An Introduction to Software ArchitectureDavid Garlan and Mary ShawJanuary 1994CMU-CS-94-166School of Computer ScienceCarnegie Mellon UniversityPittsburgh, PA 15213-3890Also published as �An Introduction to Software Architecture,� Advances in Software Engineeringand Knowledge Engineering, Volume I, edited by V.Ambriola and G.Tortora, World ScientificPublishing Company, New Jersey, 1993.Also appears as CMU Software Engineering Institute Technical ReportCMU/SEI-94-TR-21, ESC-TR-94-21.'1994 by David Garlan and Mary ShawThis work was funded in part by the Department of Defense Advanced Research Project Agency under grantMDA972-92-J-1002, by National Science Foundation Grants CCR-9109469 and CCR-9112880, and by a grantfrom Siemens Corporate Research. It was also funded in part by the Carnegie Mellon University School ofComputer Science and Software Engineering Institute (which is sponsored by the U.S. Department of Defense).The views and conclusions contained in this document are those of the authors and should not be interpretedas representing the official policies, either expressed or implied, of the U.S. Government, the Department ofDefense, the National Science Foundation, Siemens Corporation, or Carnegie Mellon University.Keywords: Software architecture, software design, software engineering

AbstractAs the size of software systems increases, the algorithms and data structures ofthe computation no longer constitute the major design problems. Whensystems are constructed from many components, the organization of theoverall system�the software architecture�presents a new set of designproblems. This level of design has been addressed in a number of waysincluding informal diagrams and descriptive terms, module interconnectionlanguages, templates and frameworks for systems that serve the needs ofspecific domains, and formal models of component integration mechanisms.In this paper we provide an introduction to the emerging field of softwarearchitecture. We begin by considering a number of common architecturalstyles upon which many systems are currently based and show how differentstyles can be combined in a single design. Then we present six case studies toillustrate how architectural representations can improve our understanding ofcomplex software systems. Finally, we survey some of the outstandingproblems in the field, and consider a few of the promising research directions.

C o n t e n t s 1.Introduction..................................................................................................... 22.From Programming Languages to Software Architecture..................... 32.1.High-level Programming Languages................................................................... 32.2.Abstract Data Types........................................................................................... 42.3.Software Architecture........................................................................................ 43.Common Architectural Styles...................................................................... 53.1.Pipes and Filters................................................................................................ 63.2. Data Abstraction and Object-Oriented Organization........................................... 83.3. Event-based, Implicit Invocation........................................................................ 93.4. Layered Systems................................................................................................ 113.5. Repositories....................................................................................................... 123.6.Table Driven Interpreters................................................................................... 133.7.Other Familiar Architectures............................................................................. 143.8. Heterogeneous Architectures............................................................................... 154.Case Studies...................................................................................................... 164.1. Case Study 1: Key Word in Context..................................................................... 164.2. Case Study 2: Instrumentation Software.............................................................. 224.3. Case 3: A Fresh View of Compilers..................................................................... 264.4. Case 4: A Layered Design with Different Styles for the Layers........................... 284.5.Case 5: An Interpreter Using Different Idioms for the Components........................ 304.6.Case 6: A Blackboard Globally Recast as Interpreter........................................... 335.Past, Present, and Future............................................................................... 36Acknowledgements.................................................................................................... 37Bibliography................................................................................................................. 37

Garlan & Shaw: An Introduction to Software Architecture1List of Figures1Pipes and Filters....................................................................................................... 72Abstract Data Types and Objects............................................................................ 83Layered Systems..................................................................................................... 114The Blackboard....................................................................................................... 135Interpreter................................................................................................................ 146KWIC - Shared Data Solution............................................................................. 187KWIC - Abstract Data Type Solution................................................................. 198KWIC - Implicit Invocation Solution............................................................... 209KWIC - Pipe and Filter Solution........................................................................ 2010KWIC - Comparison of Solutions...................................................................... 2111Oscilloscopes - An Object-oriented Model........................................................ 2312Oscilloscopes - A Layered Model........................................................................ 2413Oscilloscopes - A Pipe and Filter Model............................................................ 2414Oscilloscopes - A Modified Pipe and Filter Model.......................................... 2515Traditional Compiler Model............................................................................... 2616Traditional Compiler Model with Shared Symbol Table............................. 2617Modern Canonical Compiler.............................................................................. 2718Canonical Compiler, Revisited........................................................................... 2719PROVOX - Hierarchical Top Level..................................................................... 2820PROVOX - Object-oriented Elaboration............................................................ 2921Basic Rule-Based System...................................................................................... 3122Sophistocated Rule-Based System...................................................................... 3223Simplified Rule-Based System............................................................................ 3324Hearsay-II................................................................................................................. 3425Blackboard View of Hearsay-II............................................................................ 3526Interpreter View of Hearsay-II............................................................................ 36

Garlan & Shaw: An Introduction to Software Architecture21.IntroductionAs the size and complexity of software systems increases, the design problemgoes beyond the algorithms and data structures of the computation: designingand specifying the overall system structure emerges as a new kind of problem.Structural issues include gross organization and global control structure;protocols for communication, synchronization, and data access; assignment offunctionality to design elements; physical distribution; composition of designelements; scaling and performance; and selection among design alternatives.This is the software architecture level of design. There is a considerablebody of work on this topic, including module interconnection languages,templates and frameworks for systems that serve the needs of specific domains,and formal models of component integration mechanisms. In addition, animplicit body of work exists in the form of descriptive terms used informally todescribe systems. And while there is not currently a well-defined terminologyor notation to characterize architectural structures, good software engineersmake common use of architectural principles when designing complexsoftware. Many of the principles represent rules of thumb or idiomaticpatterns that have emerged informally over time. Others are more carefullydocumented as industry and scientific standards.It is increasingly clear that effective software engineering requires facility inarchitectural software design. First, it is important to be able to recognizecommon paradigms so that high-level relationships among systems can beunderstood and so that new systems can be built as variations on old systems.Second, getting the right architecture is often crucial to the success of a softwaresystem design; the wrong one can lead to disastrous results. Third, detailedunderstanding of software architectures allows the engineer to makeprincipled choices among design alternatives. Fourth, an architectural systemrepresentation is often essential to the analysis and description of the high-level properties of a complex system.In this paper we provide an introduction to the field of softwarearchitecture. The purpose is to illustrate the current state of the discipline andexamine the ways in which architectural design can impact software design.The material presented here is selected from a semester course, Architecturesfor Software Systems, taught at CMU by the authors [1]. Naturally, a shortpaper such as this can only briefly highlight the main features of the terrain.This selection emphasizes informal descriptions omitting much of the course�smaterial on specification, evaluation, and selection among design alternatives.We hope, nonetheless, that this will serve to illuminate the nature andsignificance of this emerging field.In the following section we outline a number of common architecturalstyles upon which many systems are currently based, and show how

Garlan & Shaw: An Introduction to Software Architecture3heterogeneous styles can be combined in a single design. Next we use six casestudies to illustrate how architectural representations of a software system canimprove our understanding of complex systems. Finally, we survey some ofthe outstanding problems in the field, and consider a few of the promisingresearch directions.The text that makes up the bulk of this article has been drawn fromnumerous other publications by the authors. The taxonomy of architecturalstyles and the case studies have incorporated parts of several published papers[1, 2, 3, 4]. To a lesser extent material has been drawn from other articles by theauthors [5, 6, 7].2.From Programming Languages to Software ArchitectureOne characterization of progress in programming languages and tools has beenregular increases in abstraction level�or the conceptual size of softwaredesigners building blocks. To place the field of Software Architecture intoperspective let us begin by looking at the historical development of abstractiontechniques in computer science.2.1.High-level Programming LanguagesWhen digital computers emerged in the 1950s, software was written inmachine language; programmers placed instructions and data individually andexplicitly in the computer’s memory. Insertion of a new instruction in aprogram might require hand-checking of the entire program to updatereferences to data and instructions that moved as a result of the insertion.Eventually it was recognized that the memory layout and update of referencescould be automated, and also that symbolic names could be used for operationcodes, and memory addresses. Symbolic assemblers were the result. They weresoon followed by macro processors, which allowed a single symbol to stand fora commonly-used sequence of instructions. The substitution of simplesymbols for machine operation codes, machine addresses yet to be defined, andsequences of instructions was perhaps the earliest form of abstraction insoftware.In the latter part of the 1950s, it became clear that certain patterns ofexecution were commonly useful�indeed, they were so well understood thatit was possible to create them automatically from a notation more likemathematics than machine language. The first of these patterns were forevaluation of arithmetic expressions, for procedure invocation, and for loopsand conditional statements. These insights were captured in a series of earlyhigh-level languages, of which Fortran was the main survivor.Higher-level languages allowed more sophisticated programs to bedeveloped, and patterns in the use of data emerged. Whereas in Fortran datatypes served primarily as cues for selecting the proper machine instructions,

