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An Object-Centered Approach to Designing ProgrammingEnvironmentsYi-Jing Lin and Steven P. ReissDepartment of Computer ScienceBrown University, Box 1910Providence, RI 02912September 6, 1993AbstractTraditional software development environments havebeen tool-centered. Artifacts of a software system areusually grouped according to the tools that handlethem instead of logical units. This makes the devel-opment, maintenance and reuse of software di�cult.Besides, since the software development process is di-vided into smaller tasks according to the tools beingused, this approach su�ers great performance deterio-ration when the software scales up, as each tool has tomanage a larger amount of data.In this research we present an alternative approachto designing programming environments, in which soft-ware artifacts related to a software component are or-ganized as an object, and then the software develop-ment process is centered around this kind of objects.With this approach, programmers will be able to or-ganize a software system according to the logical rela-tions between its components. Software reuse and co-operative programming will be more natural and theperformance of the programming environment will notdeteriorate as badly as in the traditional environments.In this paper, we describe the model of this newapproach, and compare it with the traditional ones.We also present an programming environment calledPOEM, which is being developed at Brown Universityto verify our ideas. Compared with existing environ-ments, the framework we present here is a paradigmshift from the procedural approach to the object-oriented approach.Key Words: Software Engineering Environment,Delegation, Version Framework, Distributed Object-Oriented System

1 IntroductionIn traditional programming environments, software de-velopment process is centered around a set of tools.Di�erent aspects of software engineering are carriedout by di�erent tools, and di�erent tools usually havedi�erent views of a software system. An editor sees asystem as a set of �les; a building tool sees it as a de-pendency graph with source data and derived objects;a manual browsers sees it as a collection of function-alities; and a visualization tool may see it as a set ofinterrelated software components. Most of these viewsdo not re
ect the logical structure of a software system,and the mappings between these views are complex butimplicit. It is usually the programmer's responsibilityto map di�erent views used by di�erent tools.Besides, in a large software system, software arti-facts are usually organized according to the tools thatmanage them. Source programs are usually put intothe same directory because they are managed by edi-tors; binary �les are put into another directory becausethey are all generated by compilers and used by linkeditors and loaders; document �les are put into yet an-other directory because they are managed by documentbrowsers. Under this kind of organization, directoriesand �les are the major organizers, but they do not nec-essarily correspond to a clear-cut software component.Di�erent parts of an abstract software component, likeits source, its binary code, and its documents, are scat-tered in several locations.This kind of organization makes the developmentand maintenance of software more di�cult. On onehand, related data and information are not broughttogether. Special e�ort should be paid to �nd all parts1



of a software component. This makes software reuseand cooperative programming more complex. On theother hand, vast amount of irrelevant information maydistract programmers from solving the real problemsat hand. Most users of an on-line manual system haveexperienced getting lost in manuals with too many ir-relevant details, or wasting time reading informationthat is already known. It is also common to feel frus-trated when trying to �nd the de�nition of a functionin a large program.To solve these problems, we propose a new frame-work for building programming environments in anobject-centered style. In this kind of environments,things are organized around individual software com-ponents instead of a set of tools. Each software com-ponents is represented as an object with a set of at-tributes. These attributes include data items, like itssource code, object code, and documentation. Theyalso include the operations that manages the softwarecomponents, like editing source �les, generating ob-ject �les from source code, and fetching the associatedmanuals. The development of software is carried outby manipulating these objects.This approach has several advantages over tradi-tional ones. First, by encapsulation, the internal com-plexity of a software component is hidden from itsclient. A cleaner and more standard interface of soft-ware components makes reuse easier. Potential reuserscan access the documents without knowing their in-ternal format, generate object code from source codewithout knowing the process of making, and incorpo-rate them into new systems without knowing the loca-tions of individual header �les, object �les, and manualpages.Second, by using links as attributes of these objects,the organization of software systems is more 
exible.Di�erent structures can be imposed on the same set ofsoftware components simultaneously. A software com-ponent can be reused by multiple projects, or sharedby di�erent programmers working on the same project.We can also de�ne di�erent kinds of links on the samekind of objects, so that programmers may have multi-ple logical views on the same program.Third, the performance of such an environment willnot deteriorate like traditional ones do when the targetsoftware system scales up. Because the complexity ofsoftware modules are hidden behind simple interfaces,it will not add up as more modules are used in a soft-ware system. Each module sees only the submodulesit directly uses. All the indirectly used modules are

