Mary ShawPatterns for Software Architectures1Patterns for Software Architectures Mary ShawCarnegie Mellon UniversityPittsburgh PAInternet: mary.shaw@cs.cmu.eduMay 1994; revised August 1994First Annual Conference on the Pattern Languages of ProgrammingAbstractSoftware designers rely on informal patterns, or idioms, to describe the architectures oftheir software systems�the configurations of components that make up the systems. Mypurpose here is to reflect on the role these patterns play in software design. I am particu-larly interested in the ways that informal patterns shape the configurations. These patternsdetermine how separate parts are combined, or �woven together�. The resulting organiza-tion is often called the architecture of the system. Current programming languages do notsupport these patterns; indeed, the patterns address problems that lie outside the scope ofconventional programming languages. This paper describes the character of thesearchitectural patterns and the status of work on models and tools to support them.Design Patterns for Software ArchitecturesThe conventional view holds that software components interact by importing and exporting ac-cess rights to procedures, then calling the procedures (sometimes referred to as �invoking themethods�). However, software designers describe the interactions among components usingquite a rich vocabulary of abstractions. Although the descriptions and the underlying vocabularyare imprecise and informal, designers nevertheless appear to communicate effectively. Even vo-cabulary that has been overloaded to the extent of becoming buzz-words, when used in context,carries content. For example:¥"Camelot is based on the client-server model and uses remote procedure calls bothlocally and remotely to provide communication among applications and servers."[Spector 87]¥"Abstraction layering and system decomposition provide the appearance of systemuniformity to clients, yet allow Helix to accommodate a diversity of autonomousdevices. The architecture encourages a client-server model for the structuring ofapplications." [Fridrich 85]¥"We have chosen a distributed, object-oriented approach to managing information."[Linton 87]¥"The easiest way to make the canonical sequential compiler into a concurrent compileris to pipeline the execution of the compiler phases over a number of processors. ... Amore effective way [is to] split the source code into many segments, which areconcurrently processed through the various phases of compilation [by multiple

Mary ShawPatterns for Software Architectures2compiler processes] before a final, merging pass recombines the object code into asingle program." [Seshadri 88]¥"The ARC network [follows] the general network architecture specified by the ISO inthe Open Systems Interconnection Reference Model. It consists of physical and datalayers, a network layer, and transport, session, and presentation layers." [Paulk 85]The prose is usually accompanied by a box-and-line diagram that depicts the intended system ar-chitecture. In these diagrams, shapes suggest differences among the components, but there islittle discrimination among the lines�that is, among different kinds of interactions. The de-scriptions are highly specific to the systems they describe, especially the labeling of components.We studied sets of such descriptions and found a number of patterns that recur regularly. Someof these patterns govern the overall style that organizes the components; others identify the char-acter of a component interface or an abstraction for component interaction. A few of the patterns(e.g., objects) have been carefully refined [Booch 86], but others are still used quite informally,even unconsciously. Nevertheless, the idiomatic patterns are widely recognized. System de-signs often appeal to several of these patterns, combining them in various ways. Inspecting de-scriptions of actual systems shows that the motivations for using different patterns are often notcarefully separated, and the interactions of the patterns are correspondingly obscure.Garlan and Shaw [Garlan and Shaw 93] describe several common architectural styles. This isnot, of course, an exhaustive list; it offers rich opportunities for both elaboration and structure.By abstracting from the details of individual examples, we can identify underlying patterns.These idiomatic patterns differ in four major respects: the underlying intuition behind the pat-tern, or the system model; the kinds of components that are used in developing a system accord-ing to the pattern; the connectors, or kinds of interactions among the components; and the controlstructure or execution discipline. By using the same descriptive scheme, we improve our abilityto identify significant differences among the patterns. Once the informal pattern is clear, the de-tails can be formalized [Allen and Garlan 94]. Further, choosing the architecture for a systemshould include matching characteristics of the architecture to properties of the problem [Lane 90];having uniform descriptions of the available architectures should simplify this task.Systems are composed from identifiable components of various distinct types. The componentsinteract in identifiable, distinct ways. Components roughly correspond to compilation units ofconventional programming languages and other user-level objects such as files. Connectorsmediate interactions among components; that is, they establish the rules that govern componentinteraction and specify any auxiliary implementation mechanism required. Connectors do not ingeneral correspond individually to compilation units; they manifest themselves as table entries,instructions to a linker, dynamic data structures, system calls, initialization parameters, serversthat support multiple independent connections, and the like. A pattern is based on selected typesof components and connectors, together with a control structure that governs execution. Anoverall system model captures the intuition about how these are integrated.Popular architectural patterns include:PipelineSystem modelmapping data streams to data streamsComponentsfilters (purely computational, local processing)Connectorsdata streams (ASCII data streams for unix pipelines)Control structuredata flow