Garlan & Shaw: An Introduction to Software Architecture4data types in Algol and it successors serve to state the programmer�s intentionsabout how data should be used. The compilers for these languages could buildon experience with Fortran and tackle more sophisticated compilationproblems. Among other things, they checked adherence to these intentions,thereby providing incentives for the programmers to use the type mechanism.Progress in language design continued with the introduction of modules toprovide protection for related procedures and data structures, with theseparation of a module�s specification from its implementation, and with theintroduction of abstract data types.2.2.Abstract Data TypesIn the late 1960s, good programmers shared an intuition about softwaredevelopment: If you get the data structures right, the effort will makedevelopment of the rest of the program much easier. The abstract data typework of the 1970s can be viewed as a development effort that converted thisintuition into a real theory. The conversion from an intuition to a theoryinvolved understanding¥ the software structure (which included a representation packaged withits primitive operators),¥ specifications (mathematically expressed as abstract models or algebraicaxioms),¥ language issues (modules, scope, user-defined types),¥ integrity of the result (invariants of data structures and protection fromother manipulation),¥ rules for combining types (declarations),¥ i nformation hiding (protection of properties not explicitly included inspecifications).The effect of this work was to raise the design level of certain elements ofsoftware systems, namely abstract data types, above the level of programminglanguage statements or individual algorithms. This form of abstraction led toan understanding of a good organization for an entire module that serves oneparticular purpose. This involved combining representations, algorithms,specifications, and functional interfaces in uniform ways. Certain support wasrequired from the programming language, of course, but the abstract data typeparadigm allowed some parts of systems to be developed from a vocabulary ofdata types rather than from a vocabulary of programming-language constructs.2.3.Software ArchitectureJust as good programmers recognized useful data structures in the late 1960s,good software system designers now recognize useful system organizations.

Garlan & Shaw: An Introduction to Software Architecture5One of these is based on the theory of abstract data types. But this is not theonly way to organize a software system.Many other organizations have developed informally over time, and arenow part of the vocabulary of software system designers. For example, typicaldescriptions of software architectures include synopses such as (italics ours):¥�Camelot is based on the client-server model and uses remote procedurecalls both locally and remotely to provide communication amongapplications and servers.�[8]¥�Abstraction layering and system decomposition provide the appearanceof system uniformity to clients, yet allow Helix to accommodate adiversity of autonomous devices. The architecture encourages a client-server model for the structuring of applications.�[9]¥�We have chosen a distributed, object-oriented approach to managinginformation.� [10]¥�The easiest way to make the canonical sequential compiler into aconcurrent compiler is to pipeline the execution of the compiler phasesover a number of processors. . . . A more effective way [is to] split thesource code into many segments, which are concurrently processedthrough the various phases of compilation [by multiple compilerprocesses] before a final, merging pass recombines the object code into asingle program.�[11]Other software architectures are carefully documented and often widelydisseminated. Examples include the International Standard Organization’sOpen Systems Interconnection Reference Model (a layered networkarchitecture) [12], the NIST/ECMA Reference Model (a generic softwareengineering environment architecture based on layered communicationsubstrates) [13, 14], and the X Window System (a distributed windowed userinterface architecture based on event triggering and callbacks) [15].We are still far from having a well-accepted taxonomy of such architecturalparadigms, let alone a fully-developed theory of software architecture. But wecan now clearly identify a number of architectural patterns, or styles, thatcurrently form the basic repertoire of a software architect.3.Common Architectural StylesWe now examine some of these representative, broadly-used architecturalstyles. Our purpose is to illustrate the rich space of architectural choices, andindicate what are some of the tradeoffs in choosing one style over another.To make sense of the differences between styles, it helps to have a commonframework from which to view them. The framework we will adopt is to treatan architecture of a specific system as a collection of computational

Garlan & Shaw: An Introduction to Software Architecture6components�or simply components-�together with a description of theinteractions between these components�the connectors. Graphically speaking,this leads to a view of an abstract architectural description as a graph in whichthe nodes represent the components and the arcs represent the connectors. Aswe will see, connectors can represent interactions as varied as procedure call,event broadcast, database queries, and pipes.An architectural style, then, defines a family of such systems in terms of apattern of structural organization. More specifically, an architectural styledetermines the vocabulary of components and connectors that can be used ininstances of that style, together with a set of constraints on how they can becombined. These can include topological constraints on architecturaldescriptions (e.g., no cycles). Other constraints�say, having to do withexecution semantics�might also be part of the style definition.Given this framework, we can understand what a style is by answering thefollowing questions: What is the structural pattern�the components,connectors, and constraints? What is the underlying computational model?What are the essential invariants of the style? What are some commonexamples of its use? What are the advantages and disadvantages of using thatstyle? What are some of the common specializations?3.1.Pipes and FiltersIn a pipe and filter style each component has a set of inputs and a set ofoutputs. A component reads streams of data on its inputs and producesstreams of data on its outputs, delivering a complete instance of the result in astandard order. This is usually accomplished by applying a localtransformation to the input streams and computing incrementally so outputbegins before input is consumed. Hence components are termed �filters�. Theconnectors of this style serve as conduits for the streams, transmitting outputsof one filter to inputs of another. Hence the connectors are termed �pipes�.Among the important invariants of the style, filters must be independententities: in particular, they should not share state with other filters. Anotherimportant invariant is that filters do not know the identity of their upstreamand downstream filters. Their specifications might restrict what appears on theinput pipes or make guarantees about what appears on the output pipes, butthey may not identify the components at the ends of those pipes. Furthermore,the correctness of the output of a pipe and filter network should not depend onthe order in which the filters perform their incremental processing�althoughfair scheduling can be assumed. (See [5] for an in-depth discussion of this styleand its formal properties.) Figure 1 illustrates this style.Common specializations of this style include pipelines, which restrict thetopologies to linear sequences of filters; bounded pipes, which restrict theamount of data that can reside on a pipe; and typed pipes, which require thatthe data passed between two filters have a well-defined type.

Garlan & Shaw: An Introduction to Software Architecture7

Data flowASCII stream

filterComputation

Figure 1: Pipes and FiltersA degenerate case of a pipeline architecture occurs when each filterprocesses all of its input data as a single entity.1 In this case the architecturebecomes a �batch sequential� system. In these systems pipes no longer servethe function of providing a stream of data, and therefore are largely vestigial.Hence such systems are best treated as instances of a separate architectural style.The best known examples of pipe and filter architectures are programswritten in the Unix shell [16]. Unix supports this style by providing a notationfor connecting components (represented as Unix processes) and by providingrun time mechanisms for implementing pipes. As another well-knownexample, traditionally compilers have been viewed as a pipeline systems(though the phases are often not incremental). The stages in the pipelineinclude lexical analysis, parsing, semantic analysis, code generation. (Wereturn to this example in the case studies.) Other examples of pipes and filtersoccur in signal processing domains [17], functional programming [18], anddistributed systems [19].Pipe and filter systems have a number of nice properties. First, they allowthe designer to understand the overall input/output behavior of a system as asimple composition of the behaviors of the individual filters. Second, theysupport reuse: any two filters can be hooked together, provided they agree onthe data that is being transmitted between them. Third, systems can be easilymaintained and enhanced: new filters can be added to existing systems and oldfilters can be replaced by improved ones. Fourth, they permit certain kinds ofspecialized analysis, such as throughput and deadlock analysis. Finally, theynaturally support concurrent execution. Each filter can be implemented as aseparate task and potentially executed in parallel with other filters.But these systems also have their disadvantages.2 First, pipe and filtersystems often lead to a batch organization of processing. Although filters can

1In general, we find that the boundaries of styles can overlap. This should not deter us fromidentifying the main features of a style with its central examples of use.2This is true in spite of the fact that pipes and filters, like every style, has a set of devoutreligious followers�people who believe that all problems worth solving can best be solved usingthat particular style.

Garlan & Shaw: An Introduction to Software Architecture8process data incrementally, since filters are inherently independent, thedesigner is forced to think of each filter as providing a completetransformation of input data to output data. In particular, because of theirtransformational character, pipe and filter systems are typically not good athandling interactive applications. This problem is most severe whenincremental display updates are required, because the output pattern forincremental updates is radically different from the pattern for filter output.Second, they may be hampered by having to maintain correspondencesbetween two separate, but related streams. Third, depending on theimplementation, they may force a lowest com-mon denominator on data transmission, resulting in added work for eachfilter to parse and unparse its data. This, in turn, can lead both to loss ofperformance and to increased complexity in writing the filters themselves.3.2. Data Abstraction and Object-Oriented OrganizationIn this style data representations and their associated primitive operations areencapsulated in an abstract data type or object. The components of this style arethe objects�or, if you will, instances of the abstract data types. Objects areexamples of a sort of component we call a manager because it is responsible forpreserving the integrity of a resource (here the representation). Objects interactthrough function and procedure invocations. Two important aspects of thisstyle are (a) that an object is responsible for preserving the integrity of itsrepresentation (usually by maintaining some invariant over it), and (b) thatthe representation is hidden from other objects. Figure 2 illustrates this style.3

objobjobjobjobjobjobjobjopopopopopopopopopopopopopopopopobj is a managerop is an invocation

ADTManager

Proc call

Figure 2: Abstract Data Types and Objects

3We haven’t mentioned inheritance in this description. While inheritance is an importantorganizing principle for defining the types of objects in a system, it does not have a directarchitectural function. In particular, in our view, an inheritance relationship is not a connector,since it does not define the interaction between components in a system. Also, in an architecturalsetting inheritance of properities is not restricted to object types�but may include connectors andeven architectural styles.

