking. This utility would have resembled the CPLbattery parameter browser. Also, it was my goal to use the objects stored byeach battery item as it ran as the basis for a data management scheme.Experimenters using data stored by battery items were to use Smalltalk-80itself to query this data base.The most efficient way to construct an aggregate object in Smalltalk is todefine a class with a field (or instance variable) for each element of theaggregate. This method of defining aggregates resembles the recordmechanism of Simula-67.The use of records introduces a number of limitations. For instance, it isimpossible to add a field to a Smalltalk record on a per object basis, and it isquite difficult to iterate (do:) over all the fields of a record. Adding a field oneven a per class basis requires the definition of a new subclass. Motivationsfor adding fields to a record might include adding a timestamp, or a link to adescriptor giving help and limit information.Smalltalk dictionaries do not share these difficulties. It is very easy to add anew field to a dictionary. One simply stores into an unnamed slot. Iterationover the elements of a dictionary simple in Smalltalk.

271Extension and iteration over objects in the ways described above resemble acoding style frequently seen in Lisp. The property list mechanism in Lisp isoften used to allow the addition of arbitrary attributes to individual datastructures. The properties of an object can be iterated across as well.Interestingly, earlier versions of Smalltalk (such as Smalltalk-72 [Goldberg 76])showed a much stronger Lisp influence than do later versions.Earlier versions of the battery simulation used dictionaries for parameter anddata management. Managing parameter and data management objects asdictionaries introduced a number of complications. One was that access tofields required a somewhat more cumbersome syntax. This was a significantproblem because it complicated the syntax of user queries to the datamanagement system. More seriously, the process of constructing thesedictionaries required explicit code to initialize the fields that seemed towastefully recapitulate exactly the mechanism that instance variableinheritance provided.The table below summarizes the trade-offs between using Lisp-style records(instance variables) and P-List style dictionaries in Smalltalk. (The entry forredefinability refers to the ease with which one can interpose a calculation fora simple instance variable reference.FeatureInstance VarsDictionariesiteration (do:)hardeasyextension (adding a field)hardeasyefficiency (speed/space)highlowaccess syntaxcleanmessierredefinability (access side effects)highlowerinstantiation overheadlowhigherThe solution I finally opted for uses a new pair of classes, AccessableObjectand AccessableDictionary, to allow dictionary-like access to objects, and object-like access to dictionaries

272Accessable objects allow dictionary-style access to all their instance variables,along with record-style access to a built in dictionary. Hence, instancevariables can be accessed using at: and at:put:, as well as the standard record-style access protocol (name and name:).Both access styles are provided without any need to explicitly defineadditional accessing methods. The record-style access method is rather slowhowever, and should be overridden when efficiency is an importantconsideration.If name: or at:put: storage attempt is made and no instance variable with thegiven name exists, an entry is made for the given selector in theAccessableObject’s item dictionary. Thereafter, this soft instance variable maybe accessed using either access method. In this way, uniform access to hardand soft fields is provided, and Smalltalk’s Simula/Lisp dualism is bridged.AccessableObjects provide a way of adding associations to objects in a mannersimilar to that provided by Lisp’s property list mechanisms.The example below shows some of the capabilities of AccessableObjects:AccessableObject class methods for: examplesexample"AccessableObject example"| temp |temp ‹ AccessableObject new.temp dog: ’Fido’.temp cat: ’Tabby’.Transcript print: temp dog; cr.Transcript print: temp items; cr.temp keysDo: [:key | Transcript print: key; cr].Transcript print: (temp variableAt: #items); cr.Transcript endEntryI think in hindsight that another reason for the difficulty of parts of thebattery simulation discussed above was that I was violating Einstein’s edictthat: "Things should be as simple as possible, but not simpler." I wasattempting to design a single, uniform, all encompassing access mechanismto solve an unwieldy collection of distinct problems. A more naturalsolution might have involved several different data structures and access

273mechanisms. The scheme I was trying to construct resembled the multipleview mechanisms seen in some data base systems. It might have been easierin the end to treat the parameter storage requirements of the battery items asdistinct from the data management problems in both the battery itemsthemselves and in the data management system. As long as data could beeasily converted from one format to another, this sort of approach will work.Such an approach would have led to the explicit entry of battery data into anobject-oriented data base, rather than an attempt to extend the original objectsso that they themselves became the database.

