Performance Debugging in the Enterprise ParallelProgramming SystemDavid WoloschukPaul IglinskiSteven MacDonaldDiego NovilloIan ParsonsJonathan SchaefferDuane SzafronDepartment of Computing Science,University of Alberta,Edmonton, Alberta,CANADA T6G 2H1AbstractDebugging parallel/distributed programs is aniterative process, alternating between correctnessdebugging and performance debugging.Performance debugging involves identifyingbottlenecks in a parallel computation andproviding meaningful feedback to the user. Thequality of this feedback can play a major role inthe quick resolution of performance problems.Many feedback systems provide the user withendless streams of statistics, relying on the user todo the interpretation. This paper discusses theperformance debugging facilities in the Enterpriseparallel programming system. Through visual andaural cues, performance information is conveyed tothe user in an intuitive manner.1IntroductionMany of the papers on distributed debugging beginwith the message, explicit or implicit, that whiledebugging sequential programs might becharacterized as a difficult art, debugging parallelprograms is a decidedly painful chore. The causeof this drudgery is a combination of the specialproblems encountered in distributed computing andthe lack of tools for coping with these inherentdifficulties.The process of debugging a parallel programcan be divided into two sub-processes: correctness(logic) debugging and performance debugging.

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.The first process is concerned with modifying aparallel program so that it yields a correct solutionto a problem. The second is concerned withmodifying a parallel program so that it executesfaster than the sequential program, but remainscorrect. Parallel programming systems (PPSs)must provide support for both kinds of debugging.Unfortunately, the literature concentrates oncorrectness debugging at the expense ofperformance debugging. This is unusual whenone considers that the major motivation forparallel computing is increased performance.Unfortunately, the two debugging processesare not independent. In a perfect world, once acorrect parallel program is obtained, a series ofcorrectness preserving transformations would beapplied to the program to increase performance. Inreality, parallel performance improvements areusually obtained by increasing the concurrency,which often does not guarantee that correctnesswill be preserved. Therefore, the debuggingprocess is an iterative one that shifts back andforth between correctness debugging andperformance debugging. To support this process,PPSs must either provide a single debugger thatsupports both kinds of debugging or an integrateduniform environment that supports a rapid andseamless shift between debuggers. Enterprise is a PPS which supports thevarious phases and activities of the softwaredevelopment process: designing, coding,compilation, execution, testing, performanceanalysis and debugging [6]. The graphical userinterface provides a simple, uniform view of aprogram that reflects the high-level programmingmodel of Enterprise [5]. The interface views ofperformance and correctness debugging are

