1Providing Intellectual Focus To CS1/CS2Timothy J. Long, Bruce W. Weide,Joe HollingsworthMurali Sitaraman, Steve EdwardsPaolo Bucci, David S. GibsonComputer ScienceComputer Science andComputer and Information ScienceIndiana UniversityElectrical EngineeringThe Ohio State UniversitySoutheastWest Virginia UniversityColumbus, OH 43210New Albany, IN 47150Morgantown, WV 26506{long,weide,bucci,dgibson}@cis.ohio-state.edujholly@ius.indiana.edu{murali,edwards}@cs.wvu.eduTechnical report OSU-CISRC-9/97-TR42September 1997Copyright ' 1997 by the authors. All rights reserved.AbstractFirst-year computer science students need to see clearly thatcomputer science as a discipline has an important intellectualrole to play and that it offers deep philosophical questions,much like the other hard sciences and mathematics; that CS isnot �just programming�. An appropriate intellectual focus forCS1/CS2 can be built on the foundations of systems thinkingand mathematical modeling, as these principles are manifestedin a component-based software paradigm. We outline some ofthe main technical features of this approach to CS1/CS2 andreport preliminary observations from our experience with it.

21IntroductionThe biology professor can start his first-year course byannouncing, �Biology is the study of life. Everything wedo in this class is directly related to this theme.� Whatdoes the computer science professor announce at this point?Academic computer scientists are of several minds regardingthe first-year sequence for computer science (CS) majors,CS1/CS2. The most popular approaches are:¥a �traditional� approach following ACM/IEEE curricu-lum recommendations, i.e., CS1 comprises an intro-duction to programming and CS2 an introduction toabstract data types, data structures, and some more ad-vanced algorithms;¥a �breadth-first� approach for CS1 surveying the intel-lectual landscape of CS, followed by more program-ming content in CS2; or¥a �software engineering� approach emphasizing soft-ware project organization principles and practices.Perhaps this divergence of opinion reflects the relativeyouth of CS as a discipline; perhaps diversity here, aselsewhere, is a positive thing; or perhaps none of these isultimately the right approach to the introductory sequence.CS ought to be competitive with other major academicdisciplines in the marketplace of ideas, not just skills �even at the introductory level. Whatever the approach toCS1 and CS2, there should be a fundamental intellectualtheme which is clearly visible to students, which providesfocus for the entire sequence, and which transcends currentfashion and thereby stands the test of time.Whether current versions of CS1/CS2 feature such a clearintellectual basis is a matter of opinion. Here is ours. Inthe traditional approach to CS1/CS2, textbooks often at-tempt to weave a unifying theme around one or more of themajor programming paradigms. Despite this, it seems thata satisfactory intellectual perspective for the whole of CSdoes not come across clearly, if at all. In fact, this ap-proach might reinforce the popular view that CS is justabout programming. Perhaps those advocating the breadth-first approach hold the same opinion and, thus, their moti-vation. On the other hand, turning to the breadth of CS forintellectual focus begs an important question. CS students,at some point in their education, must master (amongmany other things) the content of the traditional approachto CS1/CS2. What will be the intellectual theme for thismaterial when it finally appears? In other words, a surveyof CS provides context but no immediate intellectual themefor the discipline. A software engineering perspective onCS1/CS2 brings more to the table, such as explicit consid-eration of the software life cycle and of software process.But does it carry with it an intellectual foundation for CS?We do not see it.At institutions such as ours it is important not to overlookthe practical value of CS1/CS2. Most of our studentswork at part-time or full-time jobs or internships. Theyinsist that we not stray too far from that which is directlyuseful. The good news is that CS1/CS2 can have rich andfoundational intellectual themes even while emphasizingutilitarian principles and practices of software engineering.Pieces of such themes run through many current efforts inCS1/CS2. Our appeal here is to explicitly acknowledgethese themes, to integrate and structure the content ofCS1/CS2 around them, and to make students explicitlyaware of them. In this way, the introductory CS sequencecan be intellectually well-founded, for all to see.In articulating an intellectual theme for CS1/CS2, weconcentrate on relating principles and practices of softwaredesign to an underlying conceptual (i.e., mathematicallywell-founded) framework that exposes how we should thinkabout software. The central question for the first-yearsequence becomes: How should we use this conceptualmodel of software to help us design software that exhibitsessentially desirable properties; i.e., according to whatdiscipline should we build software?At some level all serious work in software, whether in in-dustry or in academia, must address this issue. The remain-der of this paper describes how we base the structure andcontent of CS1/CS2 around a particular conceptual frame-work and the software discipline it suggests. Aspects of allthree of the most popular approaches to CS1/CS2 can beseen in the resulting first-year sequence.2Conceptual FrameworkWhat is the central intellectual role of CS as a discipline?We argue that it is the study and application of languagesand methods for making precise and understandable descrip-tions of things [11, p. 3]. Traditional programming is oneway to describe �how to� do something (an engineer�sviewpoint). It is equally important to precisely and under-standably describe �what is� (a scientist�s and/or mathe-matician�s viewpoint) [1].2 . 1 Systems and Mathematical ModelingTwo well-known techniques turn out to be indispensable �indeed, inevitable � in making precise and understandabledescriptions of both kinds:¥systems thinking, i.e., understanding �things� as�systems� which can be viewed from the outside as in-divisible units, or from the inside as compositions ofother such systems (a.k.a. subsystems); and¥mathematical modeling, i.e., not settling for merequalitative descriptions of systems, but creating unam-biguous formal descriptions using mathematics.We do not tell students that CS invented these ideas. Wepoint out that the intellectual leverage which CS brings tothem is a new degree of precision sufficient to communi-cate complex ideas even to the dumbest machines, and anappreciation for understandability that comes from the prac-tical need for ordinary mortals to maintain enormouslylarge and complex software systems.