274I think this is an observation that is applicable to a wide range of object-oriented design problems. The power of object-oriented systems can deludeone into searching for a single, all encompassing solution to too wide acollection of problems. In the end, a number of freely convertible currenciesmay prove easier to manage than a single common currency. I could easilytake the opposite side of this argument. (Indeed, in the battery simulationdescribed herein, I clearly did.)Looking for shortcuts like the one described above reminds me of HenryHudson and the navigators who searched unsuccessfully for the NorthwestPassage. Hudson, on a journey to find a Northeast passage around Asia atone point abandoned this search, and set sail across the Arctic to search oncemore for a Northwest passage (a rather dramatic change in his itinerary).Hudson’s efforts to find the Northwest passage finally came to a tragic end in1611 in the Canadian bay that bears his name. The crew of his ship, theDiscovery, mutinied, and left Hudson, his son, and a few loyal crew membersadrift in a lifeboat in Hudson Bay.Hudson was not the last victim claimed by the search for the NorthwestPassage. Many more perished before Admunsen finally completed a journeyof the passage during the period from 1903 to 1905.During 1958 and 1959, the American nuclear submarine Nautilus completed ajourney from the Atlantic to the Pacific under the Arctic icecap, as part of thecelebration of the International Geophysical Year. In 1969, the icebreakerManhattan "humped" its way across the Northwest Passage.There must be a lesson here someplace. The success of the Nautilus and theManhattan probably says something about the wisdom of tackling toughproblems with appropriately powerful tools. Until such tools are available,one’s prospects for success may be no better than Hudson’s.There appear to be approaches on the horizon that address some of theuniform access issues mentioned above. Delegation-based object-orientedlanguages may allow some of the sorts of per instance manipulations that aredifficult in Smalltalk. (See [Lieberman 86] and [Ungar 87].) Techniques like

275the use of (database style) views [Garlan 86] and metaclass manipulations likereflection [Maes 87] might have allowed some of the goals of my original,ambitous data management ideas to be realized.O 2 Programming is Easy. O2 Design is HardI think I might summarize my experiences with object-orientedprogramming and design as follows: object-oriented programming is easier.Much easier. Object-oriented design is harder. Much harder.Once one has put in the necessary time to master the class libraries, routineprogramming tasks seem to take remarkably little time. I found that theaggregate handling capabilities of the Collection hierarchy in particular savedme enormous amounts of time. I found myself making statements like: "Idon’t write symbol table managers anymore. I’m a Smalltalk programmer. Ihave the Dictionary classes." In fact, my subjective impression was thatprogramming time itself ceased to be a major determinant of how long itwould take me to accomplish a programming task. Instead, the processseemed to become completely design limited.The reasons for the difficulty of object-oriented design do not reflect poorly onit, though, since they result from the fact that object-oriented techniquesallow one to address much more difficult problems than were here-to-foreaddressable.(On those occasions where I’ve felt at ease taking a short-sighted, slash andburn attitude towards Smalltalk programming, I’ve found that quick-and-dirty design can be just as easy as quick-and-dirty programming. It is thisaspect of Smalltalk that, I would guess, makes it popular for prototyping.)Certainly a major reason that object-oriented programming is design limitedis one that has already been discussed at length here: the tension betweensimplicity and task specificity on one hand vs. generality and potential futureapplicability on the other hand. Since polymorphism and inheritancecombine to make efforts to make a component more general much more

276likely to pay off, the designer can do worse than spend time considering whathe or she might do achieve such generality.Another reason that object-oriented design takes time is the great wealth ofdesign alternatives that can be brought to bear on a given problem. In atraditional system, the designer might bemoan the fact that there is simply nogood way to resolve a given design difficulty. In an environment likeSmalltalk’s, there might be several different ways of approaching a givenproblem, each with its own strengths and weaknesses. The thoughtfuldesigner must attempt to weigh all such alternatives. Selecting from amongsuch an embarrassment of alternatives can be time consuming. Whetherthere are no solutions or an infinite number of solution to a linear system,the determinant of that system will still be zero.It is these sorts of design decisions that can make object-oriented design bothaggravating and exhilarating. A tune by the new wave band Devo summedthis dilemma up nicely with the lines:What we’ve got is freedom of choiceWhat we want is freedom from choiceThe need to arbitrarily relax design constraints can haunt the designer whencombined with attempts to generalize components to meet hypotheticalfuture requirements. One is often left with the vague feeling that each fork inthe design road, however innocuous, might be the one that preempts somemajor unseen design simplification somewhere down the road. It is for thisreason that it is frequently better to allow general components to emerge fromexperience rather that to attempt to design them in a strictly top-downfashion.The final reason for the difficulty of object-oriented design is simply thatthese techniques that allow us to confront complex, design bound problemsthat have been beyond the reach of conventional programming techniques.For example, the problems of deciding where to trade-off design simplicityand generality in certain components don’t arise to the same extent in