Garlan & Shaw: An Introduction to Software Architecture9The use of abstract data types, and increasingly the use of object-orientedsystems, is, of course, widespread. There are many variations. For example,some systems allow �objects� to be concurrent tasks; others allow objects tohave multiple interfaces [20, 21].Object-oriented systems have many nice properties, most of which are wellknown. Because an object hides its representation from its clients, it is possibleto change the implementation without affecting those clients. Additionally,the bundling of a set of accessing routines with the data they manipulateallows designers to decompose problems into collections of interacting agents.But object-oriented systems also have some disadvantages. The mostsignificant is that in order for one object to interact with another (viaprocedure call) it must know the identity of that other object. This is incontrast, for example, to pipe and filter systems, where filters do need notknow what other filters are in the system in order to interact with them. Thesignificance of this is that whenever the identity of an object changes it isnecessary to modify all other objects that explicitly invoke it. In a module-oriented language this manifests itself as the need to change the �import� listof every module that uses the changed module. Further there can be side-effect problems: if A uses object B and C also uses B, then C’s effects on B looklike unexpected side effects to A, and vice versa.3.3. Event-based, Implicit InvocationTraditionally, in a system in which the component interfaces provide acollection of procedures and functions, components interact with each other byexplicitly invoking those routines. However, recently there has beenconsiderable interest in an alternative integration technique, variously referredto as implicit invocation, reactive integration, and selective broadcast. Thisstyle has historical roots in systems based on actors [22], constraint satisfaction,daemons, and packet-switched networks.The idea behind implicit invocation is that instead of invoking aprocedure directly, a component can announce (or broadcast) one or moreevents. Other components in the system can register an interest in an event byassociating a procedure with the event. When the event is announced thesystem itself invokes all of the procedures that have been registered for theevent. Thus an event announcement ‘‘implicitly’’ causes the invocation ofprocedures in other modules.For example, in the Field system [23], tools such as editors and variablemonitors register for a debugger�s breakpoint events. When a debugger stops ata breakpoint, it announces an event that allows the system to automaticallyinvoke methods in those registered tools. These methods might scroll aneditor to the appropriate source line or redisplay the value of monitoredvariables. In this scheme, the debugger simply announces an event, but does

Garlan & Shaw: An Introduction to Software Architecture10not know what other tools (if any) are concerned with that event, or what theywill do when that event is announced.Architecturally speaking, the components in an implicit invocation styleare modules whose interfaces provide both a collection of procedures (as withabstract data types) and a set of events. Procedures may be called in the usualway. But in addition, a component can register some of its procedures withevents of the system. This will cause these procedures to be invoked whenthose events are announced at run time. Thus the connectors in an implicitinvocation system include traditional procedure call as well as bindingsbetween event announcements and procedure calls.The main invariant of this style is that announcers of events do not knowwhich components will be affected by those events. Thus components cannotmake assumptions about order of processing, or even about what processing,will occur as a result of their events. For this reason, most implicit invocationsystems also include explicit invocation (i.e., normal procedure call) as acomplementary form of interaction.Examples of systems with implicit invocation mechanisms abound [7].They are used in programming environments to integrate tools [23, 24], indatabase management systems to ensure consistency constraints [22, 25], in userinterfaces to separate presentation of data from applications that manage thedata [26, 27], and by syntax-directed editors to support incremental semanticchecking [28, 29].One important benefit of implicit invocation is that it provides strongsupport for reuse. Any component can be introduced into a system simply byregistering it for the events of that system. A second benefit is that implicitinvocation eases system evolution [30]. Components may be replaced by othercomponents without affecting the interfaces of other components in thesystem.In contrast, in a system based on explicit invocation, whenever the identityof a that provides some system function is changed, all other modules thatimport that module must also be changed.The primary disadvantage of implicit invocation is that componentsrelinquish control over the computation performed by the system. When acomponent announces an event, it has no idea what other components willrespond to it. Worse, even if it does know what other components areinterested in the events it announces, it cannot rely on the order in which theyare invoked. Nor can it know when they are finished. Another problemconcerns exchange of data. Sometimes data can be passed with the event. Butin other situations event systems must rely on a shared repository forinteraction. In these cases global performance and resource management canbecome a serious issue. Finally, reasoning about correctness can beproblematic, since the meaning of a procedure that announces events will

Garlan & Shaw: An Introduction to Software Architecture11depend on the context of bindings in which it is invoked. This is in contrast totraditional reasoning about procedure calls, which need only consider aprocedure�s pre- and post-conditions when reasoning about an invocation of it.3.4. Layered SystemsA layered system is organized hierarchically, each layer providing service tothe layer above it and serving as a client to the layer below. In some layeredsystems inner layers are hidden from all except the adjacent outer layer, exceptfor certain functions carefully selected for export. Thus in these systems thecomponents implement a virtual machine at some layer in the hierarchy. (Inother layered systems the layers may be only partially opaque.) The connectorsare defined by the protocols that determine how the layers will interact.Topological constraints include limiting interactions to adjacent layers. Figure3 illustrates this style.

CoreLevelBasic UtilityUseful SystemsUsersComposites ofvarious elements

Usuallyprocecure calls

Figure 3: Layered SystemsThe most widely known examples of this kind of architectural style arelayered communication protocols [31]. In this application area each layerprovides a substrate for communication at some level of abstraction. Lowerlevels define lower levels of interaction, the lowest typically being defined byhardware connections. Other appli-cation areas for this style include databasesystems and operating systems [9, 32, 33 ].Layered systems have several desirable properties. First, they supportdesign based on increasing levels of abstraction. This allows implementors topartition a complex problem into a sequence of incremental steps. Second,they support enhancement. Like pipelines, because each layer interacts with atmost the layers below and above, changes to the function of one layer affect atmost two other layers. Third, they support reuse. Like abstract data types,different implementations of the same layer can be used interchangeably,provided they support the same interfaces to their adjacent layers. This leadsto the possibility of defining standard layer interfaces to which different

Garlan & Shaw: An Introduction to Software Architecture12implementors can build. (A good example is the OSI ISO model and some ofthe X Window System protocols.)But layered systems also have disadvantages. Not all systems are easilystructured in a layered fashion. (We will see an example of this later in thecase studies.) And even if a system can logically be structured as layers,considerations of performance may require closer coupling between logicallyhigh-level functions and their lower-level implementations. Additionally, itcan be quite difficult to find the right levels of abstraction. This is particularlytrue for standardized layered models. One notes that the communicationscommunity has had some difficulty mapping existing protocols into the ISOframework: many of those protocols bridge several layers.In one sense this is similar to the benefits of implementation hiding foundin abstract data types. However, here there are multiple levels of abstractionand implementation. They are also similar to pipelines, in that componentscommunicate at most with one other component on either side. But instead ofsimple pipe read/write protocol of pipes, layered systems can provide muchricher forms of interaction. This makes it difficult to define system-independent layers (as with filters)�since a layer must support the specificprotocols at its upper and lower boundaries. But it also allows much closerinteraction between layers, and permits two-way transmission of information.3.5. RepositoriesIn a repository style there are two quite distinct kinds of components: a centraldata structure represents the current state, and a collection of independentcomponents operate on the central data store. Interactions between therepository and its external components can vary significantly between systems.The choice of control discipline leads to major subcategories. If the types oftransactions in an input stream of transactions trigger selection of processes toexecute, the repository can be a traditional database. If the current state of thecentral data structure is the main trigger of selecting processes to execute, therepository can be a blackboard.Figure 4 illustrates a simple view of a blackboard architecture. (We willexamine more detailed models in the case studies.) The blackboard model isusually presented with three major parts:The knowledge sources: separate, independent parcels of application-dependent knowledge. Interaction among knowledge sources takesplace solely through the blackboard.The blackboard data structure: problem-solving state data, organized into anapplication-dependent hierarchy. Knowledge sources make changes tothe blackboard that lead incrementally to a solution to the problem.

