This is a pre-print of a copyrighted article in Proceedings of CASCON ’94 (CD-ROM version), Toronto,Canada, 1994.Enterprise: Current Status and Future DirectionsD. Szafron, J. Schaeffer, P. Iglinski,I. Parsons, R. Kornelsen, C. MorrowDepartment of Computing Science,University of Alberta,Edmonton, Alberta,CANADA T6G 2H1AbstractSoftware development costs for parallel programscan be considerably higher than for sequentialsoftware. There are a variety of reasons for this,but two of the major ones are the programmingmodel and the execution environment. Mostparallel programming models are very differentfrom sequential ones, so there is strong resistanceto change. In most parallel programmingsystems, the user must be aware of the targethardware configuration and must tailor programsto match the execution environment. Ideally,programming a parallel application should be nomore difficult than programming a sequential one.Enterprise is a programming environment fordesigning, coding, debugging, testing,monitoring, profiling and executing parallelprograms in a distributed hardware environment.The two major goals of the Enterprise project areto provide an easy-to-use, familiar programmingmodel for writing parallel applications (the user’sinterface to the system) and to removeconsiderations of the target hardware from the user(the system’s interface to the hardware). Thispaper discusses the current status and the futuredirections of the project. Features of particularnote are sequential C for programming; ananalogical model for representing the parallelism;transparent access to a variety of underlyingcommunications subsystems; and visual tools forsupporting program design, program animation,forced replay and message level debugging.By providing a familiar programming model,utilizing a uniform graphical interface andabstracting away all considerations of thehardware, Enterprise can be used to reduce thecosts of parallel software development.

The IBM contact for this paper is JacobSlonim, Centre for Advanced Studies, IBM CanadaLtd., Dept. 21/894 844 Don Mills Road, NorthYork, Ontario M3C 1V7.1IntroductionWriting programs to exploit concurrency inparallel and distributed architectures adds an extradimension of complexity to software development.The programmer must deal with additional issueswhile writing code (such as communication,synchronization and process-processor mapping)and at run-time (such as load balancing and faulttolerance). Ideally, with the proper parallelprogramming system, many of theseconsiderations can be abstracted from the user’sview. Unfortunately, despite a decade of activeresearch into tools for parallel and distributedprogram development, there still exists a large gapbetween what has been developed in the researchlaboratory and what is used in practice.Researchers have taken several diverseapproaches to extending the ideas of sequentialprogramming to parallel programming:1)Design a new language that either explicitlyor implicitly supports parallel programmingconstructs (for example, Orca [1]). However,user communities are reluctant to changelanguages, given that they have a substantialinvestment in legacy software.2)Extend an existing programming languagewith new programming constructs (forexample, High Performance Fortran [6]).This approach is popular with the scientificcommunity since the myriad of new featuresadded to Fortran allows users to modify theircode to maximize performance.Unfortunately, if an application does not usevectors, HPF has little to offer.3)Provide a library of routines to augment aprogramming language (for example, PVM[3]). This approach is widely used, but itforces the programmer to deal with low-levelissues. Users must write a substantialnumber of complex code fragments that

2contain explicit messages, increasing theprobability of programming errors.4) Provide annotations for an existingprogramming language that extend itssemantics to support concurrent execution ofprogram components. The advantage is thatparallel programming looks like sequentialprogramming; the disadvantage is that theabsence of user control over low-level detailsmight restrict the level of performance.While each of the above approaches might serve aparticular community, the question is whichapproach offers the best chance of gaining wide-spread acceptance.This paper describes the current status andfuture directions of Enterprise, a parallelprogramming system for developing applicationsthat run concurrently on a distributed network ofcomputers [10]. Enterprise embraces the fourthapproach, enhancing the semantics of the Cprogramming language to allow subroutines to beexecuted concurrently. Enterprise is publiclyavailable (the ftp instructions are given at the endof the paper) and is currently used in Canada, theUnited States and Europe.The Enterprise project has adopted thefollowing design goals:1)Support a commonly used sequentialprogramming language (C in our case) withno syntactic extensions to the language orlibrary calls to make.2)Provide a programming environment that canbe used for the complete software engineeringlife-cycle, including design, coding,compiling, executing, debugging,performance monitoring and performancetuning.3)Provide a uniform view in accessing all toolsin the environment. This reduces the learningcurve for users and the time for contextswitches between tools.4)Abstract as much of the run-time environmentas possible from the user, including hardware,operating system, compiler and file system.Clearly, these are ambitious goals. However, wefeel they must be achieved if parallel/distributedcomputing is to move from the research