2identical and are similar to all of the other views.This makes performance debugging a naturalextension of the program development process. Itis not an auxiliary activity in Enterprise.This paper focuses on performance debuggingin Enterprise. Correctness debugging is discussedelsewhere [4]. Section 2 provides an overview ofperformance tuning. Section 3 provides anoverview of the Enterprise programming modeland environment. Section 4 describes performanceanalysis in Enterprise. Section 5 presents ourconclusions and an outline of future research.2An Overview ofPerformance DebuggingParallel program developers are often interested inthe execution behavior of a program as a functionof time. The behavior is a result of programevents, where an event marks a characteristic statechange that the programmer deems interesting.For example, memory location accesses, registerchanges and message sends between processors areevents. The goal of performance tuning is to usethe events to identify patterns and trends that ariseduring execution and to use these patterns trends tomodify the program to improve performance.Performance tuning can be divided into threeoperations. The first is to acquire (capture orrecord) the interesting events while the program isrunning. The second is to analyze the events toproduce information about the run. The third is topresent this information to the user.There are two methods to acquire and analyzeevents. Real-time analysis is carried out at run-time as events are captured. In post-mortemanalysis, events are recorded at run-time, but areanalyzed in a post-execution process.Real-time analysis provides an instantaneousview of the execution of a program and allowsusers to interact with the program duringexecution. This offers immediate feedback totuning operations performed by the programmer.The primary problem with real-time analysis isthat the time between events can be small andactivity can be bursty. Multiple processors cangenerate thousands of events per second requiringthat the analysis engine not only gather largequantities of data from multiple sources, but alsoprocess this data as fast as the events are generated.Even if the hardware and software could cope, it isnot clear that the information could be presented tothe programmer in such a way that it could beabsorbed and understood. A second disadvantage ofreal-time analysis is that it is difficult to takeadvantage of long-term patterns and trends. Thatis, real-time analysis tools usually focus on thecurrent few events.In post-mortem systems, a program run isused to generate a trace file that contains the rawevents. Unlike real-time systems, full knowledgeof the program run is available and trends thatemerge over time can be computed more easily.Post-mortem systems can control the passage ofreal time, allowing events to proceed as quickly orslowly as the user desires. Presentation can beenhanced, since during uninteresting periods theuser can fast forward to the next point of interest.If events are happening too quickly to absorb, theuser can slow down the trace processing and evenstep through a trace file one event at a time. Themajor drawback to this approach is that a full tracemust usually be obtained before the user can viewprogram activity and do performance tuning. Afull second trace must then be produced before theeffects of the tuning can be viewed. This issimilar to the difference between programdevelopment using language compilers andinterpreters. Most PPSs use a post-mortemstrategy for two reasons; it is simpler toimplement and it provides more user control.Event acquisition and analysis have been well-studied in the literature (for example, [7]). Thekey factor in acquisition is to reduce the probe-effect, the perturbation of the performance of aprogram due to the execution of instrumentationcode. This intrusion can potentially alter theexecution of a program to the extent of alteringthe results. The Enterprise approach to the probeeffect is described in [4], but this effect is lessimportant in performance debugging than it is incorrectness debugging.This paper focuses more on the presentationof data than on its acquisition or analysis.Presentation is responsible for displayinginformation to the user in a meaningful,unambiguous and (sometimes) entertainingmanner. Limited only by the creativity andimagination of designers, presentation tools oftenemploy clever and colorful means to conveyinformation. Animations and other graphicaldisplays not only grab attention, but are ideal incapturing the dynamic nature of parallel programs.Well-designed graphical displays with simplevisual cues and familiar symbolic representationsenhance a user’s innate ability to process visualinformation (for example, [7, 1]).

3Despite the power of graphical visualization,there are several limitations to such presentationsystems. First, if too much information isdisplayed at one time, or if displayed informationis changed too rapidly, the user will miss finedetails that may be of interest. Second, there arealso practical limitations due to the hardware ofsuch systems. Graphical operations arecomputationally expensive and are often severelyhandicapped while executing on anything less thanthe fastest of machines. Display monitor screensare restricted in size and resolution, limiting howmuch information can be displayed at any time.These limitations are particularly troublesome insystems where processors number in thethousands. However, graphics is not the only wayof presenting information to the user in a non-textual manner. Some interesting research hasbeen done to investigate auralization (sound) tocharacterize the behavior of a program [2].3An Overview of EnterpriseRather than provide a complete introduction toEnterprise, this paper describes only the salientfeatures of its architecture and programmingmodel, with enough environment features tounderstand the performance tuning tools.3 . 1 The Enterprise ArchitectureThe Enterprise system consists of fourcomponents: a pre-compiler, the Enterpriseexecutive, a communication manager and theobject-oriented user interface. The user providesthe remaining components: an Enterprise programconsisting of a modularized C program, togetherwith any user-required libraries and a meta-programfor describing the parallelism desired.A uniform graphical user interface providesthe mechanisms for modularizing the componentsof a user’s program and selecting the desiredparallelization techniques. All the necessary com-munication and synchronization code for parallelexecution on a selected group of workstations isautomatically inserted into the user’s code by thepre-compiler when the program is compiled. Thecommunication manager, currently PVM [3], istransparent to the user. The Enterprise executivetakes care of all the process management andsynchronization. A conventional C programmerneed not learn any new language, languageconstructs, or libraries of special functions forhandling inter-process communication orheterogeneity concerns. This, in itself, is a majorstep towards reducing programming errors whichresult from the use of unfamiliar languageconstructs or specialized library calls. A simplemenu-based graphical meta-programming modelfor expressing parallelism is really the only newsymbolic construct for the programmer to learn.The Enterprise model provides the user withtemplates to implement various parallelizationtechniques. As such, it can be categorized as atemplate-based PPS. Arbitrary communicationpatterns among concurrent processes are notallowed. The process communication graph isdetermined by the selected templates.3 . 2 The Programming ModelIn distributed systems with multiple agentsworking together towards a common goal, themethod of communication is message passing.The traditional programmer’s view of messagepassing involves four steps: pack the data, sendthe message, receive the message, and unpack thedata. The Enterprise approach to message passingis to make inter-process communication look likestandard C function calls, but without theprogramming effort and synchronous semantics ofremote procedure calls. Enterprise executesdesignated function calls concurrently. Considerthe following C code:result = func( x, y );/* other C code */a = result;If func is to be executed concurrently, thenEnterprise modifies the procedure call to pack theparameters x and y into a message and sends itto the processor that executes func. The callercontinues executing and only blocks and waits forthe function result when it is needed (a =r e s u l t ) . A pending result that allowsconcurrent actions has been called a future.By letting the compiler generate the code todo data packing and unpacking, programmingerrors related to message packing are entirelyavoided. Any heterogeneity concerns, such asbyte-ordering schemes of the communicatingprocessors, are handled automatically. Forexample, off-by-one errors in arrays are eliminated.3 . 3 The Meta-Programming ModelThere are no explicit references to parallelism inthe user’s code. The parallelism is describedorthogonally in a meta-program constructed using