Garlan & Shaw: An Introduction to Software Architecture13Control: driven entirely by state of blackboard. Knowledge sources respondopportunistically when changes in the blackboard make them applicable.Blackboard(shareddata)

ks1ks2ks3ks4ks5ks6ks7ks8ComputationMemoryDirect accessFigure 4: The BlackboardIn the diagram there is no explicit representation of the controlcomponent. Invocation of a knowledge source is triggered by the state of theblackboard. The actual locus of control, and hence its implementation, can bein the knowledge sources, the blackboard, a separate module, or somecombination of these.Blackboard systems have traditionally been used for applications requiringcomplex interpretations of signal processing, such as speech and patternrecognition. Several of these are surveyed by Nii [34]. They have also appearedin other kinds of systems that involve shared access to data with looselycoupled agents [35].There are, of course, many other examples of repository systems. Batch-sequential systems with global databases are a special case. Programmingenvironments are often organized as a collection of tools together with ashared repository of programs and program fragments [36]. Even applicationsthat have been traditionally viewed as pipeline architectures, may be moreaccurately interpreted as repository systems. For example, as we will see later,while a compiler architecture has traditionally been presented as a pipeline, the�phases� of most modern compilers operate on a base of shared information(symbol tables, abstract syntax tree, etc.).3.6.Table Driven InterpretersIn an interpreter organization a virtual machine is produced in software. Aninterpreter includes the pseudo-program being interpreted and theinterpretation engine itself. The pseudo-program includes the program itselfand the interpreter�s analog of its execution state (activation record). Theinterpretation engine includes both the definition of the interpreter and thecurrent state of its execution. Thus an interpreter generally has fourcomponents: an interpretation engine to do the work, a memory that contains

Garlan & Shaw: An Introduction to Software Architecture14the pseudo-code to be interpreted, a representation of the control state of theinterpretation engine, and a representation of the current state of the programbeing simulated. (See Figure 5.)Data(programstate)

InputsOutputsSelected dataSelected instructionSimulatedInterp-retationEngineInternalInterpreterStateProgramBeingInterpretedMemory

Computationstate mach

Data access

Fetch/storeFigure 5: InterpreterInterpreters are commonly used to build virtual machines that close thegap between the computing engine expected by the semantics of the programand the computing engine available in hardware. We occasionally speak of aprogramming language as providing, say, a �virtual Pascal machine.�We will return to interpreters in more detail in the case studies.3.7.Other Familiar ArchitecturesThere are numerous other architectural styles and patterns. Some arewidespread and others are specific to particular domains. While a completetreatment of these is beyond the scope of this paper, we briefly note a few of theimportant categories.¥ Distributed processes: Distributed systems have developed a number ofcommon organizations for multi-process systems [37]. Some can becharacterized primarily by their topological features, such as ring andstar organizations. Others are better characterized in terms of the kindsof inter-process protocols that are used for communication (e.g.,heartbeat algorithms).One common form of distributed system architecture is a �client-server�organization [38]. In these systems a server represents a process that providesservices to other processes (the clients). Usually the server does not know inadvance the identities or number of clients that will access it at run time. Onthe other hand, clients know the identity of a server (or can find it out throughsome other server) and access it by remote procedure call.¥ Main program/subroutine organizations: The primary organization ofmany systems mirrors the programming language in which the system

Garlan & Shaw: An Introduction to Software Architecture15is written. For languages without support for modularization this oftenresults in a system organized around a main program and a set ofsubroutines. The main program acts as the driver for the subroutines,typically providing a control loop for sequencing through thesubroutines in some order.¥ Domain-specific software architectures: Recently there has beenconsiderable interest in developing �reference� architectures for specificdomains [39]. These architectures provide an organizational structuretailored to a family of applications, such as avionics, command andcontrol, or vehicle management systems. By specializing thearchitecture to the domain, it is possible to increase the descriptivepower of structures. Indeed, in many cases the architecture is sufficientlyconstrained that an executable system can be generated automatically orsemi-automatically from the architectural description itself.¥ State transition systems: A common organization for many reactivesystems is the state transition system [40]. These systems are defined interms a set of states and a set of named transitions that move a systemfrom one state to another.¥ Process control systems: Systems intended to provide dynamic controlof a physical environment are often organized as process control systems[41]. These systems are roughly characterized as a feedback loop in whichinputs from sensors are used by the process control system to determinea set of outputs that will produce a new state of the environment.3.8. Heterogeneous ArchitecturesThus far we have been speaking primarily of �pure� architectural styles.While it is important to understand the individual nature of each of thesestyles, most systems typically involve some combination of several styles.There are different ways in which architectural styles can be combined.One way is through hierarchy. A component of a system organized in onearchitectural style may have an internal structure that is developed acompletely different style. For example, in a Unix pipeline the individualcomponents may be represented internally using virtually any style�including, of course, another pipe and filter, system.What is perhaps more surprising is that connectors, too, can often behierarchically decomposed. For example, a pipe connector may beimplemented internally as a FIFO queue accessed by insert and removeoperations.A second way for styles to be combined is to permit a single component touse a mixture of architectural connectors. For example, a component mightaccess a repository through part of its interface, but interact through pipes withother components in a system, and accept control information through

Garlan & Shaw: An Introduction to Software Architecture16another part of its interface. (In fact, Unix pipe and filter systems do this, thefile system playing the role of the repository and initialization switches playingthe role of control.)Another example is an �active database�. This is a repository whichactivates external components through implicit invocation. In thisorganization external components register interest in portions of the database.The database automatically invokes the appropriate tools based on thisassociation. (Blackboards are often constructed this way; knowledge sources areassociated with specific kinds of data, and are activated whenever that kind ofdata is modified.)A third way for styles to be combined is to completely elaborate one level ofarchitectural description in a completely different architectural style. We willsee examples of this in the case studies.4.Case StudiesWe now present six examples to illustrate how architectural principles can beused to increase our understanding of software systems. The first exampleshows how different architectural solutions to the same problem providedifferent benefits. The second case study summarizes experience in developinga a domain-specific architectural style for a family of industrial products. Thethird case study examines the familiar compiler architecture in a fresh light.The remaining three case studies present examples of the use of heterogeneousarchitectures.4.1. Case Study 1: Key Word in ContextIn his paper of 1972, Parnas proposed the following problem [42]:The KWIC [Key Word in Context] index system accepts an ordered set oflines, each line is an ordered set of words, and each word is an orderedset of characters. Any line may be ‘‘circularly shifted’’ by repeatedlyremoving the first word and appending it at the end of the line. TheKWIC index system outputs a listing of all circular shifts of all lines inalphabetical order.Parnas used the problem to contrast different criteria for decomposing asystem into modules. He describes two solutions, one based on functionaldecomposition with shared access to data representations, and a second basedon a decomposition that hides design decisions. Since its introduction, theproblem has become well-known and is widely used as a teaching device insoftware engineering. Garlan, Kaiser, and Notkin also use the problem toillustrate modularization schemes based on implicit invocation [7].While KWIC can be implemented as a relatively small system it is notsimply of pedagogical interest. Practical instances of it are widely used by

Garlan & Shaw: An Introduction to Software Architecture17computer scientists. For example, the �permuted� [sic] index for the Unix Manpages is essentially such a system.From the point of view of software architecture, the problem derives itsappeal from the fact that it can be used to illustrate the effect of changes onsoftware design. Parnas shows that different problem decompositions varygreatly in their ability to withstand design changes. Among the changes heconsiders are:¥ Changes in processing algorithm: For example, line shifting can beperformed on each line as it is read from the input device, on all thelines after they are read, or on demand when the alphabetizationrequires a new set of shifted lines.¥ Changes in data representation: For example, lines can be stored invarious ways. Similarly, circular shifts can be stored explicitly orimplicitly (as pairs of index and offset).Garlan, Kaiser, and Notkin, extend Parnas� analysis by considering:¥ Enhancement to system function: For example, modify the system sothat shifted lines to eliminate circular shifts that start with certain noisewords (such as �a�, �an�, �and�, etc.). Change the system to beinteractive, and allow the user to delete lines from the original (or,alternatively, from circularly shifted) lists.¥ Performance: Both space and time.¥ Reuse: To what extent can the components serve as reusable entities.We now outline four architectural designs for the KWIC system. All fourare grounded in published solutions (including implementations). The firsttwo are those considered in Parnas� original article. The third solution is basedon the use of an implicit invocation style and represents a variant on thesolution examined by Garlan, Kaiser, and Notkin. The fourth is a pipelinesolution inspired by the Unix index utility.After presenting each solution and briefly summarizing its strengths andweakness, we contrast the different architectural decompositions in a tableorganized along the five design dimensions itemized above.Solution 1: Main Program/Subroutine with Shared DataThe first solution decomposes the problem according to the four basicfunctions performed: input, shift, alphabetize, and output. Thesecomputational components are coordinated as subroutines by a main programthat sequences through them in turn. Data is communicated between thecomponents through shared storage (�core storage�). Communication betweenthe computational components and the shared data is an unconstrained read-

Garlan & Shaw: An Introduction to Software Architecture18write protocol. This is made possible by the fact that the coordinating programguarantees sequential access to the data. (See Figure 6.)Master ControlInputCircular ShiftAlphabetizerOutput

InputMedium

AlphabetizedIndex

OutputMedium

Direct Memory Access

System I/OSubprogram CallFigure 6: KWIC — Shared Data SolutionUsing this solution data can be represented efficiently, since computationscan share the same storage. The solution also has a certain intuitive appeal,since distinct computational aspects are isolated in different modules.However, as Parnas argues, it has a number of serious drawbacks in termsof its ability to handle changes. In particular, a change in data storage formatwill affect almost all of the modules. Similarly changes in the overallprocessing algorithm and enhancements to system function are not easilyaccomodated. Finally, this decom-position is not particularly supportive ofreuse.Solution 2: Abstract Data TypesThe second solution decomposes the system into a similar set of five modules.However, in this case data is no longer directly shared by the computationalcomponents. Instead, each module provides an interface that permits othercomponents to access data only by invoking procedures in that interface. (SeeFigure 7, which illustrates how each of the components now has a set ofprocedures that determine the form of access by other components in thesystem.)This solution provides the same logical decomposition into processingmodules as the first. However, it has a number of advantages over the firstsolution when design changes are considered. In particular, both algorithmsand data representations can be changed in individual modules withoutaffecting others. Moreover, reuse is better supported than in the first solution