3Example from:Term:Traditional imperativeparadigmTraditional object-ori-ented paradigmComponent-based soft-ware paradigm abstract componentprocedure or function headerabstract base class, interface,signature, APIabstract template or instance,i.e., specification concrete componentprocedure or function bodyclass definitionconcrete template or instance,i.e., implementation design-time behavioralrelationshiprefers to (uses)refers to (uses), inherits fromextends, implements,encapsulates, ...

composition mechanismprocedure or functioninvocationmethod invocationtemplate instantiation,operation invocation

Figure 1 �˚Component-based software terminology, with focus of Section 3 highlighted2 . 2 Component-Based SoftwareOur software design and development paradigm is that ofcomponent-based software [3, 8]. A software com-ponent is a description of system behavior, where the�system� might be a complete end-user application or anyof its subsystems. An abstract component describes anoutsider�s, or client�s, view of a system: a specification.A concrete component describes an insider�s, or im-plementer�s, view of a system: an implementation.Abstract and concrete components bear various design-time behavioral relationships [4, 5] to one anotheras they sit, ready to be used, in a library of reusable soft-ware components. Available composition mecha-nisms allow clients and implementers to put togethercomponents selected from the library, either to create morecomplex components to populate the library or to buildcomplete applications.Ordinary programs apparently fit neatly into this termino-logical framework. Figure 1 illustrates this with mappingsfor two other popular paradigms as well as for ours. But intraditional approaches, important aspects of software gener-ally are left implicit and imprecise. Specifically, the be-havioral � as opposed to merely structural � features ofabstract components usually are described using wishfulnaming or, at best, using natural language comments asspecifications [10]. The many varieties of design-timebehavioral relationships between components usually arenot teased out, so the intended meanings of important com-ponent relationships remain imprecise or language-depen-dent. For example, Meyer [7] documents 12 different�forms� (i.e., possible valid uses and therefore meanings) ofthe �inherits from� relationship that pervades OO software.Moreover, where precise descriptions do appear, they in-evitably take the form of programming language code,which is often hard to understand. At least, it is hard forother humans to understand; �code� works well for commu-nicating with a computer, but unfortunately also for �con-cealing� information from other humans.So, we emphasize several objectives in CS1/CS2, all aris-ing from the focus on precision and understandability:¥viewing everything through the lens of systems think-ing;¥using formal mathematical models to make precise thedescriptions in abstract components, as well as thosein concrete components;¥explicitly and precisely describing design-time behav-ioral relationships between components;¥reasoning modularly about client usage based on ab-stract components (i.e., without concern for theconcrete components that implement them), and onsubstitutability properties deducible from the design-time behavioral relationships between components; and¥designing, specifying, and implementing componentsusing a disciplined approach that supports modular rea-soning.These objectives � plus an overriding desire to make alldescriptions understandable to other humans � support ourview of the intellectual role of CS and set the intellectualtheme for CS1/CS2.3Behavioral RelationshipsFigure 1 highlights one unique technical feature of thecomponent-based software paradigm: its set of very specificdesign-time behavioral relationships [4, 5]. In this sectionwe discuss three such relationships: extends, implements,and encapsulates. Four others, uses, checks, specializes,and instantiates, also are introduced in CS1/CS2.The RESOLVE discipline [8] is language-neutral but ob-ject-based. We have adapted it to encode its principles inC++ [8, 11] and in Ada [5, 6, 8, 9]. Students at OSU andIUS learn the RESOLVE/C++ discipline, while those atWVU learn RESOLVE/Ada. Details that follow are fromthe RESOLVE/C++ discipline, where most abstract com-ponents are encoded as class templates; a few are ordinary