4the graphical user interface. The meta-programming model employs an analogy with abusiness organization to represent different typesof parallelization techniques. There is an intrinsicsimilarity between the units of a businessorganization, all ultimately composed ofindividual workers, and the groups of individualprocesses executing in a distributed computingenvironment. This analogy provides us withconsistent terminology and a metaphor forbuilding hierarchical parallel structures.Every program entity in Enterprise, be it anindividual module or an integrated group ofmodules, is called an asset. Each asset is one of:Enterprise, Individual, Service, Receptionist,Representative, Line, Department or Division.Lines, Departments, and Divisions are compositeassets representing different parallelizationtechniques. The user draws a simple hierarchicalasset diagram to represent a parallel program. Anew Enterprise program starts with an Enterpriseasset containing a single Individual. If the entireprogram code is placed in this Individual, theprogram will simply execute sequentially,analogous to a one-person business. Four basicoperations are used to transform this sequentialprogram into a parallel one: asset expansion, assettransformation, asset addition and asset replication.Using the analogy, the simple business growsincrementally into a complex organization.Figure 1 shows the meta-program for asimple program called CubeSquare. It consists ofa Department with a Receptionist, CubeSquare,and two Individuals, Square and Cube, eachreplicated twice. CubeSquare, Square andCube are C-code procedures. Square and Cubeare simple routines that contain a randomized sleepto imitate a computationally intensive functionwhich takes a non-determinate amount of time toexecute. CubeSquare calls Square and Cubein a loop and then sums these results in anotherloop. If C u b e and S q u a r e were indeedcomputationally intensive functions, Enterprisewould deliver speedups. Clearly, even without therandomized sleep, the message-passing andprocess-management overheads in this minimalistexample overwhelm any parallelization gains.This trivial example is used for illustrationpurposes throughout this paper.

54. Performance Debugging inEnterpriseEnterprise supports three techniques forperformance debugging. The first is a post-mortem animation of the execution of a program[5]. The second is a set of real-time performancemonitoring graphs [8]. The third is the ability ofEnterprise to automatically allocate resourcesbased on load. The first two will be discussed inthis section and the third will be described in afuture paper.4.1 Event Acquisition in EnterpriseThere are three acquisition modes that can beselected at run-time. The first is a quiet modewhere no event information is gathered and noanalysis is performed. This mode is used forproduction versions of the program whereperformance tuning and program debugging are nolonger an issue. The second mode, performancelogging, is used to acquire real-time performancedata including event type, the ids of thecollaborating processes and an event time stamp.The third mode is event logging and it is used tocapture complete events to a trace file for programreplay, animation, debugging and post-mortemanalysis. The event information gathered duringevent logging is a super-set of the informationgathered during performance logging. Theadditional information includes the contents ofmessages (user parameter values).The data acquisition mechanism is shown inFigure 2. At run-time, if either logging mode isenabled, each Enterprise asset sends a special eventlogging message to the Enterprise executiveprocess whenever a message is sent betweenassets. If event logging is enabled, the executiveprocess writes the gathered event messages to anevent log file. This file is used in the animationand replay of a given program run. If performancelogging is enabled, the executive process alsoforwards the event logging message to theEnterprise interface process via a UNIX“(trademark of Unix Systems Laboratory, Inc.)pipe. The interface then parses the input from thepipe to obtain the raw event data.