Garlan & Shaw: An Introduction to Software Architecture19because modules make fewer assumptions about the others with which theyinteract.Master ControlInputOutputInputMediumOutputMedium

System I/OSubprogram Call

Garlan & Shaw: An Introduction to Software Architecture20

InputOutputInputMedium

Lines

Garlan & Shaw: An Introduction to Software Architecture21On the other hand it has a number of drawbacks. First, it is virtuallyimpossible to modify the design to support an interactive system. For example,in order to delete a line, there would have to be some persistent shared storage,violating a basic tenet of this approach. Second, the solution is inefficient interms of its use of space, since each filter must copy all of the data to its outputports.ComparisonsThe solutions can be compared by tabulating their ability to address the designconsiderations itemized earlier. A detailed comparison would have to involveconsideration of a number of factors concerning the intended use of thesystem: for example, is it batch or interactive, update-intensive or query-intensive, etc.Figure 10 provides an approximation to such an analysis, based on thediscussion of architectural styles introduced earlier. As Parnas pointed out, theshared data solution is particularly weak in its support for changes in theoverall processing algorithm, data representations, and reuse. On the otherhand it can achieve relatively good performance, by virtue of direct sharing ofdata. Further, it is relatively easy to add a new processing component (alsoaccessing the shared data). The abstract data type solution allows changes todata representation and supports reuse, without necessarily compromisingperformance. However, the interactions between components in that solutionare wired into the modules themselves, so changing the overall processingalgorithm or adding new functions may involve a large number of changes tothe existing system.__++_SharedMemoryADTEventsDataflow

_+_+++_+__+_+_+Change in AlgorithmChange in Data RepnChange in FunctionPerformanceReuseFigure 10: KWIC — Comparison of SolutionsThe implicit invocation solution is particularly good for adding newfunctionality. However, it suffers from some of the problems of the shareddata approach: poor support for change in data representation and reuse.Moreover, it may introduce extra execution overhead. The pipe and filtersolution allows new filters to be placed in the stream of text processing.Therefore it supports changes in processing algorithm, changes in function,

Garlan & Shaw: An Introduction to Software Architecture22and reuse. On the other hand, decisions about data representation will bewired into the assumptions about the kind of data that is transmitted along thepipes. Further, depending on the exchange format, there may be additionaloverhead involved in parsing and unparsing the data onto pipes.4.2. Case Study 2: Instrumentation SoftwareOur second case study describes the industrial development of a softwarearchitecture at Tektronix, Inc. This work was carried out as a collaborativeeffort between several Tektronix product divisions and the ComputerResearch Laboratory over a three year period [6].The purpose of the project was to develop a reusable system architecturefor oscilloscopes. An oscilloscope is an instrumentation system that sampleselectrical signals and displays pictures (called traces) of them on a screen.Additionally, oscilloscopes perform measurements on the signals, and alsodisplay these on the screen. While oscilloscopes were once simple analoguedevices involving little software, modern oscilloscopes rely primarily ondigital technology and have quite complex software. It is not uncommon for amodern oscilloscope to perform dozens of measurements, supply megabytes ofinternal storage, interface to a network of workstations and other instruments,and provide sophisticated user interface including a touch panel screen withmenus, built-in help facilities, and color displays.Like many companies that have had to rely increasingly on software tosupport their products, Tektronix was faced with number of problems. First,there was little reuse across different oscilloscope products. Instead, differentoscilloscopes were built by different product divisions, each with their owndevelopment conventions, software organization, programming language, anddevelopment tools. Moreover, even within a single product division, eachnew oscilloscope typically required a redesign from scratch to accommodatechanges in hardware capability and new requirements on the user interface.This problem was compounded by the fact that both hardware and interfacerequirements were changing increasingly rapidly. Furthermore, there was aperceived need to address �specialized markets�. To do this it would have tobe possible to tailor a general-purpose instrument, to a specific set of uses.Second, there were increasing performance problems because the softwarewas not rapidly configurable within the instrument. This problem arisesbecause an oscilloscope can be configured in many different modes, dependingon the user�s task. In old oscilloscopes reconfiguration was handled simply byloading different software to handle the new mode. But as the total size ofsoftware was increasing, this was leading to delays between a user’s request fora new mode and a reconfigured instrument.The goal of the project was to develop an architectural framework foroscilloscopes that would address these problems. The result of that work was adomain-specific software architecture that formed the basis of the next

Garlan & Shaw: An Introduction to Software Architecture23generation of Tektronix oscilloscopes. Since then the framework has beenextended and adapted to accommodate a broader class of system, while at thesame time being better adapted to the specific needs of instrumentationsoftware.In the remainder of this section, we outline the stages in this architecturaldevelopment.An object-oriented modelThe first attempt at developing a reusable architecture focused on producing anobject-oriented model of the software domain. This led to a clarification of thedata types used in oscilloscopes: waveforms, signals, measurements, triggermodes, etc. (See Figure 11.)waveformx-y wvfmaccumulate wvfmmax-min wvfm

Oscilloscopeobject

¥¥¥Figure 11: Oscilloscopes — An Object-oriented ModelWhile this was a useful exercise, it fell far short of producing the hoped-forresults. Although many types of data were identified, there was no overallmodel that explained how the types fit together. This led to confusion aboutthe partitioning of functionality. For example, should measurements beassociated with the types of data being measured, or represented externally?Which objects should the user interface talk to?A layered modelThe second phase attempted to correct these problems by providing a layeredmodel of an oscilloscope. (See Figure 11.) In this model the core layerrepresented the signal manipulation functions that filter signals as they enterthe oscilloscope. These functions are typically implemented in hardware. Thenext layer represented waveform acquisition. Within this layer signals aredigitized and stored internally for later processing. The third layer consisted ofwaveform manipulation, including measurement, waveform addition,Fourier transformation, etc. The fourth layer consisted of display functions.This layer was responsible for mapping digitized waveforms andmeasurements to visual representations. The outermost layer was the userinterface. This layer was responsible for interacting with the user and fordeciding which data should be shown on the screen. (See Figure 12.)

Garlan & Shaw: An Introduction to Software Architecture24

Hardware

Digitization

Visualization

User interfaceFigure 12: Oscilloscopes — A Layered ModelThis layered model was intuitively appealing since it partitioned thefunctions of an oscilloscope into well-defined groupings. Unfortunately it wasthe wrong model for the application domain. The main problem was that theboundaries of abstraction enforced by the layers conflicted with the needs forinteraction between the various functions. For example, the model suggeststhat all user interactions with an oscilloscope should be in terms of the visualrepresentations. But in practice real oscilloscope users need to directly affectthe functions in all layers, such as setting attenuation in the signalmanipulation layer, choosing acquisition mode and parameters in theacquisition layer, or creating derived waveforms in the waveformmanipulation layer.A Pipe and Filter ModelThe third attempt yielded a model in which oscilloscope functions wereviewed as incremental transformers of data. Signal transformers serve tocondition external signals. Acquisition transformers derive digitizedwaveforms from these signals. Display transformers convert these waveformsinto visual data. (See Figure 13.)Trigger subsystemCoupleAcquireTo-XYClip

Measure

Garlan & Shaw: An Introduction to Software Architecture25A Modified Pipe and Filter ModelThe fourth solution accounted for user inputs by associating with each filter acontrol interface that allows an external entity to set parameters of operationfor the filter. For example, the acquisition filter might have parameters thatdetermine sample rate and waveform duration. These inputs serve asconfiguration parameters for the oscilloscope. Formally, the filters can bemodelled as �higher-order� functions, for which the configuration parametersdetermine what data transformation the filter will perform. (See [17] for thisinterpretation of the architecture.) Figure 14 illustrates this architecture.CoupleAcquireClipTo-XYMeasure

SignalWaveformTraceMeasurementTimes

CouplingKind,RateTransSize

Trigger subsystemFigure 14: Oscilloscopes — A Modified Pipe and Filter ModelThe introduction of a control interface solves a large part of the userinterface problem. First, it provides a collection of settings that determinewhat aspects of the oscilloscope can be modified dynamically by the user. Italso explains how changes to oscilloscope function can be accomplished byincremental adjustments to the software. Second it decouples the signalprocessing functions of the oscilloscope from the actual user interface: thesignal processing software makes no assumptions about how the user actuallycommunicates changes to its control parameters. Conversely, the actual userinterface can treat the signal processing functions solely in terms of the controlparameters. This allowed the designers to change the implementation of thesignal processing software and hardware without impacting an interface,provided the control interface remained unchanged.Further SpecializationThe adapted pipe and filter model was a great improvement. But it, too, hadsome problems. The most significant problem was that the pipe and filtercomputational model led to poor performance. In particular, waveforms canoccupy a large amount of internal storage: it is simply not practical for eachfilter to copy waveforms every time they process them. Further, differentfilters may run at radically different speeds: it is unacceptable to slow one filterdown because another filter is still processing its data.To handle these problems the model was further specialized. Instead ofhaving a single kind of pipe, several �colors� of pipes were introduced. Someof these allowed data to be processed without copying. Others permitted data tobe ignored by slow filters if they were in the middle of processing other data.These additional pipes increased the stylistic vocabulary and allowed the