hidden from it. In other words, programmers and toolscan view a program at di�erent level of abstraction. Ateach level only the related information is presented.Fourth, this object-centered approach also makes thecustomization of a programming environment easier.Because the interface and the implementation are sep-arated by encapsulation, di�erent tools with similarfunctionalities can replace one another without a�ect-ing other parts of the environment. Because inheri-tance allows incremental modi�cation with backwardcompatibility, new environments can be built upon ex-isting ones while ensuring that they can communicatewith each other. This allows an environment to betailored for di�erent people and di�erent working pat-terns.And last but not least, this approach makes programvisualization easier, as the mapping between internaland graphical representations is inherently simpler inthe object-oriented paradigm. It is easier to design agraphical interface that allows programmers to browseand manipulate a software system graphically.Although this framework works in a object-orientedstyle, it is not limited to object-oriented programming.It can be used for other programming paradigms aslong as the software components in those paradigmcan be represented as objects in the environment. Forexample, an object in the environment can be used torepresent a function in the C language or a class in theC++ language.2 An Overview of POEMTo give readers some ideas about how a program-ming environment designed with our approach willlook like, we begin our discussion by giving an overviewof POEM. POEM (for Programmable Object-centeredEnvironMent) is a programming environment cur-rently under development at Brown University to ver-ify our ideas.The design of POEM is based upon two observa-tions. First, an e�ective software development is bestaccomplished by decomposing a software system intorecursively contained modules. Second, software ismore than the source programs. A complete softwaresystem also contains speci�cations, source programs,binary code, documents, development history, statisti-cal data, and so on.In POEM, all software artifacts that are directly re-lated to an software component are organized into an2



object called software unit. A software unit has anidentity and contains a set of attributes. An attributecan be either a data member or an operation. Exam-ples of operations are source code, header �les, manu-als, and object code; examples of operations are edit,compile, make, and read-manual. Programmers de-velop and utilize a software unit through its operationsinstead of directly accessing its data members.Figure 1 illustrates a simple software unit that repre-sents a C function. It contains some links that point to�les and other software units, and a set of simple datamembers that describe its properties. It also containsa set of operations that operate on its data members.A software unit may use other software units as itssubmodules. This relation is kept by the child links.With the child links, a large system can be organized asa set of interconnected software units. Figure 2 showsan example. The root software unit solve equationsrepresents the whole system. All the other softwareunits are its direct or indirect children.The source �le associated with a software unit maybe a logical �le that maps to parts of a physical �le. Aphysical �le is partitioned into atomic spans, and thensets of spans form these logical �les. Figure 3 showsthe relation between logical �les, spans, and physical�les. A client of a software unit sees only the code thatis directly related.In POEM, building a software system is carried outin a recursive fashion. The making of derived objects iscarried out by the make operation associated with eachsoftware unit. When invoked, this operation sends amake message to each child of the software unit.Afterall the child software units �nished their own make op-erations, the parent's make operation builds its derivedobjects from its local data and children's derived ob-jects. Figure 4 illustrates this procedure. It is equiva-lent to a post-order traversal of a directed acyclic graph(DAG).Version control in POEM is also done in terms ofsoftware units. There can be multiple versions of thesame software unit, and a versioned software unit canuse other versioned software units as submodules. Fig-ure 5 illustrates the versions in a software system.A software unit can reuse another existing softwareunit simply by creating a child link that points to it.By doing so, the whole submodule represented by theexisting software unit is reused. This includes not onlythe source code and object code, but also the docu-ments, the associated operations, and all the submod-ules, etc. If the reused software unit is versioned, the
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Figure 4: The making of a software unit is carried outby recursively sending the make message to its descen-dants.
TimeFigure 5: Versions of a software system.
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reuser also gets all the versions. An example of reusinga software unit is shown in Figure 6.Developing a large system usually requires the co-operative work between multiple programmers. Usingsoftware units also helps in this case. Figure 7 showsan example in which two programmers are developinga software system cooperatively. In this example, eachprogrammer is responsible for a major submodule, anduses a separate software unit to represent his view ofthe whole system. A programmer will usually chooseto use the experimental version of his own submodule,and the older but more stable version of the other'ssubmodule. By doing so, the workspace of each pro-grammer is insulated from the frequent changes of theother ones.In this example, a third software unit is created torepresent the workspace of the group. It uses the sta-ble versions of both submodules and keeps the commondata for the whole system. The "common data " mayinclude the executable, the documents that describethe whole system, and the source code and object codeof the main procedure that coordinates the operationof the submodules. Since the same kind of informa-tion is also required by the workspaces of individualprogrammers, the main software units used by bothprogrammers are actually "shadows" that delegates tothe main software unit of the group. Delegation lets asoftware unit to share others' data while allowing lo-cal modi�cation. The mechanism of delegation will bediscussed in more details in next section.3 The FrameworkThe framework of POEM is a three level structure, asillustrated in Figure 8. At bottom, the data layer iswhere the unstructured software artifacts are stored.In the middle, the object layer consists of virtual ob-jects that reference items in the data layer and theobject layer. At the top, the application layer containsinterfaces to the external world.The data layer is basically the �le system of the un-derlying operating system. Source code, object code,documents, and other data items are stored in �les anddirectories. POEM also has mechanisms to support theuse of logical �les, which reference parts of a textual�le.The virtual objects in the object layer are mainlysoftware units. We call them virtual objects insteadof simply objects because they usually do not directly4
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fileFigure 8: The three-layer framework of POEM.contain data. Instead, they organize the raw infor-mation and data within a programming environment,and present the organized information as encapsulatedobjects.The application layer contains user interfaces andinterfaces to other systems. They are clients of the ob-jects in the object layer. New interfaces can be addedat any time. A user interface lets a programmermanip-ulate objects in POEM. An interface to other systemsmakes the data in POEM available to other programs.