277conventional systems, since the same high reuse potential is simply notthere.It would seem object-oriented techniques offer us an alternative to writingthe same disposable programs over and over again. We may instead take thetime to craft, hone, and perfect general components, with the knowledge thatour programming environment gives us an the ability to reexploit them. Ifdesigning such components is a time consuming experience, it is also the sortof experience that is aesthetically satisfying. If my alternatives are to roll thesame rock up the same hill every day, or leave a legacy of polished, testedgeneral components as the result of my toil, I know what my choice will be.

278Chapter VII -- ConclusionThe challenges associated with application environments characterized byrequirements that evolve rapidly are not well addressed by traditionalsoftware design and software engineering techniques. The use of object-oriented frameworks fills the large gap that exists between applicationprograms and application independent components, and provides a pathalong which applications may evolve as they mature. By allowing bothapplication skeletons and components to serve as the roots of frameworks,object-oriented inheritance allows previously application specific skeletons tobe generalized, and currently application independent components to betailored to specific applications. The reuse potential of both is hence greatlyincreased. A higher reuse potential, in turn justifies a higher level of effort topolish and perfect such components, since any application that uses such acomponent will benefit from such changes. Inheritance hierarchies provide away in which one can manage the evolution of a family of relatedapplications as they diverge.Frameworks promise to have their greatest impact where the need toconfront volatile requirements is the greatest: in scientific researchprogramming (such as neural network simulation, for example), in certainrealtime embedded application domains, and in experimental user interfaceprototyping environments, to name but a few.Frameworks, along with other approaches made possible by object-orientedtechniques (such as our Plumbing-Support classes), seem to promise to be ofmajor benefit in realtime application environments, despite potentialperformance problems. This is because performance is but one of therequirements that distinguishes realtime environments from more prosaicapplication domains.The Battery simulation described herein, along with the CPL Battery workthat preceded it, have conclusively convinced me that object-orientedtechniques and systems can be of major benefit to designers andimplementors of realtime scientific laboratory packages. The use of object-

279oriented frameworks turned what would have been a disjoint collection ofindividual applications into an integrated system with a high degree of codesharing. This economy, in turn, allowed effort to be expended on "luxuries"like a better user interface, including menus and a help system. It alsoallowed each application to share more complex data encoding and datamanagement schemes, and a table driven parameter editor. These in turnallowed each application to implement a wider range of experimental designsthan would otherwise have been possible. I believe that none of this wouldhave been feasible without the framework-based structure present in bothBattery implementations.My experience with the resilience of these techniques in the face of newdesign requirements has been very positive The hierarchical Batteryframeworks have gracefully accommodated dramatic alterations in theoriginal requirements, such as the addition of digitized speech stimuli and avariety of complex realtime displays. These features, once added, areavailable to all the experimental designs that might benefit from them.The original Battery experience is evidence as well that object-orientedtechniques can be of enormous utility even when no object-oriented languageis available.Designing to facilitate change requires a great deal of care and foresight.Design must be seen not as a stage that occurs near the start of the softwarelifecycle, but as a process that pervades it. Object-oriented tools andtechniques make it much more likely that an investment in design time andeffort will be repaid in terms of greater system generality. There are fewfeelings more gratifying to the software designer than realizing that throughprudence and foresight, one has at hand components that solve nearly all ofwhat would otherwise have been a tedious reimplementation of some boiler-plate piece of code. Object-oriented frameworks and careful design cantogether help to bring about such a pleasant state of affairs where such anoutcome would otherwise not have been possible.