laboratoryto commercial use.This paper discusses the currentaccomplishments and the future directions of theEnterprise project in two areas: the programminginterface and the communications interface. Theprogramming interface provides a uniformgraphical interface to all tools in the system. Ofparticular note are the use of sequential C forprogramming, an analogical model used torepresent the parallelism and the visual tools forsupporting program design, program animation,forced replay and message level debugging. Thecommunications interface provides transparentaccess to a variety of underlying communicationssubsystems (PVM or MPI [12] for example) sothe user is shielded from most considerations ofthe hardware used. In effect, the computingenvironment may be treated as a black box by theuser.The combination of these two features allowsusers to write distributed programs withoutproviding any explicit code for parallelism. Theusers concentrate their efforts on the importantissue, identifying the potential parallelism in theirapplications, without being sidetracked byunnecessary details.2An Overview of EnterpriseIn Enterprise, the interactions of processes in aparallel computation are described using ananalogy based on the parallelism inherent in abusiness organization. Since business enterprisescoordinate many asynchronous individuals andgroups, the analogy is beneficial to understandingand reducing the complexity of parallel programs.Inconsistent parallel terminology (such as master-slave, pipelines or divide-and-conquer) is replacedwith more familiar business terms (assets calledindividuals, lines, departments, divisions andservices). Every sequential procedure that willexecute concurrently is assigned an asset type thatdetermines its parallel behavior. The user code foreach of these procedures is sequential C, but aprocedure call to such an asset is automaticallytranslated into a message send by Enterprise.Consider the following user C code, assumingthat func is an asset in the program:result = func( x, y );/* other C code */a = result;When Enterprise translates this code to run on anetwork of workstations, the parameters x and yare packed into a message and sent to the processthat executes the asset f u n c . The callercontinues executing and only waits for thefunction result when it accesses the result (a =

3result). Results that allow such concurrentexecution are called futures [4].Enterprise has three components: an object-oriented graphical interface, a pre-compiler and arun-time executive. The user specifies theapplication parallelism by drawing a hierarchicalenterprise that consists of assets. At run-time,each asset corresponds to one or more processes.Sequential procedure calls in C are translated intomessage send/receives across a network by the pre-compiler. The execution of the program(process/processor assignment, establishingcommunication links and monitoring networkload) is done by the run-time executive.For example, consider a Simulation programthat displays a group of fish swimming across adisplay screen (this problem was contributed by aresearch group in our Department and is morecomplex than portrayed by the followingdescription). The main procedure, Model, consistsof a loop that, for each frame in the simulation,performs some work on the frame and callsPolyConv. PolyConv manipulates the imagereceived from Model and calls Split. Splitpolishes the frame and writes it to disk. Therewill be three assets: Model, PolyConv and Split.The user could enter all of the code for Model,PolyConv and Split into one individual asset andrun the program sequentially. However, there isno reason why Model should wait until PolyConvcompletes the first simulation frame to startprocessing the second frame. Similarly,PolyConv does not need to wait for Split. In theparallel processing community this type ofparallelism is often called a pipeline. Using theEnterprise analogy, these three routines act like anassembly or production line and are represented bya line. Therefore, the user can transform thesingle individual into a line containing thecomponents Model, PolyConv and Split.One of the strengths of the Enterprise modelis that it is easy to experiment with alternateparallelization techniques without changing Csource code. Each asset represents at least oneprocess. If a call is made to the individual Split,it is executed by a process; if a subsequent call ismade to Split before the first call is complete, thesecond call must wait for the first call to finish.However, if the Split asset is replicated, multipleprocesses can be used to execute callsconcurrently. When PolyConv calls Split, aprocess is activated, and if a subsequent call ismade to Split before the first call is done, then asecond process is activated if there is an availablemachine. Replication can be dynamic inEnterprise so that all available processors on thenetwork can be used, subject to a lower and upperbound supplied by the user.Figure 1 shows the structure of theSimulation program. The double line rectanglerepresents the enterprise. The dashed-line rectanglerepresents the line asset and each inner iconrepresents a component. The first component is areceptionist that shares the name, Model, with theline that contains it. All calls to a line arereceived by the receptionist. The other twocomponents are subordinate individuals. The lastindividual in the line, Split, is replicated with oneto five replicas.When a user compiles a program, theEnterprise pre-compiler automatically inserts codeto handle the distributed computation and compilesthe program. When a user executes a program, theEnterprise run-time executive allocates thenecessary number of processors to start theprogram, initiates processes on the processors anddynamically allocates work to processes.3Current StatusIn this section the current state of the publiclyavailable version of Enterprise is described.3 . 