3.1 Virtual Objects and ClassesSoftware units are virtual objects. De�nition of virtualobjects in our framework is similar to that of object inmost other object-oriented systems. Each of them hasa unique identity and contains a set of attributes. Anattribute may be either a data member or an operation.The internal state of a software unit is determined col-lectively by all of its data members, while its behav-ior by all the operations. Software units communicatewith each other through messages. A message is ac-cepted by an software unit if and only if it matches oneof the software unit's operations.Virtual objects di�er from the \conventional" ob-jects in that their data members may be links that ref-erence data in the data layer, and their operations usu-ally work directly on these referenced data. Because areferenced data item may be referenced by other vir-tual objects as well, it is not really hidden from outsideaccesses. Sharing of data between software units playsan important role in POEM. It is not only a way tosave space, but also a method of communicating be-tween software units.Software units belong to classes. A class is a tem-plate from which objects are created. All softwareunits of the same class have the same set of attributes.To increase 
exibility, we provide users with the mech-anism to de�ne new classes instead of a �xed set of pre-de�ned classes. Di�erent classes of software units maybe de�ned to meet the need of di�erent programminglanguages and di�erent CASE tools. A programmer5



may also customize software units to meet his specialneeds.De�nition of classes can be reused through inheri-tance. Inheritance is not only a method to eliminaterepetitive work, but also a mechanism to guaranteecompatibility between di�erence classes. Classes de-rived from the same ancestor class are ensured to con-tain the operations de�ned by their common ancestor.This guarantees the compatibility between customizedsoftware units.An software artifact referenced by a link of an objectcan be either a source data item or a derived data item.Source data items contain the essential information ofan object. Deletion of an source data item leads to lossof information. Derived data items are derived fromother source data items referenced by the same object.Deletion of a derived data item can be recovered byprocessing the source data items; it does not involveinformation loss. Derived data items can sometimesbe considered as the performance optimizers.3.2 Relation between Software UnitsSoftware units may reference one another throughlinks. Di�erent kinds of links can be de�ned to repre-sent di�erent relations between software components.For example, a software unit representing a class maycontain a link that represents the inheritance relation,and other ones that represent the part-of relations. Ifmultiple links are de�ned in software units of a pro-gram, multiple views are available for programmers.Empirical study shows that multiple-view software de-velopment may promote productivity signi�cantly [1].Among the possible links that can be de�ned, childlink, as described in the previous section, plays a spe-cial role in our framework. It de�nes the structureused by system building and version control, and cor-responds to the module-submodule relation in softwaredecomposition.As there is no de�nite way to decompose a softwaresystem[2], there is no de�nite way to de�ne the childlinks. We only impose the restriction that the childlinks should not form cycles, and the structure formedby the child links should re
ect the process of buildinga software system.Since the child links cannot form cycles, all the soft-ware units and their child links together form a di-rected acyclic graph (DAG). In our framework, a mod-ule is de�ned as the set of all software units that arereachable through child links from a certain software