280R e f e r e n c e s [Apple 84]Apple Computer, Inc.Lisa Toolkit 3.0Apple Computer, Cupertino, CA[Apple 85]Apple Computer, Inc. (] Rose et. al.)Inside Macintosh Volumes I, II, and IIIAddison-Wesley, Reading, MA, 1985[Apple 86]Apple Computer, Inc. (Dan Ingalls et. al.)Smalltalk-80 for the Macintosh Version 0.3Apple Programmer’s and Developer’s AssociationRenton, WA, 1986[Bassett 87]Paul G. BassettFrame-Based Software EngineeringIEEE Software, Volume 4 Number 4, July 1987 pages 9-16[Beyer 75]Terry BeyerFLECS User ManualU. of Oregon, Eugene, OR, 1975[Bhasar 86]K. S. Bhasar, J. K. Pecol) and J. L. BeugVirtual Instruments: Object-Oriented Program SynthesisOOPSLA ’86 Proceedings(Object-Oriented Programming Systems, Languages and Applications)Portland, OR, September 29-October 2 1986, pages 303-314[Boehm 85]Barry W. BoehmA Spiral Model of Software Development and EnhancementTRW tech. report 21-371-85TRW Inc. 1985

281[Borning 79]Alan BorningThingLab -- A Constraint Oriented Simulation LaboratoryTechnical Report No. SSL-79-3Xerox Palo Alto Research CenterJuly 1979[Borning 82]A. H. Borning and D. H. H. IngallsA Type Declaration and Inference System for Smalltalk9th POPL, 1982, 133-141[Borning and O’Shea 86]A. Borning and T. O’SheaDeltaTalk: An Empirically and Aesthetically Motivated Simplificationof the Smalltalk-80 Languageunpublished. 1986[Borning 86]Alan BorningClasses versus Prototypes in Object-Oriented LanguagesProceedings of the ACM/IEEE Fall Joint Computer ConferenceDallas, TX, November 1986, 36-40[Brooks 75]Frederick P. BrooksThe Mythical Man-Month: Essays on Software EngineeringAddison-Wesley, Reading MA, 1975[Brooks 87]Frederick P. BrooksNo Silver Bullet: Essence and Accidents of Software EngineeringIEEE Computer, Vol. 20, No. 4, April 1987[Brown 84]Dave BrownWhy We Did So Badly in the Design PhaseSoftware Engineering Notes, Volume 9, Number 4,July 1984, pages 58-60[Chernicoff 85]Stephen ChernicoffMacintosh Revealed Volume One: Unlocking the ToolboxMacintosh Revealed Volume Two: Programming with the ToolboxHayden, Hasbrouck Heights, NJ, 1985

282[Cook 87]William R. CookA Denonational Semantics of Inheritance (Extended Abstract)Brown University, 23 July 1987[Cox 86]Brad CoxObject-Oriented Programming: An Evolutionary ApproachAddison-Wesley, 1986[Deutsch 83]L. Peter DeutschThe Dorado Smalltalk-80 Implementation:Hardware Architecture’s Impact on Software ArchitectureIn Glenn Krasner, Smalltalk-80: Bits of History, Words of AdviceAddison-Wesley, Reading, MA, 1983[Donchin 75]Emanuel Donchin and Earle F. HeffleyMinicomputers in the Signal Averaging LaboratoryAmerican Psychol 30: 299-312, 1975[Donchin 81]Emanuel DonchinSurprise! ... Surprise?Psychophysiology 19: 493-513, 1981[DeRemer 76]Frank DeRemer and Hans H. KronProgramming-in-the-Large Versus Programming-in-the-SmallIn AFIPS Conference Proceedings, pages 425-430, AFIPS, 1975.NCC 1975, Anaheim, CA[Duncan-Johnson 77]Connie Duncan-Johnson and Emanuel DonchinOn Quantifying Surprise:The variation in event-related potentials with subjective probabilityPsychophysiology: 14: 456-467, 1977[Fairley 85]Richard E. FairleySoftware Engineering ConceptsMcGraw-Hill, New York, NY, 1985