4classes. Abstract components are like �abstract baseclasses� in OO, but each abstract component also includesformal model-based behavioral specifications for the pro-vided type and operations [8]. Most concrete componentsalso are class templates; a few are ordinary classes.Concrete components contain implementation details.We partition CS1/CS2 by the roles students play:¥In CS1, students act as component clients who selectabstract and concrete components from the library tosolve application problems. They compose existingconcrete components by template instantiation, therebygaining access to new types and operations. Then theydeclare objects of these types and call the operationsavailable for them, writing code that looks like whatother C++ programmers might write. The emphasis ison how to use the descriptions in the abstract compo-nents (which the concrete components implement) toreason about the behavior of client programs, and onhow to extend the functionality of existing compo-nents with additional operations.¥In CS2, students continue to select abstract andconcrete components from the component library. Butnow they also act as component implementers by en-capsulating compositions of existing components intonew concrete components. These new components canthemselves be put into the library for future use.There is at least one other important role which studentsshould learn � designing new abstract components � butwe do not attempt to practice this in the first-year sequence.3 . 1 CS1 ContentFigure 2 shows a typical pattern of design-time behavioralrelationships between components as seen in CS1. Thisfigure is called a component coupling diagram(CCD) because its purpose is to document the coupling be-tween a given component and all other components uponwhich its behavior depends. Abstract components areshown with rounded corners and concrete components as or-dinary rectangles. Design-time behavioral relationships ap-pear as annotated arrows between components.The Partial_Map component family in Figure 2 comprisesclass templates in a C++ component library which togetherdefine what is typically called �symbol table� behavior.One special abstract component (Partial_Map_Type) de-scribes the mathematical model of an underlying program-ming type, and each of several other components (e.g., Par-tial_Map_Define) extends it by describing an operation tomanipulate objects of that type. A kernel abstractcomponent (e.g., Partial_Map_Kernel) bundles togetheran underlying type with a group of operations which isminimally sufficient to allow a client to observe andcontrol the value of an object of that type. ForPartial_Map there are five kernel operations.Each of possibly many concrete components (e.g., Par-tial_Map_Kernel_1a) implements an abstract component.A client programmer may select any implementation andreason about its behavior in the client program, by referringonly to the abstract component which it implements.