unit. According to this de�nition, each software unituniquely decides a module, and each module consists ofa connected DAG of software units. The software unitthat decides a module is called the module's root soft-ware unit. Software units that are directly referencedby the root software unit correspond to the module'sdirect submodules.In procedural languages, this relation usually coin-cides with the calling relations between procedures, butthey are not always the same. for example, a proce-dure that calls itself is not considered as a submoduleof itself; two procedures that call each other are con-sidered as sibling submodules instead of a parent-childpair. Therefore, if we want to keep the calling rela-tions in a software system, we should represent it as aseparate attribute of each software unit.In object-oriented languages, parent-child relationsusually run in parallel with the part-of relations andinheritance relations. A class used as a part of a newclass de�nition is considered as a submodule. A par-ent class in the inheritance hierarchy, interestingly, willusually be considered as a child.Other than software units representing submodules,a software unit usually directly reference a set of soft-ware artifacts in the data layer. These artifacts maybe source and object code of the main routine, or doc-uments that describe the whole module. We call theseartifacts the local data of a software unit.Operations of a software unit usually form pairs, oneof which applies to its local data and the other appliesto the whole module. for example, the compile oper-ation builds the local derived objects; the make oper-ation builds derived objects of the whole module. Alocal copy copies a software unit along with its localdata; a module copy copies all software artifacts of amodule. Operations that operate on the whole modulecan be de�ned in a recursive style. Messages request-ing the same operation are sent to all the child softwareunits.To build the derived objects of a certain module, theroot software unit usually needs the local data of itschild software units, which include header �les, object�les and libraries. The root software unit can get thelocation of these objects by sending query messages toits child software units. Sometimes, a submodule alsoneeds the local data of its parent module. For exam-ple, constants and global variables of a module may bede�ned in a header �le which is shared by all its sub-modules. A submodule can similarly get the locationof these shared objects by sending query messages to6



its parent.Modules that do not need data from their parentsare called autonomous modules. An autonomous mod-ule is ready for reuse. It is not necessary to rebuildits derived objects when it has a new parent. On theother hand, a non-autonomous module uses data of itsparent. It needs an explicit link pointing to its parentso that it knows where to get the necessary informa-tion. Its derived objects have to be rebuilt when themodule is reused.3.3 DelegationIf we directly reuse a non-autonomous software unit, itscontents usually become invalid for the original system,as its derived objects will be rebuilt and its parent linkmust be modi�ed. If we copy the whole software unitbefore reusing, extra space will be needed, and updateson the original software unit will not be known to thereuser even when it is desired. Ideally, we should createa shadow software unit that shares most data with theoriginal software unit but has its own copy of parentlink and derived objects. This kind of shadow softwareunits are also very useful in a cooperative programmingenvironment. As shown in the example of Figure 7,a programmer usually needs to \reuse" the modulesdeveloped by other members of a programming team.To capture the behavior of these shadow objects, thedelegation model [3] [4] [5] is a natural candidate. Thedelegation mechanism is proposed as an alternative tothe mechanism of classes and inheritance. An instancemay share data and behavior with the prototype it del-egates to while having its own local modi�cations.Delegation gives us great 
exibility. It enables in-cremental modi�cations at the object level, allows de-pendencies between objects, and decreases the storedinformation by sharing. However, it usually resultsin a chaotic and ine�cient environment. Firstly, be-cause instances can rede�ne the attributes of the pro-totypes, there is no guarantee of \upward compatibil-ity." That is, what is true of the prototypes mightnot be true of the instances. Secondly, the seman-tic complexity of the system will increase greatly. Be-cause all objects can serve as prototypes, and the pro-totypes have no knowledge about the existence of theirinstances, modi�cations of any existing objects mightcause some unpredictable changes of behavior of otherobjects. Knowing where the value of a certain attributeis stored becomes important, but it is hard because thevalue might be embedded deeply in arbitrary levels of
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instance ofFigure 9: The hybrid model with both inheritance anddelegation.delegation. Thirdly, a delegation system will be slowerthan an inheritance system, because the stored valuesof attributes should be found at run-time, and theremight be multiple levels of indirections (delegations)between an object and the stored values.In contrast, the class-inheritance model gives usersmore manageability at the expense of 
exibility. It dis-cerns the roles of classes and those of objects. Classesseparate structure and behavior concerns from that ofrun-time computation. All objects of the same classare guaranteed to have the same behavior pattern.However, even with the class variables supported bysome inheritance systems, the sharing of data at ob-ject level is quite limited. Without using class vari-ables, sharing of data between two objects has to beimplemented by creating a separate object that storesthe common values; using class variables, all objects ofthe same class have to share a single value. The in-heritance model does not support asymmetric sharingeither.Since neither the delegation model nor the inheri-tance model will ful�ll our requirements, our solutionto this predicament is to use a hybrid model. We im-pose the restriction that delegation only be applied tothe instance variables, but not to the operations. Thatis, an object can delegate the values of its instance vari-ables to another object and thus share the variable, butit cannot delegate its operations to another object toshare the behavior. Furthermore, all the operationsshould be de�ned on classes. Objects are not allowedto de�ne their own operations. Figure 9 illustratesthe relation between objects and classes in this hybridmodel.Under this model, the incremental modi�cation and7