Mary ShawPatterns for Software Architectures3Data abstraction (object-oriented)System modellocalize state maintenanceComponentsmanagers (e.g., servers, objects, abstract data types)Connectorsprocedure call (method invocation is essentially procedure callwith dynamic binding)Control structuredecentralized, usually single threadImplicit invocation (event-based)System modelindependent reactive processesComponentsprocesses that signal significant events without knowingrecipients of signalsConnectorsautomatic invocation of processes that have registered interestin eventsControl structuredecentralized; individual components are not aware ofrecipients of signalRepository (includes databases and blackboard systems)System modelcentralized data, usually richly structuredComponentsone memory, many purely computational processesConnectorscomputational units interact with memory by direct data accessor procedure callControl structurevaries with type of repository; may be external (depends oninput data stream, as for databases), predetermined, or internal(depends on state of computation, as for blackboards)InterpreterSystem modelvirtual machineComponentsone state machine (the execution engine) and three memories(current state of execution engine, program being interpreted,current state of program being interpreted)Connectorsdata access and procedure callControl structureusually state-transition for execution engine; input-driven forselection of what to interpretMain program and subroutinesSystem modelcall and definition hierarchyComponentsproceduresConnectorsprocedure callsControl structuresingle threadLayeredSystem modelhierarchy of opaque layersComponentsusually composites; composites are most often collections ofproceduresConnectorsdepends on structure of components; often procedure callsunder restricted visibility, might also be client-serverControl structuresingle threadIn practice, a designer adopts one or more of these patterns to shape the design. Patterns may beused in combination either by providing complementary views during initial design -- as both arepository and an interpreter [Garlan and Shaw 93] -- or by elaborating a component of one pat-tern using some other pattern -- as a layered system in which some layers are elaborated aspipelines and others as data abstractions. This progressive elaboration can be continued repeat-

Mary ShawPatterns for Software Architectures4edly until the architectural issues are resolved, at which point conventional programmingtechniques take over.Clearly, these patterns need to be elaborated and classified. This is the objective of ongoingwork. Another important open problem is how to provide guidance about deciding which archi-tectural pattern best fits a given problem. Lane [Lane 90] worked through this question in detailfor a specific domain, the user interface component of a system.Patterns for component packaging and interactionRecognizing, recording, classifying, selecting, and using patterns for architectures is notenough. Different patterns rely on different kinds of components, and those components interactin different ways. Furthermore, most systems are heterogeneous -- several patterns are used incombination to define the architecture. A full architectural description language must thereforedistinguish among kinds of components and interactions. Yet the tools at the disposal of pro-grammers are the procedure and data references that languages allow them to export from mod-ules. As a result, there is a gap between that concepts and notations for architectural descriptionand the concepts and notations for the resulting programs. We are working on a language andtool to bridge the gap. This section describes the types of components and connectors we sup-port in the current prototype and the way those types interact to define legal systemconfigurations.Conventional views of system composition do not acknowledge the difference between architec-tural design and code. Some simply view systems as collections of compilation units that importand export names of procedures and data, using constructs of the underlying programming lan-guage for the interaction. Others choose one organizational pattern and support it exclusively;this often involves restricting components to a particular form and interactions to one specializedabstraction.A major shortcoming of both conventional methodology and conventional languages is that peo-ple don�t generally recognize the distinctions (or lack thereof) that are causing trouble. If a soft-ware developer is not sensitive to differences in component packaging, he or she may inadver-tently select incompatible components. Consider, for example, the difference in unix betweenfilters and procedures (system calls). Many of the same functions are provide in both forms.Even though a formal specification might indicate that both versions computer the same function(e.g., sort), the two versions are not interchangeable because they interact with their data indifferent ways.The situation is exacerbated because the connectors are invisible�the abstractions used for sys-tem style are not evident in the design but are hard-coded in procedure calls. Furthermore, com-ponent packaging comes in many types, which are not often discriminated. Even the copiouswork on reuse ignores the needs of systems that use multiple patterns, because it fails to dealexplicitly with different forms of component packaging and different abstractions for componentinteraction (connection).The common organization styles listed in the previous section distinguish among different kindsof components and connectors. This establishes a requirement that an architectural languagesupport those distinctions by labeling, checking, and analysis. We [Shaw94] have argued else-where that interactions should have the same first-class status that components do.