6Unlike event logging where event data iswritten to a file, the performance loggingmechanism manages the data as it arrives in one oftwo user specified modes: ordered or chaotic.Ordered mode processing requires that the userspecify a delay time measured in seconds. In thiscase, a buffer holds events taken from the pipe forthe delay time before processing them further.This buffering compensates for mis-ordered eventsthat may arise as a result of uneven processor-to-processor message delays introduced by acongested network. The end result is that theanalysis will have a minimum delay time beforedisplaying its results. In the chaotic mode, eventsare processed as they are taken from the pipe. Ifevents from different processors arrive out of order,a warning message is displayed, but no furtheraction is taken and event processing continues.Chaotic mode is sometimes useful since it reducesthe overhead associated with buffering and orderingevents and may be safely used in the presence of afast reliable network with low congestion.4.2 Performance Analysis in EnterpriseAnalysis is based on asset state information andthe history of each message sent between assetsduring a program run. At any time during theexecution of a program, an Enterprise asset can bein one of four states: busy doing user’s work, idlewaiting for work, blocked waiting for a future tobe returned, or dead when it is finished all of itswork. In the best-case scenario, an asset will bebusy for most of its life. The history of amessage consists of which asset sent the message,which asset received the message, the amount oftime the message was queued before it wasprocessed, and the amount of time required toprocess the message. This simple information canprovide a great deal of insight into an Enterpriseprogram.The processing method is essentially the samefor post-mortem and real-time analysis with thechief difference being the source of the raw events.For real-time processing, the events are obtainedfrom the UNIX pipe linking the executive processand the interface. For post-mortem processing,the events are obtained from a trace file generatedduring an execution run. In either case, the firststep of the analysis process is to register the rawevents. Each raw event is accepted by the interfaceand its effects are computed and registered in aninternal data structure that maintains statistics foreach asset and each message sent by an asset.In real-time processing, an attempt is made toregister events at speeds matching actual executionof the program. However, such a scenario is notalways possible. There are times when raw eventprocessing must be slowed, such as whenmessages experience unusually long delays over anetwork. In an effort to preserve some consistentmodel of time, the performance analysis toolmaintains two timers. The first, real time, recordsthe true wall-clock execution time of the programin seconds. The second, virtual time, records thetime based on event processing. If events can beregistered at a speed comparable to execution time,real time and virtual time will proceed at anequivalent rate. However, should the system beunable to process raw events quickly enough, therate at which virtual time passes will be slowed bysome factor. For example, virtual time may flowat half real time or one quarter real time. Thisapproach preserves relative time spans in virtualtime and preserves the appearance of how theprogram actually executed.The second step of the analysis process is totake snapshots of the system state for real-timedisplay purposes. Although each event isregistered as it arrives at the interface, it may betoo expensive to perform a detailed analysis ofeach event and present the results graphically,especially if bursty activity overloads the analysismechanism or the display mechanism. Instead,the user can specify a sample interval in secondssuch that a snapshot is taken once each interval.For example, if the interval is set to one second,the state of each asset will only be updated eachsecond, even if it changed state several timesduring this period.4.3 Post-mortem Presentation:AnimationAn Animation View allows the user to animatethe message-passing behavior of a program basedon a captured event file from a previous execution.This view provides the simultaneous macroscopicperspective of the program together with amicroscopic perspective of the state of individualassets and messages.Once an event file has been created, theanimation view can be used for both performancedebugging and correctness debugging. Thecaptured events are animated as a sort of time-lapsemovie which shows messages moving betweenassets, entering and leaving message queues, andassets changing state. Figure 3 shows ananimation view of the program CubeSquare.

7

8

9