sharing of values are done at the object level, whilethe incremental modi�cation and sharing of behaviorare done at the class level. While the values can bemanaged 
exibly, the behavior of objects are still pre-dictable because operations are stored in the classes,which are de�ned at the design time and are not sub-ject to frequent changes. Besides, all the objects of aclass have the same behavior pattern.3.4 Logical FilesOne of the major goals of our framework is to let pro-grammers work directly with logical units. When ex-amining the source code of a software unit, what theprogrammers see should be the source code of the soft-ware unit, and nothing else.One way to achieve this goal is to store each logicalunit in a separate �le. For example, if a program con-sists of several procedures, we can store each procedurein a separate �le. This approach is simple and straight-forward, but it has some disadvantages. Finer granu-larity usually causes overhead in system building, andit fails for programming languages with nested scop-ing. In a language like Pascal, because logical unitsmay include one another, it is impossible to store eachlogical unit in a separate �le.Therefore, we still keep several logical units in a sin-gle �le, but use a logical �le system to create the illusionof �les with single software unit. The logical �le sys-tem is a mappingmechanism built on top of current �lesystems. It logically divides a physical �le into severalmutual exclusive spans, and then maps each logical �leto a set of spans. When reading from the physical �le,it �lters out the irrelevant information; when editingthe content of logical �les, it maps the modi�cationback to spans in the physical �le.The disadvantage of this approach is that we needa specially designed editor to manipulate these logical�les. This editor should use services from the logical�le system instead of the underlying physical �le sys-tem. It should also help mapping from logical �les tospans.3.5 Version ControlSince our framework is aimed to support a logical or-ganization of software systems, it is necessary that ourversion control framework is de�ned in terms of soft-ware components instead of �les and directories. Asstated in section 3.2, software units of a module and

their child links form a DAG rooted at a single soft-ware unit. Consequently, our version control frame-work is de�ned in terms of this DAG structure.Our version control framework begins with the ver-sioning of atomic objects in the data layer. An atomicobject is a software artifact that does not contain orreference any other versioned object. It cannot overlapwith other atomic objects, either. Object �les are ex-amples of atomic objects. For a source program or doc-ument, if no logical �le is mapped into it, the whole �leis considered an atomic object. Otherwise, the spansde�ned by the logical �les are atomic objects.The versioning of atomic objects is straightforward.A �xed version is a semantically meaningful snapshotof an object. Applying a checkout operation on a�xed version generates a new active version. The newactive version is said to be derived from the �xed ver-sion. It correspond to the present time and is muta-ble. Applying a checkin operation on an active ver-sion turns it into a immutable �xed version. Multiplecheckout operations can be applied on the same �xedversion to create branches. Two �xed objects on dif-ferent branches can be merged to create a new activeversion. In short, all version instances of an atomicobject with their is-derived-from relations form aDAG, in which all internal nodes are �xed versionsand leaf nodes can be either �xed versions or activeversions.We also de�ne the is-a-descendant-of rela-tion as the re
exive and transitive closure ofis-derived-from. Formally,De�nition 3.1 For an atomic object, an version X isa descendant of another version Y if and only if1. X equals to Y , or2. X is derived from Y , or3. X is derived from Z, and Z is a descendant of YAtomic objects are referenced by software units ei-ther directly or indirectly through logical �les. Interms of version control, logical �les can be thoughtof a special case of software units. They referenceatomic objects and are referenced by other softwareunits. Therefore, all the following discussions and def-initions about software units also apply to logical �les.A version of a whole module can be represented bya version of its root software unit. In this framework,links between objects are represented as (object name,version ID) pairs. Each of these pairs uniquely de-cides a version instance. Then, since a software unit8



