Object-Oriented Programming Environments: Requirements andApproachesWalter R. Bischofberger, Thomas Kofler, and Bruno Sch�fferUBILAB (UBS Information Technology Laboratory), Union Bank of Switzerland, Bahnhofstr. 45, CH-8021 Z�riche-mail: {bischofberger, kofler, schaeffer}@ubilab.ubs.chAbstract. The wide spread of object technology hasstrongly increased the requirements for quality andfunctionality of programming environments. In this paperwe discuss the reasons for this and work out the concretedemands for browsing, editing and executing large object-oriented software systems. We consider how to meet theserequirements with available technology, and what we canexpect in the future.Much of our experience is based on the development anduse of the C++ programming environment Sniff. Therefore,our discussion is focused on C++. Nevertheless, most of ourconclusions are valid for other programming languages,too.

Keywords: object-oriented programming, programmingenvironments, C++

1 . Introduction1For several years we have been engaged in thedevelopment of large object-oriented software systemsbased on the ET++ application framework [Wei88],[Wei89]. Working with an editor, a compiler, and adebugger, this was difficult and often tedious. Hence, wedeveloped a class browser, hoping it would help us toget a better overview of our software systems. The firstprototype was internally used and so successful that weadded development tools until we had a full-fledged C++programming environment called Sniff. At the end of1992, Sniff became a commercial product which is nowavailable for most UNIX platforms2. Since then wehave been working on the Beyond-Sniff project, a

1Published in Software—Concepts and Tools, Vol. 15,No. 2, Springer Verlag 1994.2The product version of Sniff (SNiFF+) is free foruniversities and can be downloaded by ftp from eunet.co.at(/pub/vendor/takefive) or from self.stanford.edu(/pub/sniff).platform for cooperative software development(CSCSE).After the completion of Sniff we began to reason onour experience with programming environments forobject-oriented languages and what is of general interestin this context. We present the results of this processhere, viz. discussions of:¥the impact of object-oriented programming on therequirements for a programming environment(section 2),¥what browsing really is and which aspects of asoftware system are amenable to browsing (section3-7),¥what support is necessary for the modification of asoftware system (section 8),¥the requirements for executing and debuggingsoftware systems (section 9),¥approaches for the management of large softwaresystems (section 10),¥implementation aspects which significantlyinfluence the quality of a programming environment(section 11).We illustrate our theoretical considerations withexamples taken from Sniff.Our concrete experience is derived from C++programming environments. The statements in thispaper primarily relate to these environments. Most ofour conclusions are also valid for programmingenvironments for other languages. For the sake ofbrevity, we restrict ourselves to the functionality thatcan be provided based on source code. We also refrainfrom specifying general quality criteria, unless it is ofparticular interest.1.1DefinitionWe consider a tool or a tool set to be a programmingenvironment if the tool:¥manages the components of a software system, ie,pieces of source code,¥extracts information contained in the source code andpresents it appropriately,