Mary ShawPatterns for Software Architectures5ComponentTypeIntuitionPlayer Types supportedModule

Conventional compilation unit

RoutineDef, RoutineCall, GlobalDataDef,GlobalDataUse, ReadFile, WriteFileComputationPure functionRoutineDef, RoutineCall, GlobalDataUseSharedDataFortran common with importGlobalDataDef, GlobalDataUseSeqFileunix fileReadNext, WriteNextFilterunix filterStreamIn, StreamOutProcessunix processRPCDef, RPCCallSchedProcessreal-time processRPCDef, RPCCall, Segment, TriggerGeneralanything goesAll (that is, any player type is allowed)Table 1: Component types supported by UniConUnicon, our prototype architectural language, takes the first steps [Shaw et al 95]. Componentsand connectors are the primary entities in the language. Each has a type, a specification, and animplementation. Specifications include the elements of interaction�players for components androles for connectors. The types of components currently supported are listed in Table 1, thetypes of connectors in Table 2. The specification of a connector, called a protocol, determineshow components will interact. It establishes the roles that must be played by various compo-nents, and it identifies the player types that can fill these roles. Subsystems are then constructedas nonprimitive components by defining the components and connectors to be used and themanner in which they will be configured.ConnectorTypeIntuitionRole Types and the Players they supportPipe unix pipe

Source (accepts StreamOut of Filter, ReadNext of SeqFile)Sink (accepts StreamIn of Filter, WriteNext of SeqFile)FileIO unix operations between process and file

Reader (accepts ReadFile of Module)Readee (accepts ReadNext of SeqFile)Writer (accepts WriteFile of Module)Writee (accepts WriteNext of SeqFile)ProcedureCall inter-module procedure call

Definer (accepts RoutineDef of Computation or Module)Caller (accepts RoutineCall of Computation or Module)DataAccess shared data (between compilationunits within a process)

Definer (accepts GlobalDataDef of SharedData or Module)User (accepts GlobalDataUse of SharedData, Computation, or Module)RemoteProcCall remote procedure call

Definer (accepts RPCDef of Process or SchedProcess)Caller (accepts RPCCall of Process or SchedProcess)RTScheduler processes competing for processor cyclesStimulus (accepts Trigger of SchedProcess)Action (accepts Segment of SchedProcess)Table 2: Connector types supported by UniConThis is only a first step, as new types must be added manually, no abstraction capabilities are yetavailable, and the enforcement of patterns of architectural style is still quite weak.