Garlan & Shaw: An Introduction to Software Architecture26pipe/filter computations to be tailored more directly to the performance needsof the product.S u m m a r y This case study illustrates the issues involved in developing an architecturalstyle for a real application domain. It underscores the fact that differentarchitectural styles have different effects on the ability to solve a set ofproblems. Moreover, it illustrates that architectural designs for industrialsoftware must typically be adapted from pure forms to specialized styles thatmeet the needs of the specific domain. In this case, the final result dependedgreatly on the properties of pipe and filter architectures, but found ways toadapt that generic style so that it could also satisfy the performance needs of theproduct family.4.3. Case 3: A Fresh View of CompilersThe architecture of a system can change in response to improvements intechnology. This can be seen in the way we think about compilers.In the 1970s, compilation was regarded as a sequential process, and theorganization of a compiler was typically drawn as in Figure 15. Text enters atthe left end and is transformed in a variety of ways�to lexical token stream,parse tree, intermediate code�before emerging as machine code on the right.We often refer to this compilation model as a pipeline, even though it was (atleast originally) closer to a batch sequential architecture in which eachtransformation (�pass�) was completed before the next one started.

LexSynSemOptCode

Text CodeFigure 15: Traditional Compiler ModelIn fact, even the batch sequential version of this model was not completelyaccurate. Most compilers created a separate symbol table during lexical analysisand used or updated it during subsequent passes. It was not part of the datathat flowed from one pass to another but rather existed outside all the passes.So the system structure was more properly drawn as in Figure 16.

SymTab

Text CodeFigure 16: Traditional Compiler Model with Shared Symbol TableAs time passed, compiler technology grew more sophisticated. Thealgorithms and representations of compilation grew more complex, andincreasing attention turned to the intermediate representation of the program

Garlan & Shaw: An Introduction to Software Architecture27during compilation. Improved theoretical understanding, such as attributegrammers, accelerated this trend. The consequence was that by the mid-1980sthe intermediate representation (for example, an attributed parse tree), was thecenter of attention. It was created early during compilation and manipulatedduring the remainder; the data structure might change in detail, but itremained substantially one growing structure throughout. However, wecontinued (sometimes to the present) to model the compiler with sequentialdata flow as in Figure 17.

LexSynSemOptCodeSymTabTree

Text CodeComputations(transducers andtransforms)

Memory

Data fetch/store

Vestigal data flow

Figure 17: Modern Canonical CompilerIn fact, a more appropriate view of this structure would re-direct attentionfrom the sequence of passes to the central shared representation. When youdeclare that the tree is the locus of compilation information and the passesdefine operations on the tree, it becomes natural to re-draw the architecture asin Figure 18. Now the connections between passes denote control flow, whichis a more accurate depiction; the rather stronger connections between thepasses and the tree/symbol table structure denote data access andmanipulation. In this fashion, the architecture has become a repository, andthat is indeed a more appropriate way to think about a compiler of this class.Happily, this new view also accommodates various tools that operate onthe internal representation rather than the textual form of a program; theseinclude syntax-directed editors and various analysis tools.

SymTabTreeLexSynSemOpt2Code

EditSyn

Might be rule-basedOpt1

Figure 18: Canonical Compiler, Revisited

Garlan & Shaw: An Introduction to Software Architecture28Note that this repository resembles a blackboard in some respects anddiffers in others. Like a blackboard, the information of the computation islocated centrally and operated on by independent computations which interactonly through the shared data. However, whereas the execution order of theoperations in a blackboard is determined by the types of the incoming databasemodifications, the execution order of the compiler is predetermined.4.4. Case 4: A Layered Design with Different Styles for the LayersThe PROVOX¤ system by Fisher Controls offers distributed process control forchemical production processes [43]. Process control capabilities range fromsimple control loops that control pressure, flow, or levels to complex strategiesinvolving interrelated control loops. Provisions are made for integration withplant management and information systems in support of computer integratedmanufacturing. The system architecture integrates process control with plantmanagement and information systems in a 5-level layered hierarchy. Figure19 shows this hierarchy: the right side is the software view, and the left side isthe hardware view.

PROVOXplus Controllers

PROVUE Consoles

ENVOX Configuration

PROVOXplusApplication Software

CorpComputers

Interface toHost Computers

Process Measurement and Control

ProcessSupervision

ProcessManagement

CorpMgmt.

PlantManagementLevel 5Level 4Level 3Level 2Level 1

SoftwareFigure 19: PROVOX — Hierarchical Top LevelEach level corresponds to a different process management function with itsown decision-support requirements.¥ Level 1: Process measurement and control: direct adjustment of finalcontrol elements.¥ Level 2: Process supervision: operations console for monitoring andcontrolling Level 1.

Garlan & Shaw: An Introduction to Software Architecture29¥ Level 3: Process management: computer-based plant automation,including management reports, optimization strategies, and guidance tooperations console.¥ Levels 4 and 5: Plant and corporate management: higher-levelfunctions such as cost accounting, inventory control, and orderprocessing/scheduling.Different kinds of computation and response times are required at differentlevels of this hierarchy. Accordingly, different computational models are used.Levels 1 to 3 are object-oriented; Levels 4 and 5 are largely based onconventional data-processing repository models. For present purposes itsuffices to examine the object-oriented model of Level 2 and the repositories ofLevels 4 and 5.TAG

DATAACTIONSERVICESOPERATINGTUNINGCONFIGURATIONALGORITHMNAME(S)TEMPLATETAG

DATAACTIONSERVICESOPERATINGTUNINGCONFIGURATIONCOMMUNICATIONTRACEALARMSETCALGORITHMNAME(S)TEMPLATEFigure 20: PROVOX — Object-oriented ElaborationFor the control and monitoring functions of Level 2, PROVOX uses a set ofpoints, or loci of process control. Figure 20 shows the canonical form of a pointdefinition; seven specialized forms support the most common kinds ofcontrol. Points are, in essence, object-oriented design elements thatencapsulate information about control points of the process. The points areindividually configured to achieve the desired control strategy. Data associatedwith a point includes: Operating parameters, including current process value,setpoint (target value), valve output, and mode (automatic or manual).Tuning parameters, such as gain, reset, derivative, and alarm trip-points.Configuration parameters, including tag (name) and I/O channels.In addition, the point’s data can include a template for a control strategy.Like any good object, a point also includes procedural definitions such ascontrol algorithms, communication connections, reporting services, and tracefacilities. A collection of points implements the desired process controlstrategy through the communication services and through the actual dynamics

Garlan & Shaw: An Introduction to Software Architecture30of the process (e.g., if one point increases flow into a tank, the current value ofa point that senses tank level will reflect this change). Although thecommunication through process state deviates from the usual procedural ormessage-based control of objects, points are conceptually very like objects intheir encapsulation of essential state and action information.Reports from points appear as input transactions to data collection andanalysis processes at higher design levels. The organization of the points intocontrol processes can be defined by the designer to match the process controlstrategy. These can be further aggregated into Plant Process Areas (pointsrelated to a set of equipment such as a cooling tower) and thence into PlantManagement Areas (segments of a plant that would be controlled by singleoperators).PROVOX makes provisions for integration with plant management andbusiness systems at Levels 4 and 5. Selection of those systems is oftenindependent of process control design; PROVOX does not itself provide MISsystems directly but does provide for integrating a conventional host computerwith conventional database management. The data collection facilities ofLevel 3, the reporting facilities of Level 2, and the network that supportsdistributed implementation suffice to provide process information astransactions to these databases. Such databases are commonly designed asrepositories, with transaction processing functions supporting a central datastore---quite a different style from the object-oriented design of Level 2.The use of hierarchical layers at the top level of a system is fairly common.This permits strong separation of different classes of function and cleaninterfaces between the layers. However, within each layer the interactionsamong components are often too intricate to permit strict layering.4.5.Case 5: An Interpreter Using Different Idioms for the ComponentsRule-based systems provide a means of codifying the problem-solving know-how of human experts. These experts tend to capture problem-solvingtechniques as sets of situation-action rules whose execution or activation issequenced in response to the conditions of the computation rather than by apredetermined scheme. Since these rules are not directly executable byavailable computers, systems for interpreting such rules must be provided.Hayes-Roth surveyed the architecture and operation of rule-based systems [44].The basic features of a rule-based system, shown in Hayes-Roth�s renderingas Figure 21, are essentially the features of a table-driven interpreter, asoutlined earlier.¥ The pseudo-code to be executed, in this case the knowledge base¥ The interpretation engine, in this case the rule interpreter, the heart ofthe inference engine