2Bischofberger et al: Object-Oriented Programming Environments: Requirements and Approaches¥supports modification of the source code,¥constructs and executes the software system andpresents information related to the execution.As a further important requirement, a programmingenvironment should support team-work. Since team-work is not yet well understood, we have not includedthis requirement in the definition, and we will onlytouch team-work in the sequel.2 . General Requirements due toObject-Oriented ProgrammingThe concepts of object-oriented programming havesignificant influence on the requirements for aprogramming environment. Inheritance andpolymorphism make an object-oriented software systemless readable in a linear way than a system written in aprocedural style. This is aggravated by the fact thatobjects respectively classes are relatively small units.Code reading therefore requires frequent contextswitches, which is a challenge to the navigationalcapabilities of the programming environment.Many aspects of an object-oriented system emergeonly at run-time. Therefore, a programmingenvironment has to support the inspection of objectsand object graphs at run-time, in cooperation with adebugger.Conventional software engineering is based on theassumption of a more or less sequential developmentprocess. This approach is generally known as the�waterfall model� [Boe76]. Experience has shown thatthis development process is not adequate for object-oriented systems. To illustrate this, we consider twoessential tasks in object-oriented software development,namely using and developing reusable components.The key advantage of object-oriented softwaredevelopment is that it does not start from scratch butbuilds on reusable building blocks and frameworks. Aframework not only contains reusable components butalso embodies an abstract architecture. The concretedomain-specific classes have to be embedded in thisarchitecture. This requires a thorough knowledge of thearchitecture and how the framework classes interact withthe domain specific classes, which necessitatesintensive inspection of the correspondingimplementation. As a consequence, the amount ofsource code a developer has to browse increasessignificantly which asks for an efficient programmingenvironment. In addition, the use of frameworksbelittles the importance of the design phase in theclassic sense, because a framework already represents anabstract design. The primary task is to become familiarwith a framework in order to derive and embed domainspecific classes. For this reason, the browsingcapabilities of programming environments getincreasingly important. More information onframeworks can be found, eg, in [Joh88] and [Sch86].Experience has shown that reusable building blocksand frameworks cannot be developed in a sequential top-down fashion. Johnson writes in [Joh88]: �usefulabstractions are usually designed from the bottom up,ie, they are discovered not invented�. Usefulabstractions are likely to be discovered only after a setof implementations of several similar classes. Thisleads to the creation of an abstract class, and subsequentmodification of its derived classes. Thus, design andprogramming are closely coupled and carried outiteratively. According to our experience, this activity ismostly carried out in the programming environment.We conclude that the requirements for object-orientedprogramming environments regarding navigation andvisualization of information, as well as therequirements for time and memory efficiency, aresignificantly higher than for environments forconventional procedural languages. This conclusion isillustrated by the fact that developers of object-orientedprograms typically spend much more time studying andrestructuring than writing code.3 . Browsing Software SystemsReading and understanding code is one of the mainactivities of a software developer. Goldberg writes in[Gol87]: �We read programs in order to learn to write,we read to find information, and we read in order torewrite.� The main goal of a programming environmentis to optimally support the developer with thisinformation retrieval, in the following called browsing.There are two distinct ways to browse source code,namely top-down browsing and bottom-up browsing.A developer browses a software system top-down tolearn more about its structure. A developer of an object-oriented software system can learn about classes, theirinterfaces, their relationships among each other, andtheir implementations. To accomplish this task, aprogramming environment has to collect the necessaryinformation from the source code, condense it, andpresent it appropriately.A developer browses a system bottom up to learnmore about a certain entity in the program, its purpose,and its embedding in the software system.Understanding a certain piece of code requires, forexample, knowing what variables are of which type,where they are declared, where they are referenced, whichfunctions are called, and what the definitions of thesefunctions are. During bottom-up browsing, aprogramming environment has to visualize thisimplicit hypertext structure and support its traversal.Browsing a software system not only means for aprogramming environment to answer the correspondingquestions but also to provide appropriate navigationaids. In this context, it is of interest what queries arefeasible and how the information required to provideefficient browsing options can be acquired and managed.

Bischofberger et al: Object-Oriented Programming Environments: Requirements and Approaches3The following three sections discuss the requirementsand solutions for various browsing tasks: browsingdefinition and usage of symbols (Section 4), browsingclasses (Section 5), and browsing object-orientedapplications at run time (Section 6). Section 7discusses aspects that are relevant for the browsingtasks presented in sections 4 through 6.4 . Browsing Definition and Usage ofSymbolsDuring bottom-up browsing, a developer needs to knowwhere a symbol (ie, symbol table entry such as a classor variable) is defined and where it is used. Providingthis information makes the implicit hypertext structureof a software system explicit. The C++ browser Dogma[Sam90] provides a user interface that is a good examplefor this particular notion of a hypertext.Conceptually, it is straight forward to retrieve andpresent the information about the locations wheresymbols are defined and used. The information can beretrieved from the symbol table or extracted from thesource code on demand.Programming environments can be distinguished onhow they support a developer who does not knowexactly what he or she is looking for, on how theysupport a developer in filtering large amounts ofinformation, and on how they present the information.Most programming environments neglect the factthat at the beginning of a query, the developer oftendoes not know exactly what he or she is looking for(especially during top-down browsing). As aconsequence, it is important that the environment canhandle general queries which can be refinedincrementally.A programming environment has to provideappropriate filter mechanisms to help a developer tofind his way through large amounts of information.Filters can be based on regular expressions, informationabout the context of a location in the source code,information about the project structure (see 10.1), etc.The presentation of information is a matter of theuser interface and an important issue. For the sake ofbrevity, however, we will not discuss it in furtherdetail.Solution Implemented in SniffEvery Sniff browser presents the result of a query.Queries about the definition of a symbol can be basedeither on exact matches or on regular expressions. Theresult of regular expression based query are all symbolsof a certain type, the name of which matches the regularexpression. This allows a developer to ask questionssuch as: show me all classes the name of whichcontains the string �menu�.The starting-point for Sniff’s cross-referencing is thatconventional cross-referencing is too specific. Inconventional systems, a developer can ask, for example,where a certain variable is referenced. But he or she willnot find out whether there are similar variables or wherea variable is mentioned in a comment. Therefore, wedeveloped fuzzy cross-referencing for Sniff. The idea isto retrieve, in a first step, all locations that match aregular expression. If the result is too extensive, thedeveloper may apply semantic filters in a second step.Semantic filters are also based on regular expressions.A typical example for a semantic filter is: show onlythose positions where something occurs in the contextof an assignment or a comparison.With this two-step approach we can achieve almostthe same results as with conventional cross-referencing,but we can do more. An example is searching for thestring �menu� in an application framework. As a resultwe get hundreds of positions in the source code. If inthe second step the assignment filter is applied we getall positions where something is assigned to a variablewhose name contains �menu�. As long as variablesreferencing objects have reasonable names, this queryreturns (among others) all locations where a reference toa menu object is assigned to a variable. Experience withthis type of query has shown that we can achieveamazing results in various object-oriented libraries.Static Call GraphsStatic call graph browsers visualize usage relationshipsbetween functions. In a procedural software system thestatic call graph is the only meaningful informationabout the cooperation of components. This graph can bereasonably visualized in two dimensions.In object-oriented software systems, memberfunctions (methods in Smalltalk terminology) usuallyare bound dynamically. When calling an operation onan object, the selection of the member function to beexecuted depends on the type of the object. As aconsequence, the call graph has to show all possiblevariants. The graphical presentation of the call graph,therefore, gets usually so messy that it is worthless fora developer. Nevertheless, the programmingenvironment should be able to show which functionscould be executed on the invocation of a dynamicallybound member function.5 . Browsing ClassesStudying the source code of a class is not sufficient tocomprehend a class. We need to know its base classesand all classes that cooperate with it. This informationmay be distributed across any number of files butlogically belongs together. The programmingenvironment should be able to present the informationas one coherent unit.