Mary ShawPatterns for Software Architectures63 . Alexander�s patternsAlexander�s pattern language [Alexander et al 77] has helped to shape my views on softwarearchitecture over the past few years. I discovered it originally when I was trying to understandthe reuse of design fragments that couldn�t be captured in subroutine or object form. Thesefragments included¥program skeletons to be fleshed out, often with varying numbers of certain features¥housekeeping activities such as scheduling or synchronization that seem to beimpossible to isolate in their own modules¥configurations of modules without reference to the computations in the modulesIt was clear that these fragments are reused idiomatically just as algorithms and data structuresare. However, they must be fleshed out with other (unrelated) code in order to be useful, soordinary library mechanisms are not suitable. Alexander�s patterns are of precisely this form.Other influences include the use of carefully-structured prose rather than formal specifications toexpress the patterns, the discrimination among a variety of patterns and restriction on which onescan interact with which others, and recognition that it�s acceptable for some patterns to operate atlarge scale while others operate in the small.A major attraction of Alexander�s pattern language is that forms are modified when they arecombined, and the patterns describe how these changes take place. This is in stark contrast tomost programming language support, in which the parts are completely, rigidly defined inadvance and maintain their identity throughout (except for inter-module optimization, which isinvisible to designers).AcknowledgmentsThe technical results reported here were developed jointly with various co-authors, especially David Garlan. Agood share of the motivation has come from sources outside computer science, most notably Alexander�s work onpattern languages and some conversations with Vic Vyssotsky on urban planning. Discussion of the originalpaper at the August 1994 PLoP workshop showed me a number of ways to improve the content and presentationThis research was supported by the Carnegie Mellon University School of Computer Science and SoftwareEngineering Institute (which is sponsored by the U.S. Department of Defense), by a grant from SiemensCorporate Research, and by the Wright Laboratory, Aeronautical Systems Center, Air Force Materiel Command,USAF, and the Advanced Research Projects Agency (ARPA) under grant F33615-93-1-1330. The USGovernment is authorized to reproduce and distribute reprints for Government purposes, notwithstanding anycopyright notation thereon. Views and conclusions contained in this document are those of the authors and shouldnot be interpreted as representing the official policies, either expressed or implied, of Wright Laboratory, theDepartment of Defense, the United States Government, Siemens Corporation, or Carnegie Mellon University.ReferencesAllen and Garlan 94Robert Allen and David Garlan. Formalizing Architectural Connection. In Proc 16th International Conferenceon Software Engineering, 1994.Alexander et al 77Christopher Alexander, Sara Ishikawa, Murray Silverstein, et al. A Pattern Language. Oxford University Press1977.Booch 86Grady Booch. Object-Oriented Development. IEEE Trans. on Software Engineering SE-12, 2, February 1986,pp. 211-221.

Mary ShawPatterns for Software Architectures7Fridrich 85Marek Fridrich and William Older. Helix: The Architecture of the XMS Distributed File System. IEEESoftware, vol 2, no 3, May 1985 (pp. 21-29).Garlan and Shaw 93David Garlan and Mary Shaw. An Introduction to Software Architecture. In V. Ambriola and G. Tortora (eds),Advances in Software Engineering and Knowledge Engineering, vol. II, World Scientific Publishing Company,1993.Lane 90Thomas G. Lane. Studying Software architecture Through Design Spaces and Rules. Carnegie MellonUniversity Technical Report , September 1990.Linton 87Mark A. Linton. Distributed Management of a Software Database. IEEE Software, vol 4 no 6, November1987.Paulk 85Mark C. Paulk. The ARC Network: A Case Study. IEEE Software, vol 2 no 3, May 1985, pp. 62-69Seshadri 88V. Seshadri et al. Semantic Analysis in a Concurrent Compiler. Proceedings of ACM SIGPLAN ’88Conference on Programming Language Design and Implementation.Shaw 94Mary Shaw. Procedure Calls are the Assembly Language of Software Interconnection: Connectors DeserveFirst-Class Status. Proc. Workshop on Studies of Software Design, Springer-Verlag 1994, to appear.Shaw and Garlan 93Mary Shaw and David Garlan. Characteristics of Higher-level Languages for Software Architecture.Manuscript, 1993.Shaw et al 95Mary Shaw, Robert DeLine, Daniel V. Klein, Theodore L. Ross, David M. Young, Gregory Zelesnik.Abstractions for Software Architecture and Tools to Support Them. IEEE Transactions on SoftwareEngineering, to appear..Spector 87Alfred Z. Spector et al. Camelot: A Distributed Transaction Facility for Mach and the Internet - An InterimReport. Carnegie Mellon University Computer Science Technical Report CMU-CS-87-129, June 1987.