1 Programming ModelThe gcc compiler has been modified to support theEnterprise programming model. No syntaxchanges to the C programming language havebeen made and the user is not required to make anylibrary calls. The compiler supports futures forboth simple and complex variable types, includingpointers.3 . 2 Meta-Programming ModelAs described in Section 2, Enterprise uses theanalogy of a business organization to representdifferent parallelization techniques by assets. Theuser expresses the parallelism in an application byselecting an appropriate decomposition of assets.At any time, an asset can be replicated so thatmultiple identical copies are created. In this way,when a replicated asset is called, the first replicaexecutes the call and if a second call is made to thereplicated asset before the first call is completed, asecond replica can immediately execute the secondcall. Currently, five asset types are supported:

4

5assets and inspect message contents. Programanimation is useful in the testing, monitoring andperformance tuning of programs. Event logs canalso be used to force re-execution of a program inthe same event order to debug parallel programs.The debugger also allows users to set messagelevel breakpoints during replay. Thesebreakpoints can be based on the identity of sendingor receiving assets or the values of loggedparameters when messages are sent or received.3 . 4 Communication InterfaceThe communication interface supports clusters ofhomogeneous machines running UNIX. Threearchitectures are currently supported (IBM, Sunand SGI workstations) with two more availablesoon (HP and DEC). Enterprise can generate codeto interface with several communication kernels,including full support for NMP [7] and PVM andpartial support for DCE [9] and ISIS [2].4Research DirectionsEnterprise is being used as a test-bed for researchin a number of areas in distributed computing andprogramming environments. This sectionsummarizes some of the major efforts.4 . 1 Programming ModelCurrently two extensions to the programmingmodel are being investigated. First, some of therestrictions on futures can be relaxed. Forexample, futures currently cannot be passed toother routines. A future used as a functionparameter is treated as an access of that variable,implying that program execution stops until thefuture has returned. More concurrency in anapplication is possible if blocking on futures canbe delayed as long as possible.Second, using pointers to alias variables is aproblem in parallel as well as sequential code. Inthe sequential world, the presence of pointers caninhibit some types of code optimization.However, in Enterprise, the use of pointers toalias futures is currently not detected by thecompiler, possibly resulting in run-time errors.Solving this is a difficult problem, since thelocations referenced by a pointer cannot bestatically detected at compile time. A solution isto have all pointers checked at run-time, eitherthrough software (expensive) or preferably withhardware assistance (currently not supported bymost operating systems).4 . 2 Meta-Programming ModelEnterprise assets attempt to create an abstractionby which high-level process interactions can beeasily specified. The current suite of assets issuitable for a wide range of applications. UsingEnterprise service assets can model anycommunication structure, incurring only theoverhead of the intermediate service processes.However, several high-level meta-programmingstructures occur often enough that new assetsshould be created to handle them.The most important commonly occurringcommunication structure not supported by anEnterprise asset is peer-to-peer communication.Consider a problem such as parallel sorting. Nprocesses each sort 1/Nth of the data. Eachprocess then wants to send part of its sorted subsetof the data to the other N -1 processes. InEnterprise, asset calls look like sequentialsubroutine calls, but in reality are message sendsto concurrent processes. In the parallel sortingexample we need to send the data to a particularinstance of a collection of identical assets. Oneway to specify this is to add an extra parameter toeach asset call that specifies the receiver. Anotheris to create an array of assets and then index intothe array to identify the receiver. Clearly bothsolutions are workable without changing thesyntax or semantics of the C programminglanguage. The two disadvantages of these schemesare that the programmer must take a more activerole than in other Enterprise assets and theyintroduce the possibility of deadlock.We are also investigating the use of size-independent reference schemes. For example,references like up, down, left and right in meshassets. In this way, the size of a mesh does nothave to be determined at compile time. Instead,the mesh can be created when a computation isstarted, based on the available number ofprocessors, so that user code can be independent ofthe size.Interesting work has already begun onpreprocessing existing C programs (legacysoftware) to identify the data and communicationstructure with the goal of automaticallyparallelizing the application or offering hints tothe user on how this might be achieved [8].Although automatic parallelization is anambitious project, recent research has shown thatthe simplicity of the Enterprise model allowsautomatic parallelization of some applications.