4Bischofberger et al: Object-Oriented Programming Environments: Requirements and Approaches5.1Browsing the Inheritance GraphIn order to gain an overview of a class library it isuseful to graphically visualize the inheritance graph.Unfortunately, a simple drawing of the graph becomesunwieldy if a class library comprises hundreds ofclasses.A common solution to this problem is that the userspecifies a particular class and then a specific subgraphhe or she wants to see. In our opinion, this solution isnot satisfactory because it requires too much userinteraction.There must be a better way to restrict the number ofclasses visualized. We propose to provide filters to pickout the classes of interest.Possible filters are:¥Use the information contained in the inheritancegraph itself (eg, focusing on a certain class family,ie, an abstract class and all derived classes).¥Use regular expression matching on class names.¥Use library information (eg, focusing on the classesof a certain library).¥Use design information, such as design patterns[Gam92], to restrict the inheritance graph.Additional information can be visualized in aninheritance graph by blending it with function and datamembers (in Smalltalk terminology instance/classmethod and instance/class variable) of particular classes.We think that this is a good idea, but it leads to usefulvisualizations only if the set of shown members can berestricted in a simple and straightforward way. If this isnot possible, the overview is quickly lost.Solution Implemented in SniffSniff’s hierarchy browser visualizes a class hierarchy asa graph. The user can restrict the classes in a graph asfollows:¥to a class family, ie, a class together with its derivedclasses,¥to the classes of a certain project1,¥or to all classes whose name matches a regularexpression.In addition it is possible to explicitly hide subgraphs.The visualization of a class family is no problemsince it is just a subgraph. Difficulties may arise,however, if the classes of certain projects are hidden:this may lead to disruptions in the graph, becauseclasses which are hidden may be parents of classeswhich are still visible. The empirically found solutionfor this problem is to avoid hiding abstract classes,whereby the skeleton of the graph is preserved. Hiddenconcrete classes that have derived visible classes arecontracted to a dot. With this solution, it is possible tograsp the meaning of a large class graph or parts thereof