uniquely decides a module, a version of a software unitalso uniquely decides a version of the module it repre-sents.Properties and operations of a versioned softwareunit are de�ned in terms of the objects it references.De�nition 3.2 A version of a software unit is a �xedversion if and only if1. the contents of its data members, which includelinks, are immutable.2. all the local data and software units it referencesare of �xed versions.Otherwise, it is an active version.Again, a �xed version of a software unit representsan immutable snapshot of the whole module; an activeversion represents the present time and is subject tochanges. A checkout operation can only be applied to�xed versions. A checkin operation can be applied toboth active versions and �xed versions, but it has noe�ect in the latter case.De�nition 3.3 Applying a checkin operation on asoftware unit is equivalent to:1. applying checkin operations to all the local dataand software units it references, and2. make its data members immutable.De�nition 3.4 Applying a checkout operation on asoftware unit is equivalent to:1. applying the checkout operation to all the localdata and software units it references, and2. creating a copy of the software unit and make allits links point to the versions newly created in step 1.De�nition 3.5 For two versions X and Y of a soft-ware unit U, X is a descendant of of Y if and only if1. For each local data item P referenced by Y, the cor-responding object P' referenced by X is a descendantof P.2. For each child software unit S of Y, there is a cor-responding software unit S' which is a child of X andis a descendant of S.This de�nition implies that if X is a descendant ofY , the DAG of the software artifacts rooted at X isisomorphic to the one that rooted at Y , and each nodein the X's DAG is a descendant of the correspondingnode in Y 's DAG.This version framework is similar to that ofPCTE+[6]. But while PCTE+ uses stable links to con-trol the updates of objects, �xed version and active

version are properties directly associated with objectsin our framework.4 ComparisonObject-oriented paradigm has attracted much interestbecause it achieves data abstraction, scalability, andcode reuse in a natural way. It also makes coarse-grainconcurrency easier. Although our framework some-what deviates from the \standard" object-orientedparadigm, most of these properties are retained. Inthis section, we examine how these principles can beapplied to the design of a programming environment,and compare this object-centered approach with thetraditional approaches.4.1 Structures of Software SystemsSoftware units are the information organizers in ourframework. A software unit corresponds to an abstrac-tion, and it brings together all the related software ar-tifacts. Because software development is carried out interms of these units, programmers are directly dealingwith logical units like functions, classes, and modules.In contrast, in traditional environments programmershave to deal with physical entities like tools, �les, direc-tories, and line numbers. The necessity of dealing withthese things only distracts programmers from solvingthe real problems.Attributes of a software unit provide di�erent viewsof an abstraction. For examples, documentation givesthe informal description, header �les correspond to aformal speci�cation, source code is the implementa-tion, and object code is in a directly usable form. Prop-erties like the development status, the underlying pro-gramming language, target machine architecture, andkeywords can also be de�ned as simple attributes. Allthe information helps a programmer to understand asoftware unit.Our approach also helps to get rid of irrelevant in-formation. By using logical �les, programmers canwork on an individual function or class without beingbothered by other code that happens to reside in thesame source �le. By encapsulating submodules into au-tonomous software units, their implementation is hid-den from the development consideration at a higherlevel.The lack of associations between related software ar-tifacts in traditional environments has long been rec-9