64 . 3 The Programming InterfaceOther than support for new asset types, fewchanges are required to the user interface forsupporting design, coding, compiling or testing.In the area of monitoring, the animation view isbeing augmented to supply more performanceinformation in the form of gauges, dials andgraphs. In addition, we are studying the use ofsound to represent the changing state of assets andtheir utilization. However, the biggest problem inmonitoring is neither a lack of information nor amechanism to report the information. The realproblem is how to filter and display selectiveinformation. Parallel programming systemsshould support user queries at a higher level ofabstraction. For example, the user should be ableto say: "show me a situation in which a singleasset is executed for a long time". Enterpriseshould respond by searching through an event logand displaying 10 seconds of an animation inwhich only one asset is busy and all others are idleor blocked and indicating where in the user’s codethis situation occurs. Similarly the user should beable to say: "show me a situation where I havespecified a replication factor that is too large sothat some replicated assets are idle" or "show me asituation where I have specified a replication factorthat is too small so that there is a large inputqueue for a replicated asset". In our first attemptto support such filtering the user will be given amenu which contains entries such as sequentialexecution, replication too large and replication toosmall.4 . 4 Communications InterfaceSupport for heterogeneous computingenvironments is currently being developed. Theproblems of message passing betweenheterogeneous processors are well understood andhave been dealt with by others. The current workis on developing a mechanism for automaticdecomposition of arbitrary data structures into flatbyte streams (and their recovery) that isindependent of the communication system used.This is particularly important in languages like Cthat support untyped pointers.The Enterprise compiler has been modified toallow any asset to be executed either sequentiallyor in parallel. This adds an interesting dimensionto optimizing the run-time performance of aprogram, since Enterprise can dynamicallymonitor program execution and toggle processesbetween parallel and sequential modes asconditions change.I/O in a heterogeneous computingenvironment is difficult to achieve in a transparentmanner. Two of the major problems areconcurrent read/write access to a shared file anddata file formats (different vendors use differentformats for data). Research has begun on creatinga virtual file system for an Enterprise program thatsupports both parallel and sequential I/Osemantics.5ConclusionsIt took many years before the computingcommunity finally moved from low-levelassembly languages to high-level compiledlanguages; users were unwilling to sacrifice theperformance gains possible in assembler for thereduced software design costs of using compiledlanguages. These higher level tools abstracted outthe hardware considerations, making it possible towrite machine-independent programs. Withparallel/distributed computing, a similar scenariois occurring. Users are unwilling to give up theperformance they can achieve using access to low-level primitives in return for the reduced softwaredesign costs that are possible using high-leveldevelopment tools. These higher level toolsabstract out many of the hardware considerations,making it possible to build portable parallelprograms. Two considerations will cause the usercommunity to evolve towards the higher leveltools: retirement of the senior members of thework force and the continued reduction in the costof parallel/distributed computing hardware reducingthe need for high performance.Enterprise attempts to provide the user with afamiliar sequential programming model that hidesmost of the hardware details. Experiments haveshown that this programming model increasesprogrammer productivity, though possibly at thecost of reduced run-time performance [11]. Giventhe high cost of sequential software development,and the increased complexity of parallel software,the parallel/distributed computing communitymust eventually move towards higher levelprogramming models.Enterprise is publicly available and can beobtained through the World Wide Web (WWW)from http://web.cs.ualberta.ca/labs/enterprise.htmlor obtained be f t p from the directorypub/Enterprise at ftp.cs.ualberta.ca.