Partial_Map_Type

Partial_Map_Define

Partial_Map_Kernel extextPartial_Map_Size

Partial_Map_Kernel_1a impPartial_Map_Kernel_1a_C

Partial_Map_Kernel_1

Partial_Map_Put_To extPartial_Map_Put_To_1 impimpFigure 2 � CS1 design-time behavioral rela-tionshipsOften it is useful for a client programmer to create a newreusable concrete component (e.g., Partial_Map_Put_To_1)which extends an existing type with a new operation.Students do this by layering the code for the extra opera-tion on top of some existing implementation of a kernelabstraction. The small dark rectangle in Figure 2 denotes aformal template parameter to Partial_Map_Put_To_1(which is a template). The CCD indicates that the actualparameter supplied by a client when instantiating this tem-plate must implement Partial_Map_Kernel.This pattern, or �idiom�, illustrates an important use oftemplates in component-based software: decoupling. Theidea is that the code for Partial_Map_Put_To_1 works withany implementation of Partial_Map_Kernel � that imple-mentation being chosen by the client, not by the imple-menter, of Partial_Map_Put_To_1. Decoupling every con-crete component from all other concrete components byusing templates in this way maximizes reusability andminimizes code duplication.By the end of CS1, students have acted as clients of severalcomponent families. During the CS1 pilot last year atOSU we used Natural_Number, Set, Sequence, Queue,Stack, Record, Partial_Map, and a catalog of simple graph-ical user interface components.3 . 2 CS2 ContentIn CS2, a CCD similar to Figure 1 illustrates the othercomponent relationships involved. The student therebysees the considerable substructure within each kernelconcrete component (e.g., Partial_Map_Kernel_1)which implements a kernel abstraction. In particular, sucha component encapsulates some representation datastructure (e.g., perhaps a hash table or a binary search tree

5in the case of Partial_Map_Kernel). The bodies of thekernel operations are similar in syntax but different in kindfrom those encountered in CS1. They manipulate the en-capsulated representation by observing a carefully specifiedconvention (representation invariant) that permits all thekernel operations to cooperate to achieve a certain overalleffect. Specifically, what�s happening to the representationmust lie in proper correspondence (through the abstrac-tion relation) to the �cover story� in the abstract componentwhich this concrete component implements.By the end of CS2, students have acted as clients of severaladditional component families. During the CS2 pilot lastyear at OSU we added List, Array, Binary_Tree, and severallanguage-processing component families designed for afairly large project in which the task was to develop a sim-ple logic programming system. Students also have acted asimplementers of several component kernels. During the pi-lot last year at OSU we had them represent a Queue as aList, a Sequence as a Record of two Stacks, a Partial_Mapas an Array of Queues of Records (using hashing), Listsand Binary_Trees using �raw C++� pointers, and several ofthe logic programming project components as Binary_Treesand Partial_Maps composed in rather sophisticated ways.4Status and ObservationsWe have been refining this basic approach to CS1/CS2 fora few years at all three of our institutions. We have experi-mented with many variations, e.g., the degree of formalityof specifications, the connections between CCDs and otherdiagrams and programming language code, the roles of tem-plates, at what point to move students from being clientsto being implementers. We have just completed a one-yearpilot at OSU and WVU with FIPSE and NSF support, willrefine it this year, and expect IUS and a few smallerinstitutions to pilot our updated course materials during1998-99. Most of our course materials are available on theweb. Please contact the authors for information.Too few students have completed the pilot sequence so farto provide statistically significant results comparing thenew approach with our previous (traditional) CS1/CS2.But based on preliminary examination of formal evaluationdata, anecdotal evidence, and instructor feedback regardingstudent performance and attitudes, we have observed twoimportant positive things about the technical content:¥Students have relatively little trouble learning to usemodel-based formal specifications to reason aboutclient program behavior [10]. By using pictures and�manipulatives� such as plastic cups and blocks, weare easily able to explain the mathematical theoriesused in specifications � integers, strings, tuples, sets,trees. Even assertions with quantifiers become under-standable with a bit of practice. Perhaps this shouldnot be surprising. After all, these assertions are nomore formal than the code which students routinelylearn not just to read, but to write, in programminglanguages. We often provide only formal specifica-tions and expect CS2 students to be able to understandthem. Most are able to do this without naturallanguage supplements, even under exam conditions.¥Students have relatively little trouble understandingtemplates. In fact, by the end of CS2 their answers toexam questions and attitudinal surveys indicate notonly an understanding of templates but an amazingappreciation of their importance for component-basedsystems. For example, one student wrote at the end ofour CS2 pilot this summer: �What I have learned themost about in this sequence is the use of templates...I never worked with them before this course but now Ican�t imagine using a language that did not havethem.� Several students wrote similar comments.From the experience so far we have concluded that, througha spiral approach, CS1/CS2 students can learn and ap-preciate the importance of two main driving forces of CS�˚precision and understandability � and two of the mostimportant techniques which CS offers for achieving them.We have noticed a few problems with this approach toCS1/CS2, which we currently seek to overcome:¥Some students fail to see why we are not teachingthem exactly what (they think) employers want themto know: traditional C++ programming. Especiallythose few who already have programmed in C++ tendto balk at having to be more rigorous about, e.g., be-havioral specifications. So one challenge is to makesure students realize that the real CS1/CS2 objective isto lay the foundation for a 35 year computing career,not to providing training for their next co-op job.¥Combining templates and inheritance is relatively newfor the popular programming languages we use (C++and Ada) and, therefore, for their compilers. We havebeen able to overcome all such problems so far bycareful compiler selection and a few workarounds, butthe portability of code suffers somewhat as a result.¥It is important to have sophisticated tool support, e.g.,for relating CCDs to programming language code. Wehave been designing improved tools [2] and are nowimplementing some that we will pilot this year.We have been able to cover essentially all the traditionalCS1/CS2 topics (programming style, algorithms, datastructures) that we formerly taught, by using them as thebasis for sample components and assignments. By movinggradually from small individual lab projects to two-persongroups and larger projects as the year progresses, we moti-vate the major non-technical as well as technical principlesand practices of software engineering. And although we donot consciously seek a breadth-first experience, the effort toprovide students with a firm intellectual and philosophicalfoundation for CS leaves them exposed to a variety of top-ics not always mentioned in a traditional CS1/CS2: syntaxand semantics of natural vs. formal languages, systemsthinking, explicit mathematical modeling, HCI issues andGUI components, loop invariants, systematic testing, radixrepresentation of natural numbers, logic programming, etc.