283[Foote 85]Pearl II Subroutine LibraryCPL Technical ReportCognitive Psychophysiology Laboratory, Dept. of PsychologyUniversity of Illinois at Urbana-ChampaignNovember 1985[Foote 87]Brian FooteA Smalltalk-80 Protocol BrowserCS327 (Software Engineering) Class ReportDept. of Computer Science, University of Illinois at Urbana-Champaign17 May 1987[Garlan 86]David Garlan (CS, CMU)Views for Tools in Integrated EnvironmentsIFIP WG2.4 International Workshop on Advanced ProgrammingEnvironmentsTrondheim, Norway, June 1986[Goldberg 76]Adele Goldberg and Alan Kay, editorswith the Learning Research GroupSmalltalk-72 Instruction ManualXerox Palo Alto Research Center[Goldberg 83]Adele Goldberg and David RobsonSmalltalk-80: The Language and its ImplementationAddison-Wesley, Reading, MA, 1983[Goldberg 84]Adele GoldbergSmalltalk-80: The Interactive Programming EnvironmentAddison-Wesley, Reading, MA, 1984[Halbert 87]Daniel C. Halbert and Patrick D. O’BrienUsing Types and Inheritance in Object-Oriented ProgramsIEEE Software, to appear, 1987

284[Harrison 86]William Harrison (CS Dept. IBM T. J. Watson Research Laboratory)A Program Development Environmentfor Programming by Refinement and ReuseProceedings of the Nineteenth Annual Hawaii InternationalConference on System Sciences, 1986[Heffley 85]Earle F. Heffley, Brian Foote, Tony Mui and Emanuel DonchinPearl II:Portable Laboratory Computer System for PsychophysiologicalAssessment using Event Related Brain PotentialsNeurobehavioral Toxicology and Teratology,Volume 7, pp. 399-407, 1985[Hooper 86]Kristina HooperArchitectural Design: An Analogy in User Centered System Designin User Centered System DesignEdited by Donald A. Normal and Stephen W. DraperLawrence Erlbaum Associates, Hillsdale, NJ, 1986[Ingalls 78]Daniel H. H. IngallsThe Smalltalk-76 Programming System Design and Implementation5th ACM Symposium on POPL, pp. 9-15Tucson, AZ, USA, January 1978[Jacobson 86]Ivar Jacobsen(Ericsson Telecom and Swedish Institute for Computer Science)Language Support for Changable Realtime SystemsOOPSLA ’86 Proceedings(Object-Oriented Programming Systems, Languages and Applications)Portland, OR, September 29-October 2 1986, pages 377-384[Johnson 86a]Ralph E. Johnson and Simon KaplanTowards Reusable Software Designs and ImplementationsProceedings of the Workshop onFuture Directions in Computer Architecture and SoftwareMay 5-7, 1986, Seabrook Island, Charlston, SCSponsored by the Army Research Office (ARO)

285[Johnson 86b]Ralph E. JohnsonType-Checking SmalltalkOOPSLA ’86 ProceedingsObject-Oriented Programming Systems, Languages and Applications)Portland, OR, September 29-October 2 1986, pages 315-321[Johnson 88]Ralph E. JohnsonDesign for Reuse (draft)University of Illinois, Dept. of Computer Science[Kaiser 87]Gail E. Kaiser and David GarlanMelding Software Systems from Reusable Building BlocksIEEE Software, Volume 4 Number 4, July 1987 pages 17-24[Kay 79]Alan C. KayProgramming Your Own ComputerThe World Book Science Annual, 1979World Book/Childcraft International Inc., Chicago, IL[Kerhighan 76]Brian W. Kernighan and P. J. PlaugerSoftware ToolsAddison-Wesley, 1976[Knuth 84]Donald E. KnuthLiterate ProgrammingComputing Journal 27, 2 (1984), 97-111[Kransner 83]Glenn KrasnerSmalltalk-80: Bits of History, Words of AdviceAddison-Wesley, Reading, MA, 1983[Lehman 76]M. M. Lehman and L. A. BeladyA model of large program developmentIBM System J., 15(3), 225-52, 1976