ognized. A popular approach to solving this problem isto use a hypertext system [7] [8]. A hypertext systemhas the 
exibility to establish links between any twoarbitrary software artifacts. However, too many unre-stricted links in a software development environment isjust like too many goto statements in a program, theybring the navigation problems and cognitive overhead.Compared with this hypertext approach, our approachorganizes software in a more hierarchical way. A soft-ware system is �rst decomposed into software units,and then into individual software artifacts. All thelinks leading to individual software artifacts originatefrom the software units instead of other software arti-facts.4.2 ScalabilityThe key to manage complexity is divide-and-conquer,that is, dividing a large task into smaller ones and en-capsulating the internal complexity of these smallertasks with simple interfaces. This is important notonly for programmers, but also for the performance ofa programming environment. It reduces the amount ofdata to be managed at the same time.In traditional environments, the software develop-ment process is divided into smaller ones according tothe tools used. Editors, compilers, build systems, ver-sion control systems, and CASE tools all carry out aportion of the development process. As a software sys-tem becomes larger, the number of subtasks, which isequivalent to the number of tools used, does not in-crease. Each tool thus has to manage a larger amountof data with a more complex structure. This causesperformance deterioration.In contrast, in our framework the software develop-ment process is divided into the development of indi-vidual software units. As a software system becomeslarger, there will be more software units but each soft-ware unit does not become larger. A software unitsees only its parent software unit and the child soft-ware units it directly uses. The internal complexity ofsubmodules is hidden behind the abstract operationsof software units.Some advanced programming environments use alarge centralized database to keep information anddata of software systems being developed [9] [10] [11].These environments usually support more and betterfunctionalities than traditional ones. But as the tar-get software system becomes larger, the database alsobecomes larger. This simply leads to more overhead.

That is the reason why some such environments workvery well for small and medium size projects, but notso well for larger ones.In our framework, not the whole system is necessaryto be loaded in at once. If we are working on a mod-ule, only its corresponding software unit and those ofits submodules are essential. The loading of other soft-ware units can be done in a lazy-evaluation style. Ifsearching of information is required, the DAG of soft-ware units that represents a module gives a naturalboundary of search space.4.3 ConcurrencyThe demand for concurrency in a programming envi-ronment comes from two sources. For individual pro-grammers, concurrency is desired because it speeds upthe execution of tasks. For cooperative programming,concurrency is required to allow multiple programmersto work simultaneously.Software development involves a lot coarse butrather independent tasks. Editing, compiling, andlinking all have relatively long life span. These coarsegrain tasks are ideal for parallel execution as there isnot much communication between them. Each taskcan be bound to a process and executed concurrentlyas long as they do not access the same data items.Object-oriented paradigmmakes concurrency easier.The autonomy of objects makes them a natural unitfor concurrent execution. Since data members are localto an object, each object can execute its operations in-dependently. By replacing synchronous messages withasynchronous messages, an object-oriented system canbe parallelized without much modi�cation.Concurrent execution in our framework is furthersimpli�ed as a software unit cannot directly containother software units. If we impose the restriction thatonly one thread of control be allowed in a softwareunit, operations on the same data can be e�ectivelyserialized.However, some extra mechanism and restriction arerequired as the result of our deviation from the stan-dard object-oriented model. Because software artifactsreferenced by links are not directly contained in soft-ware units, they are not really hidden from outsideaccesses. To guarantee correct concurrent executions,we should either restrict the sharing of these data oruse some locking mechanisms.10



4.4 Graphical User InterfaceGraphical interfaces enable users to grasp the big pic-ture of a complex system quickly. During the devel-opment of a software system, it helps to understandthe structure of software and the relationship betweenconcepts.Designing a graphical user interface for an object-oriented system is easier than for a procedural sys-tem. The mapping between internal representationsand graphs is basically one-to-one. A software unitcan be represented as a node in a graph. Its at-tributes, such as type, language and owner, can berepresented as graphical attributes of the node, such ascolor, shape, and size. The relations between softwareunits can be represented as edges between the nodes.Operations of a software unit can be represented as theitems in the associated pull-down menu.Because this mapping is one-to-one, using a graph-ical user interface to edit the structure of a module isas straightforward as to browse it. A programmer cangraphically build the skeleton of a module by creatinga DAG of software units. Flesh of this skeleton can be�lled in later by invoking operations associated witheach software unit.4.5 Other Related WorkField [12] and SoftBench [13] allow a programmerto browse an existing software system in terms of log-ical units. Users can also visualize the interaction be-tween abstractions at run time. But in these systems,software is organized in the traditional way insteadof around these logical units. The mapping betweenlogical units and programs is achieved through specialmechanisms.Versioning of composite objects is not common inexisting programming environments, but has beenwell discussed in the design of computer-aided designdatabases. Katz gave a good overview of these re-searches in [14]. In these systems, components of acomposite object are associated by individual links in-stead of links from a single object. This leads to amore complex version control framework.There are also languages and systems aimed to sup-ply a generic environment for the development of dis-tributed object-oriented systems. Emerald [15] is astrongly typed object-oriented language that supportslocation-independent invocation and object migration.DOWL [16] supplies similar features but claims to ex-