65AcknowledgmentWe gratefully acknowledge financial support from our owninstitutions, from the National Science Foundation undergrants CCR-9311702, DUE-9555062, and CDA-9634425,from the Fund for the Improvement of Post-SecondaryEducation under project number P116B60717, and from theDefense Advanced Research Projects Agency under projectnumber DAAH04-96-1-0419 monitored by the U.S. ArmyResearch Office. Any opinions, findings, and conclusionsor recommendations expressed in this paper are those of theauthors and do not necessarily reflect the views of theNational Science Foundation, the U.S. Department ofEducation, or the U.S. Department of Defense.6References[1]Abelson, H., and Sussman, G.J. Structure andInterpretation of Computer Programs. MIT Press,Cambridge, MA, 1985.[2]Bucci, P. Conceptual Program Editors: Design andFormal Specification. Ph.D. diss., Dept. of Comp.and Inf. Sci., The Ohio State Univ., Columbus,1997.[3]Edwards, S.H. A Formal Model of SoftwareSubsystems. Ph.D. diss., Dept. of Comp. and Inf.Sci., The Ohio State Univ., Columbus, 1995.[4][Edwards 97] Edwards, S.H., et al. Software compo-nent relationships. In Proc. 8th Annual Workshopon Software Reuse, Columbus, OH, 1997.[5]Gibson, D.S. Behavioral Relationships BetweenSoftware Components. Ph.D. diss., Dept. ofComp. and Inf. Sci., The Ohio State Univ.,Columbus, 1997, to appear.[6]Hollingsworth, J.E. Software Component Design-for-Reuse: A Language-Independent DisciplineApplied to Ada. Ph.D. diss., Dept. of Comp. andInf. Sci., The Ohio State Univ., Columbus, 1992.[7]Meyer, B. The many faces of inheritance: a tax-onomy of taxonomy. IEEE Computer 29, 5 (1996),105-108.[8]Sitaraman, M., and Weide, B.W., eds. Component-based software using RESOLVE. ACM SoftwareEng. Notes 19, 4 (1994), 21-67.[9]Sitaraman, M. An Introduction to Software En-gineering Using Properly Conceptualized Objects,WVU Publications, 1997.[10]Sitaraman, M., et al. Teaching the Essential Roleof Mathematical Modeling in Understanding andReasoning About Objects. Tech. report OSU-CISRC-9/97-TR43, Dept. of Comp. and Inf. Sci.,The Ohio State Univ., Columbus, Sept. 1997.[11]Weide, B.W. Software Component Engineering,OSU Reprographics, Columbus, 1997.