Garlan & Shaw: An Introduction to Software Architecture31¥ The control state of the interpretation engine, in this case the rule anddata element selector¥ The current state of the program running on the virtual machine, inthis case the working memory.RuleBaseFactMemoryKnowledge BaseWorkingMemory

InputsOutputsSelected dataSelected ruleRuleInterpreterRule andData ElementSelectionMemory

Computationstate mach

Figure 21: Basic Rule-Based SystemRule-based systems make heavy use of pattern matching and context(currently relevant rules). Adding special mechanisms for these facilities tothe design leads to the more complicated view shown in Figure 22. In addingthis complexity, the original simple interpreter vanishes in a sea of newinteractions and data flows. Although the interfaces among the originalmodules remain, they are not distinguished from the newly-added interfaces.However, the interpreter model can be rediscovered by identifying thecomponents of Figure 22 with their design antecedents in Figure 21. This isdone in Figure 23. Viewed in this way, the elaboration of the design becomesmuch easier to explain and understand. For example, we see that:¥ The knowledge base remains a relatively simple memory structure,merely gaining substructure to distinguish active from inactivecontents.¥ The rule interpreter is expanded with the interpreter idiom (that is, theinterpretation engine of the rule-based system is itself implemented as atable-driven interpreter), with control procedures playing the role of thepseudo-code to be executed and the execution stack the role of thecurrent program state.¥ �Rule and data element selection� is implemented primarily as apipeline that progressively transforms active rules and facts toprioritized activations; in this pipeline the third filter (�nominators�)also uses a fixed database of metarules.¥ Working memory is not further elaborated.

Garlan & Shaw: An Introduction to Software Architecture32

InactiverulesActiverulesActivefactsInactivefacts

Rule andfactcompiler

Rule antecedentsubexpressions

Agenda

Scheduler

Interpreter

Activerules andfactsActivation/deactivation

MetarulesMatching<rule, data>pairsCandidate<rule, data>Preferencesand prioritiesPrioritizedactivationsSelectedactionIncompleteprocedures

Multi-dimensionalworkingmemory

UpdatesData

ExecutionstackControlprocedures

Next actionUnfinishedactions

Inputs

OutputsTriggeringdataactivations

DeletecompletedactivationsRule MemoryRule MemoryRule MemoryRule MemoryRule MemoryRule MemoryRule MemoryFact MemoryData-flownetworkby partially evaluatedrule activationsFigure 23: Sophisticated Rule-Based SystemThe interfaces among the rediscovered components are unchanged fromthe simple model except for the two bold lines over which the interpretercontrols activations.This example illustrates two points. First, in a sophisticated rule-basedsystem the elements of the simple rule-based system are elaborated in responseto execution characteristics of the particular class of languages beinginterpreted. If the design is presented in this way, the original concept isretained to guide understanding and later maintenance. Second, as the designis elaborated, different components of the simple model can be elaborated withdifferent idioms.

Garlan & Shaw: An Introduction to Software Architecture33

InactiverulesActiverulesActivefactsInactivefacts

Rule andfactcompiler

Rule antecedentsubexpressions

Agenda

Scheduler

Interpreter

Activerules andfactsActivation/deactivation

MetarulesMatching<rule, data>pairsCandidate<rule, data>Preferencesand prioritiesPrioritizedactivationsSelectedactionIncompleteprocedures

Multi-dimensionalworkingmemory

UpdatesData

ExecutionstackControlprocedures

Next actionUnfinishedactions

Inputs

OutputsTriggeringdataactivations

DeletecompletedactivationsWorking MemoryKnowledgeBaseRule MemoryFact MemoryRule and data element selectionRule InterpreterData-flownetworkby partially evaluatedrule activationsFigure 23: Simplified Sophisticated Rule-Based SystemNote that the rule-based model is itself a design structure: it calls for a set ofrules whose control relations are determined during execution by the state ofthe computation. A rule-based system provides a virtual machine�a ruleexecutor�to support this model.4.6.Case 6: A Blackboard Globally Recast as InterpreterThe blackboard model of problem solving is a highly structured special case ofopportunistic problem solving. In this model, the solution space is organizedinto several application-dependent hierarchies and the domain knowledge is

Garlan & Shaw: An Introduction to Software Architecture34partitioned into independent modules of knowledge that operate onknowledge within and between levels [34]. Figure 4 showed the basicarchitecture of a blackboard system and outlined its three major parts:knowledge sources, the blackboard data structure, and control.( Control flow-----Data flow)Level nLevel nConditionActionCondition

BlackboardMonitorSchedulingQueue

Focus ofControlDatabaseScheduler

BlackboardKnowledge Sources

BlackboardChange

Condition Part

Level 3Level 2Level 1

ActionConditionActionStimulus Response Frame

Figure 24: Hearsay-IIThe first major blackboard system was the HEARSAY-II speech recognitionsystem. Nii’s schematic of the HEARSAY-II architecture appears as Figure 24.The blackboard structure is a six- to eight-level hierarchy in which each levelabstracts information on its adjacent lower level and blackboard elements rep-resent hypotheses about the interpretation of an utterance. Knowledge sourcescorrespond to such tasks as segmenting the raw signal, identifying phonemes,generating word candidates, hypothesizing syntactic segments, and proposingsemantic interpretations. Each knowledge source is organized as a conditionpart that specifies when it is applicable and an action part that processesrelevant blackboard elements and generates new ones. The control componentis realized as a blackboard monitor and a scheduler; the scheduler monitors theblackboard and calculates priorities for applying the knowledge sources tovarious elements on the blackboard.HEARSAY-II was implemented between 1971 and 1976 on DEC PDP-10s;these machines were not directly capable of condition-triggered control, so itshould not be surprising to find that an implementation provides themechanisms of a virtual machine that realizes the implicit invocationsemantics required by the blackboard model.

Garlan & Shaw: An Introduction to Software Architecture35( Control flow-----Data flow)Level nLevel nConditionActionCondition

BlackboardMonitorSchedulingQueue

Focus ofControlDatabaseScheduler

BlackboardKnowledge Sources

BlackboardChange

Condition Part

Level 3Level 2Level 1

ActionConditionActionStimulus Response Frame

KSKSKSBlackboardNot relevant to blackboardmodel

Figure 25: Blackboard View of Hearsay-IIFigure 24 not only elaborates the individual components of Figure 4; it alsoadds components for the previously-implicit control component. In theprocess, the figure becomes rather complex. This complexity arises because it isnow illustrating two concepts: the blackboard model and realization of thatmodel by a virtual machine. The blackboard model can be recovered as inFigure 25 by suppressing the control mechanism and regrouping theconditions and actions into knowledge sources.The virtual machine can be seen to be realized by an interpreter using theassignment of function in Figure 26. Here the blackboard cleanly correspondsto the current state of the recognition task. The collection of knowledgesources roughly supplies the pseudocode of the interpreter; however, theactions also contribute to the interpretation engine. The interpretation engineincludes several components that appear explicitly in Figure 24: the blackboardmonitor, the focus of control database, and the scheduler, but also the actionsof the knowledge sources. The scheduling queue corresponds roughly to thecontrol state. To the extent that execution of conditions determines priorities,the conditions contribute to rule selection as well as forming pseudocode.Here we see a system initially designed with one model (blackboard, aspecial form of repository), then realized through a different model(interpreter). The realization is not a component-by-component expansion as

Garlan & Shaw: An Introduction to Software Architecture36in the previous two examples; the view as an interpreter is a differentaggregation of components from the view as blackboard.( Control flow-----Data flow)Level nLevel nConditionActionCondition

BlackboardMonitorSchedulingQueue

Focus ofControlDatabaseScheduler

BlackboardKnowledge Sources

BlackboardChange

Condition Part

Level 3Level 2Level 1

ActionConditionActionStimulus Response Frame

Program State(Working Meomory)InterpretationEnginePseudo-Code(Knowledge Base)

Note: Actions are also part of interpretation engineControlStateFigure 26: Interpreter View of Hearsay-II5.Past, Present, and FutureWe have outlined a number of architectural styles and shown how they can beapplied and adapted to specific software systems. We hope that this hasconvinced the reader that analysis and design of systems in terms of softwarearchitecture is both viable and worth doing. Further we hope to have made itclear that an understanding of the emerging vocabulary of architectural stylesis a significant�if not necessary�intellectual tool for the software engineer.There is, of course, much more to software architecture than we have hadspace to cover. In particular, we have said very little about existing results inthe areas of analysis, formal specification, domain-specific architectures,module interconnection languages, and special-architecture tools.This is not to say that more work isn’t needed. Indeed, we can expect to seesignificant advances in a number of areas including:¥ Better taxonomies of architectures and architectural styles.