1Sniff allows to aggregate files into projects and to buildup a software system as a tree of projects (see also section10)quite efficiently. However, a prerequisite is that abstractclasses are marked (ie, in C++ by defining at least onepure virtual function.)Another important aspect that can be visualized in aclass graph is the overriding of member functions. Inthe hierarchy browser, all classes of a class family or allclasses that define a certain member function can bemarked.Possible EnhancementsReasonable further solutions require the availability ofdesign knowledge that cannot be extracted from thesource code. For example, it is desirable that thedeveloper can explicitly define protocols (in Smalltalkterminology method categories). A protocol is anaggregation of methods that implements a certainfunctionality for an object (eg, layout,activation/passivation etc.). On the basis of protocolsall classes that override member functions of a protocolcould be marked. These protocols could also be used forthe selection of member functions to be shown in theclass graph.5.2Browsing a Class with its Base ClassesThe study of a class is centered around its defined andinherited members (member functions and datamembers). In order to gain overview of all members ofa class, its members have to be merged with the set ofall inherited members by flattening the inheritancehierarchy. It must also be possible to apply filters.If a language has a notion of access rights formembers then this has to be taken into account as well.Solution Implemented in Beyond-SniffBeyond-Sniff’s2 class browser supports the flattening ofa class hierarchy. Figure 1 shows a class browser,focused on the class Collection. The list in the middlecontains all members and the structure view belowdisplay the inheritance hierarchy.The two icons in the list of member functionsvisualize the following information:¥The first icon indicates whether the memberfunction overrides a member function of a base class(triangle pointing left) and whether the memberfunction is overridden in a derived class (trianglepointing right).¥The second icon visualizes further attributes of amember function. A circle indicates a �regular�member function, a triangle indicates a virtual one,and a square indicates a static one.¥The shading of the geometric objects visualizes theaccess rights of the member function. White means

2Beyond-Sniff is a platform for the development ofcooperative software engineering tools. Based on thisplatform we developed Beyond-ClassBrowser, which issimilar to Sniff’s class browser but provides substantiallyrefined filtering mechanisms.

Bischofberger et al: Object-Oriented Programming Environments: Requirements and Approaches5�public�, gray means "protected", and black means�private�.Basically, the following filters can be applied to the listof members:¥Restriction to a subset of members (methodcategory) defined in the class graph.¥Restriction to all members whose name matches acertain regular expression.¥Hiding of overridden methods.a

class interface: all members that can be referenced inclasses),derived interface: all members that can be referencedoverrider interface: all overridable member functionsclass and its base classes),Beyond-Sniff browser as shown in figure 1.5.3Classesgraphically visualized, eg, by means of Booch diagrams.practice.6 . TimeET++ application framework, where the user interface isis defined by a �contains� relationship that is establishedfor a developer.

following pointer references.visualized exemplary.currently selected object. Object graphs can be inspectedreferenced object is loaded into the large subview.

are forwarded and which objects can handle these events.and [Bis92/2].Nevertheless, this solution has two basic drawbacks:

dynamically and have them visualized at run-time.developer, who has to write two macro calls for eachclass.representation at run-time.information at run-time and therefore each programmingdefine sufficient meta-information available at run-time.

time.7.2provided a simple code formatter. We were subsequentlyand the comment names the protocol).8 . 8.1Editingrelatively little time with the actual editing and thereforeinformation, even during major restructuring.this symbol has to be found and updated. This operationfor the developer.8.2Refactoringrestructuring are:Introduction of abstract classes, where these serve asmigrated to the abstract class and the derived classesway.distributed.an example, methods have to be moved between classes,of reusable software.9 . shifted, as was shown above.debugging are supported. Important quality criteria are:software system again (edit-compile-go cycle)?What information is provided by the debugger?should be available during debugging as well.

rather integrates the best suited compilers and debuggersusing a generic user interface and an adapter architecturethat mimics the interaction between user and debugger.we do not expect much progress in the near future.1 0 . Systemsartefacts belonging to a software system.10.1Definition of the Project Structurehundred thousands lines of code which usually are spreadproject structure:examining such a description.explicitly defined by means of a tool.manages only the information necessary for compiling aproject structure since the descriptive approach has moredegrees of freedom than the constructive approach.�sniff.proj�.�et3.proj� (ET++ application framework)

environments.

10artefacts.10.2Controlprogramming environment has to support a developer inthe control of source code. Most of today’s tools provideversioning and configuration management sufficiently.

developer can trigger the checkin or checkout of a file in1 1 . to extract information about definition and declaration ofquick access.environment depends on the solution chosen. Therefore,aspects we refer to [Bis92].11.1Extraction of Information from theHow is information extracted?What information is extracted?extracts the necessary information.Due to weaker requirements, a dedicated parser can besystem always up-to-date.restructuring tasks.expect any results in the near future.lines of code we expect about 20 Megabytes of data.cannot be considered due to lack of efficiency, however.

1111.2memory based data structure.DBMS provides a general purpose query processor and aenvironment in an object-oriented way. The current stateobjects are being modified.increases the requirements for high-quality programmingfurther development we can expect in the future.extendibility and efficiency.locations.cooperative software development at remote sites has toalso able to manage the wealth of bits and pieces createdthe next few years.Acknowledgementscomments on drafts of this paper and encouragement forredesigning it.1 3 . References[Bis92][Fel79]Cambridge

12[Gol87][Hel90][Joh88][Joh91]View, CA[Sch86][Tic85]July