7AcknowledgmentsThis research has been funded by NSERC grantsOGP-8173, OGP-8191 and CRD-148317 and agrant from the Centre for Advanced Studies, IBMCanada Limited.About the AuthorsDuane Szafron is an Associate Professor ofcomputing science at the University of Alberta.His research interests include object-orientedcomputing, programming environments and userinterfaces. He received a Ph.D. from theUniversity of Waterloo and a B.Sc. and M.Sc.from the University of Regina. His Internetaddress is duane@cs.ualberta.ca.Jonathan Schaeffer is a Professor ofcomputing science at the University of Alberta.His research interests include parallel computing(programming environments and algorithms) andartificial intelligence (heuristic search). Hereceived a Ph.D. and M.Math. from the Universityof Waterloo and a B.Sc. from the University ofToronto. His Internet address isjonathan@cs.ualberta.ca.Paul Iglinski is finishing an M.Sc. at theUniversity of Alberta. The focus of his research isdistributed parallel debugging and object-orienteduser interfaces for parallel computing. He receiveda B.A. (Math) from the University of SouthFlorida, an M.A. (Chinese) from StanfordUniversity, and a B.Sc. from the University ofAlberta. His Internet address isiglinski@cs.ualberta.ca.Ian Parsons is in the Ph.D. program at theUniversity of Alberta. His main interest is inprogramming environments for distributed parallelapplications. He received a B.Sc. and M.Sc. fromthe University of Alberta, and a B.Sc. (Chemistry)from the University of Western Ontario. HisInternet address is ian@cs.ualberta.ca.Randal Kornelsen is a programmer/analystat the University of Alberta. His areas of interestinclude neural networks and distributed parallelapplications. He received a B.Sc. from theUniversity of Alberta. His Internet address isrand@cs.ualberta.ca.Chris Morrow is a programmer/analyst atthe University of Alberta. His research interestsinclude parallel and distributed computing. Hereceived a B.Sc. from the University of Alberta.His Internet address is morrow@cs.ualberta.ca.References[1]H. Bal, M. Kaashoek and A. Tanenbaum."Orca: A Language for Parallel Programmingof Distributed Systems". IEEE Transactionson Software Engineering, vol. 18, no. 3, pp.190-205, 1992.[2]K. Birman et al. "The ISIS System Manual,Version 2.1". ISIS Project, ComputerScience Dept., Cornell University, 1991.[3]G. Geist and V. Sunderam. "Network-BasedConcurrent Computing on the PVMSystem". Concurrency: Practice andExperience, vol. 4, no. 4, pp. 293-311,1992.[4]R. Halstead. "Multilisp: A Language forConcurrent Symbolic Computation". ACMTransactions of Programming Languages andSystems, vol. 7, no. 4, pp. 501-538, 1985.[5]G. Lobe, D. Szafron, and J. Schaeffer. "TheEnterprise User Interface". TOOLS(Technology of Object-Oriented Languagesand Systems) 11, R. Ege, M. Singh and B.Mayer (editors), pp. 215-229, 1993.[6]D. Loveman. "High Performance Fortran".IEEE Parallel and Distributed Technology,vol. 1, no. 1, pp. 25-42, 1993.[7]T.A. Marsland, T. Breitkreutz and S.Sutphen. "A Network Multi-processor forExperiments in Parallelism", Concurrency:Practice and Experience, vol. 3, no. 1, pp.203-219, 1991.[8]S.N. McIntosh-Smith, B.M. Brown and S.H u r l y . " I n t e l l i g e n t A l g o r i t h m Decomposition For Parallelism with Afar".IFIP WG10.3 Working Conference onProgramming Environments for MassivelyParallel Distributed Systems, Monte Verit�,Ascona, Switzerland, pp. 5.1-5.10, 1994 (toappear).[9]Open Software Foundation. "OSF DCERelease 1.0 Application DevelopmentGuide". OSF, Cambridge Mass., 1992.[10]J. Schaeffer, D. Szafron, G. Lobe, and I.Parsons. "The Enterprise Model forDeveloping Distributed Applications". IEEEParallel & Distributed Technology, vol. 1,no. 3, pp. 85-96, 1993.

8[11]D. Szafron and J. Schaeffer. "ExperimentallyAssessing the Usability of ParallelProgramming Systems". IFIP WG10.3Working Conference on ProgrammingEnvironments for Massively ParallelDistributed Systems, Monte Verit�, Ascona,Switzerland, pp. 19.1-19.7, 1994 (to appear).[12]D.W. Walker. "The Design of a StandardMessage Passing Interface for DistributedMemory Concurrent Computers". ParallelComputing, vol. 20, no. 4, pp. 657-673,1994.