286Lehman 80]M. M. LehmanPrograms, life cycles and the laws of software evolutionProc. IEEE 68(9), 1060-76, 1980[Lieberman 86b]Henry LiebermanUsing Prototypical Objects to Implement Shared Behaviorin Object-Oriented SystemsOOPSLA ’86 ProceedingsObject-Oriented Programming Systems, Languages and Applications)Portland, OR, September 29-October 2 1986, pages 2-4-223[Lientz 80]B. Lientz and E. SwansonSoftware Maintenance ManagementAddison-Wesley, Reading, MA, 1980[Lubars 86]Mitchell D. LubarsA Knowledge-based Design Aid for the Construction of SoftwareSystemsPh. D. Thesis, Dept. of Computer ScienceUniversity of Illinois at Urbana-ChampaignUIUCDCS-R-86-1304[Maes 87]Pattie Maes (Vrije Universiteit Brussel)Concepts and Experiments in Computational ReflectionOOPSLA ’87 Proceedings(Object-Oriented Programming Systems, Languages and Applications)Orlando, FL, October 4-8 1977 pages 147-155[McCracken 82]Daniel D. McCracken and Michael A. JacksonLife Cycle Concept Considered HarmfulSoftware Engineering Notes, Volume 7, Number 2,April 1982, pages 29-32[Mittal 86]Sanja Mittal, Daniel G. Bobrow, and Kenneth M. KahnVirtual Copies: At the Boundary Between Classes and InstancesOOPSLA ’86 Proceedings(Object-Oriented Programming Systems, Languages and Applications)Portland, OR, September 29-October 2 1986, pages 159-166

287[Nestor 86]John R. Nestor (Software Engineering Institute, Carnigie-Mellon U.)Toward a Persistent Object Base1986[O’Shea 86]Chair: Tim O’Shea, with Kent Beck, Dan Halbert and Kurt J. ScmuckerPanel on: The Learnability of Object-Oriented Programming SystemsOOPSLA ’86 Proceedings(Object-Oriented Programming Systems, Languages and Applications)Portland, OR, September 29-October 2 1986, pages 502-504[Parikh 84]Girish ParikhWhat is Sofware Maintenance Really? What is in a Name?Software Engineering Notes, Volume 9, Number 2,April 1984, pages 114-116[Parikh 85]Girish ParikhSOFTWARE MAINTENANCE NEWSSoftware Engineering Notes, Volume 10, Number 2,April 1985, pages 58-60[Pascoe 86]Geoffrey A. Pascoe (Productivity Products International)Encapsulators: A New Software Paradigm in Smalltalk-80OOPSLA ’86 Proceedings(Object-Oriented Programming Systems, Languages and Applications)Portland, OR, September 29-October 2 1986, pages 341-346[Pressman 82]Roger S. PressmanSoftware Engineering: A Practitioner’s ApproachMcGraw-Hill, New York, NY, 1982[Riddle 84]William E. RiddleThe Magic Number Eighteen Plus or Minus Three:A Study of Software Technology MaturationSoftware Engineering Notes, Volume 9, Number 2,April 1984, pages 21-37

288[Ross 85]Douglas T. Ross (SofTech, Inc.)Applications and Extensions of SADTIEEE Computer, April 1985[Schmucker 86]Kurt J. SchmuckerObject-Oriented Programming for the MacintoshHayden, Hasbrouck Heights, NJ, 1986[Smith 87]Randall B. SmithExperiences with the Alternate Reality Kit:An Example of the Tension Between Literalism and Magic.CHI+GI 1987 Conference Proceedings[Sommerville 85]Ian SommervilleSoftware Engineering (Second Edition)Addison-Wesley, Reading, MA, 1985[Stambaugh 87]Thomas M. StambaughA Distributed Application Environment: An ArchitectureInstitute for Research in Information and Scholarship (IRIS)Brown University, 1987[Stefik 86a]Mark Stefik and Daniel G. BobrowObject-Oriented Programming: Themes and VariationsAI Magazine 6(4): 40-62, Winter, 1986[Stefik 86b]M. Stefik, D. Bobrow and K. KahnIntegrating Access-Oriented Programming intoa Multiprogramming EnvironmentIEEE Software, 3, 1 (January 1986), 10-18[Sternberg 69]Saul SternbergMemory Scanning:mental processes revealed by reaction time experimentsAm Scientist 57: 421-457, 1969

289[Stroustrup 86]Bjarne StroustrupThe C++ Programming LanguageAddison-Wesley, Reading, MA, 1986[Tracz 87]Will TraczResuability Comes of AgeIEEE Software, Volume 4 Number 4, July 1987 pages 6-8[Ungar 87]David Ungar and Randall B. SmithSelf: The Power of SimplicityOOPSLA ’87 Proceedings(Object-Oriented Programming Systems, Languages and Applications)Orlando, FL, October 4-8 1977 pages 227-242[Zdonik]Stanley B. Zdonik (Brown U.)Version Management in an Object-Oriented Database