Garlan & Shaw: An Introduction to Software Architecture37¥ Formal models for characterizing and analyzing architectures.¥ Better understanding of the primitive semantic entities from whichthese styles are composed.¥ Notations for describing architectural designs.¥ Tools and environments for developing architectural designs.¥ Techniques for extracting architectural information from existing code.¥ Better understanding of the role of architectures in the life-cycle process.These are all areas of active research both in industry and academia. Giventhe increasing interest in this emerging field, we can expect that ourunderstanding of the principles and practice of software architecture willimprove considerably over time. However, as we have illustrated, even withthe basic concepts that we now have in hand, design at the level of softwarearchitecture can provide direct and substantial benefit to the practice ofsoftware engineering.AcknowledgementsWe gratefully acknowledge our many colleagues who have contributed tothe ideas presented in this paper. In particular, we would like to thank ChrisOkasaki, Curtis Scott, and Roy Swonger for their help in developing the coursefrom which much of this material was drawn. We thank David Notkin, KevinSullivan, and Gail Kaiser for their contribution towards understanding event-based systems. Rob Allen helped develop a rigorous understanding of the pipeand filter style. We would like to acknowledge the oscilloscope developmentteam at Tektronix, and especially Norm Delisle, for their part in demonstratingthe value of domain-specific architectural styles in an industrial context.Finally, we would like to thank Barry Boehm, Larry Druffel, and Dilip Soni fortheir constructive comments on early drafts of the paper.Bibliography[1] D. Garlan, M. Shaw, C. Okasaki, C. Scott, and R. Swonger, �Experiencewith a course on architectures for software systems,� in Proceedings of the Sixth SEIConference on Software Engineering Education, Springer-Verlag, LNCS 376, October 1992.[2] M. Shaw, �Toward higher-level abstractions for software systems,� in Data & KnowledgeEngineering, vol. 5, pp. 119-128, North Holland: Elsevier Science Publishers B.V., 1990.[3] M. Shaw, �Heterogeneous design idioms for software architecture,� in Proceedings of theSixth International Workshop on Software Specification and Design, IEEE ComputerSociety, Software Engineering Notes, (Como, Italy), pp. 158-165, October 25-26, 1991.[4] M. Shaw, �Software architectures for shared information systems,� in Mind Matters:Contributions to Cognitive and Computer Science in Honor of Allen Newell, Erlbaum, 1993.[5] R. Allen and D. Garlan, �A formal approach to software architectures,� in Proceedings ofIFIP�92 (J. van Leeuwen, ed.), Elsevier Science Publishers B.V., September 1992.

Garlan & Shaw: An Introduction to Software Architecture38[6] D. Garlan and D. Notkin, �Formalizing design spaces: Implicit invocation mechanisms,� inVDM�91: Formal Software Development Methods. (Noordwijkerhout, The Netherlands),pp. 31-44, Springer-Verlag, LNCS 551, October 1991.[7] D. Garlan, G. E. Kaiser, and D. Notkin, �Using tool abstraction to compose systems,� IEEEComputer, vol. 25, June 1992.[8] A. Z. Spector et al., �Camelot: A distributed transaction facility for Mach and the Internet -an interim report,� Tech. Rep. CMU-CS-87-129, Carnegie Mellon University, June 1987.[9] M. Fridrich and W. Older, �Helix: The architecture of the XMS distributed file system,�IEEE Software, vol. 2, pp. 21-29, May 1985.[10] M. A. Linton, �Distributed management of a software database,� IEEE Software, vol. 4, pp.70-76, November 1987.[11] V. Seshadri et al., �Sematic analysis in a concurrent compiler,� in Proceedings of ACMSIGPLAN �88 Conference on Programming Language Design and Implementation, ACMSIGPLAN Notices, 1988.[12] M. C. Paulk, �The ARC Network: A case study,� IEEE Software, vol. 2, pp. 61-69, May 1985.[13] M. Chen and R. J. Norman, �A framework for integrated case,� IEEE Software, vol. 9, pp. 18-22, March 1992.[14] NIST/ECMA reference model for frameworks of software engineering environments.� NISTSpecial Publication 500-201, December 1991.[15] R. W. Scheifler and J. Gettys, �The X window system,� AACM Transactions on Graphics, vol.5, pp. 79-109, April 1986.[16] M. J. Bach, The Design of the UNIX Operating System, ch. 5.12, pp. 111-119. SoftwareSeries, Prentice-Hall, 1986.[17] N. Delisle and D. Garlan, �Applying formal specification to industrial problems: Aspecification of an oscilloscope,� IEEE Software, September 1990.[18] G. Kahn, �The semantics of a simple language for parallel programming,� InformationProcessing, 1974.[19] M. R. Barbacci, C. B. Weinstock, and J. M. Wing, �Programming at the processor-memory-switch level,� in Proceedings of the 10th International Conference on Software Engineering,(Singapore), pp. 19-28, IEEE Computer Society Press, April 1988.[20] G. E. Kaiser and D. Garlan, �Synthesizing programming environments from reusablefeatures,� in Software Reusability (T. J. Biggerstaff and A. J. Perlis, eds.), vol. 2, ACM Press,1989.[21] W. Harrison, �RPDE: A framework for integrating tool fragments,� IEEE Software, vol. 4,November 1987.[22] C. Hewitt, �Planner: A language for proving theorems in robots,� in Proceedings of the FirstInternational Joint Conference in Artificial Intelligence, 1969.[23] S. P. Reiss, �Connecting tools using message passing in the field program developmentenvironment,� IEEE Software, July 1990.[24] C. Gerety, �HP Softbench: A new generation of software development tools,� Tech. Rep.SESD-89-25, Hewlett-Packard Software Engineering Systems Division, Fort Collins,Colorado, November 1989.[25] R. M. Balzer, �Living with the next generation operating system,� in Proceedings of the 4thWorld Computer Conference, September 1986.

Garlan & Shaw: An Introduction to Software Architecture39[26] G. Krasner and S. Pope, �A cookbook for using the model-view-controller user interfaceparadigm in Smalltalk-80,� Journal of Object Oriented Programming, vol. 1, pp. 26-49,August/September 1988.[27] M. Shaw, E. Borison, M. Horowitz, T. Lane, D. Nichols, and R. Pausch, �Descartes: Aprogramming-language approach to interactive display interfaces,� Proceedings ofSIGPLAN �83: Symposium on Programming Language Issues in Software Systems, ACMSIGPLAN Notices, vol. 18, pp. 100-111, June 1983.[28] A. N. Habermann and D. S. Notkin, �Gandalf: Software development environments,� IEEETransactions on Software Engineering, vol. SE-12, pp. 1117-1127, December 1986.[29] A. N. Habermann, D. Garlan, and D. Notkin, �Generation of integrated task-specificsoftware environments,� in CMU Computer Science: A 25th Commemorative (R. F. Rashid,ed.), Anthology Series, pp. 69-98, ACM Press, 1991.[30] K. Sullivan and D. Notkin, �Reconciling environment integration and componentindependence,� in Proceedings of ACM SIGSOFT90: Fourth Symposium on SoftwareDevelopment Environments, pp. 22-23, December 1990.[31] G. R. McClain, ed., Open Systems Interconnection Handbook. New York, NY: IntertextPublications McGraw-Hill Book Company, 1991.[32] D. Batory and S. O�Malley, �The design and implementation of hierarchical softwaresystems using reusable components,� Tech. Rep. TR-91-22, Department of Computer Science,University of Texas, Austin, June 1991.[33] H. C. Lauer and E. H. Satterthwaite, �Impact of MESA on system design,� in Proceedings ofthe Third International Conference on Software Engineering, (Atlanta, GA), pp. 174-175,IEEE Computer Society Press, May 1979.[34] H. P. Nii, �Blackboard systems Parts 1 & 2,� AI Magazine, vol. 7 nos 3 (pp. 38-53) and 4 (pp.62-69), 1986.[35] V. Ambriola, P. Ciancarini, and C. Montangero, �Software process enactment in oikos,� inProceedings of the Fourth ACM SIGSOFT Symposium on Software DevelopmentEnvironments, SIGSOFT Software Engineering Notes, (Irvine, CA), pp. 183-192, December1990.[36] D. R. Barstow, H. E. Shrobe, and E. Sandewall, eds., Interactive Programming Environments.McGraw-Hill Book Co., 1984.[37] G. R. Andrews, �Paradigms for process interaction in distributed programs,� ACM ComputingSurveys, vol. 23, pp. 49-90, March 1991.[38] A. Berson, Client/Server Architecture. McGraw-Hill, 1992.[39] E. Mettala and M. H. Graham, eds., The Domain-Specific Software Architecture Program.No. CMU/SEI-92-SR-9, Carnegie Mellon Software Engineering Institute, June 1992.[40] D. Harel, �Statecharts: A visual formalism for complex systems,� Science of ComputerProgramming, vol. 8, pp. 231-274, 1987.[41] K. J. �str�m and B. Wittenmark, Computer-Controlled Systems Design. Prentice Hall,second ed., 1990.[42] D. L. Parnas, �On the criteria to be used in decomposing systems into modules,�Communications of the ACM, vol. 15, pp. 1053-1058, December 1972.[43] �PROVOX plus Instrumentation System: System overview,� 1989.[44] F. Hayes-Roth, �Rule-based systems,� Communications of the ACM, vol. 28, pp. 921-932,September 1985.