cel by some rather subtle advantages. Amber [17]augments a subset of C++ with primitives to manageconcurrency and distribution. PCTE and PCTE+supply a public tool interface to support the con-struction of software engineering environments. Theseworks address several issues that are important in theimplementation of POEM.5 ConclusionWe have presented the basic ideas of an object-centeredapproach to designing programming environments. Weillustrated how an object-centered programming envi-ronment should look like, discussed its models, andcompared it with the traditional environments. Wealso presented some of the potential challenges to thiskind of programming environments.Compared with the traditional tool-centered ap-proach, our object-centered approach is just in its in-fancy. There is still a long way to go before it can attainthe same level of maturity as the traditional ones have.But with the inherent advantages as discussed in thispaper, we believe that the object-centered approach isvery promising, and it will become a major player inthe world of software engineering.

11



References[1] Scott Meyers and Steven P. Reiss, \An Empiri-cal Study of Multiple-View Software Develpment,"Proceedings of the Fifth ACM SIGSOFT Sym-posium on Software Develpment Environments 17(December 1992), 41{46.[2] Ian Sommerville, Software Engineering, 3rd ed.,Addison Wesley, Wokingham, England, 1989.[3] Henry Lieberman, \Using Prototypical Objects toImplement Shared Behavior in Object OrientedLanguages," ACM OOPSLA'86 (Sep. 1986).[4] David Ungar and Randall B.Smith, \Self: ThePower of Simplicity," ACM OOPSLA'87 (Oct.1987).[5] Lynn Andrea Stein, Henry Lieberman, and DavidUngar, \A Shared View of Sharing: The Treatyof Orlando," In Concepts, Applications andDatabases, Reading, Massachusetts (1989).[6] Gerard Boudier, Ferdinando Gallo, Regis Minot,and Ian Thomas, \An Overview of PCTE andPCTE+," Proceedings of the ACM Software Devel-opment Environments, ACM SIGSOFT SoftwareEngineering Notes 13 (Nov. 1988), 248{257.[7] James C. Ferrans, DavidW. Hurst, Michael A. Sen-nett, Burton M. Covnot, Wenguang Ji, Peter Ka-jka, and Wei Ouyang, \HyperWeb: A Frameworkfor Hypermedia-Based Environments," ACM SIG-SOFT '92: Fifth Symposium on Software Develp-ment Environments (SDES), New York, NY (De-cember 1992).[8] P. Brown, \Integrated Hypertext and ProgramUnderstanding Tools.," IBM System Journal 30(1991), 363{392.[9] Alan W. Brown, \Integrated Project Support Envi-ronments: The Aspect Project," The APIC Series,London, England (1991).[10] Yih-Farn Chen, Michael Y. Nishimoto, and C. V.Ramaoorthy, \The C Information Abstraction Sys-tem," IEEE Transaction on Software Engineering16 (March 1990), 325{334.[11] Premkumar Devanbu, Ronald J. Brachman, PeterG. Selfridge, and Bruce W. Ballard, \LaSSIE: AKnowledge-Based Software Information System,"Communication of the ACM 34 (May 1991), 34{49.

[12] Steven P. Reiss, \Connecting Tools Using MessagePassing in the Field Environment," IEEE Software7 (July 1990), 57{66.[13] M.R. Cagan, \The HP SoftBench Environment:An Architecture for a New Generation of SoftwareTools.," Hewlett-Packerd Journal (June, 1990).[14] Randy H. Katz, \Toward a Uni�ed Framework forVersion Modeling in Engineering Databases,"ACMComputing Surveys 22 (December 1990), 375{408.[15] Andrew Black, Norman Hutchinson, Eric Jul,Henry Levy, and Larry Carter, \Distribution andAbstract Types in Emerald," IEEE Transactionson Software Engineering SE-13 (Jan. 1987).[16] Bruno Achauer, \The DOWL Distributed Object-Oriented Language," Communication of the ACM36 (September 1993), 48{55.[17] J. Chase, F. Amador, E. Lazowska, H. Levy, and R.Little�eld, \The Amber system: Parallel program-ming on a network of multiprocessors.," Proceed-ings of the Twelfth ACM Symposium on OperatingSystem Principles, New York (1989).

12


