An Analysis of Processor Resource Models for Usein Performance PredictionE. Papaefstathiou, D.J. Kerbyson, G.R. Nudd, T.J. AthertonParallel Systems Group, Department of Computer Science,University of Warwick, Coventry, UKAbstractWith the increasing sophistication of both software and hardware systems,methodologies to analyse and predict system performance is a topic of vital interest.This is particularly true for parallel systems where there is currently a wide choice ofboth architectural and parallelisation options; and where the costs are likely to be high.Performance data is vital to a diffuse range of users including; system developers,application programmers and tuning experts. However, the level of sophistication andaccuracy required by each of these users is substantially different.In this paper characterisation based technique is described (considering both applicationand hardware resources) which addresses these issues directly. Initially, a framework isdescribed for characterisation based approaches. A classification scheme is used toillustrate differences in the level of sophistication and detail in which the underlyingresource models are specified. Finally, verification is provided of the characterisationtechniques applied to several application kernels on a MIMD system. The performancepredictions and error bounds resulting from the level of resource specification are alsodiscussed.1. IntroductionPerformance evaluation is an active area of interest especially within the parallelsystems community [18, 26, 34]. It is of interest to all parties involved includingmachine manufactures, algorithm designers, application developers, application users,and performance analysts. Performance evaluation strategies have been proposed andutilised to allow analysis to take place at various stages of application codedevelopment. Prediction techniques can be used to produce performance estimates inadvance of porting code. For fine tuning of performance after implementation,monitoring information can be gathered to analyse where performance has effectivelybeen lost when compared with idealised system performance.Characterisation forms one performance evaluation discipline. A system’s performanceis parametrised in terms of the underlying operations. These can include acharacterisation of disk accesses, the communication traffic on the interconnectionnetwork in a parallel system, and can describe the use of the functional units of aprocessor. However, there are many ways in which these characterisation models canbe formulated.

2Characterisation includes a multitude of techniques for the description of the underlyingoperations. These range from high-level descriptions, such as a complexity styleanalysis, down to a detailed low-level description of the analysis of the instructionstream within a processor. The level of detail at which the system is characterisedeffects the accuracy of the resulting models. In addition the accessibility to systemcomponents effects the characterisation that can be performed, e.g. the instructionstream cannot be analysed without having a compiler available which in turn needsaccess to source code.Substantial analysis has been carried out for traditional workload characterisation whichare used in capacity planning and performance tuning studies [14, 21, 8]. Workloadcharacterisation can only be performed when all components of the system are in place,and thus all measurements can be obtained. However, in the case of the characterisationof parallel systems most performance studies are required before all the systemcomponents are available, or before porting codes to individual systems. Thecharacterisation techniques considered in the scope of this work can be used when notall the system components are in place, thus forming predictive characterisationtechniques.There has been little work to date that has provided comparative studies of the differentpredictive characterisation methods. Further, no classification of the differentcharacterisation methods is in common use. The work presented here aims to overcomethis shortfall by suggesting a classification scheme for characterisation techniques, andalso to provide comparisons between the characterisation methods. The resultspresented here show that the level of detail used within the characterisation modelssubstantially effect the accuracy of performance predictions.In the analysis that is presented here a characterisation framework for parallel systemshas been used. This framework consists of separate characterisation of the software, thehardware, and the parallelisation aspects. This framework has been used to a number ofperformance studies [28, 30, 43]. The analysis that is performed here concentrates onthe different characterisation models that can be used for the functional elements of theprocessors.In Section 2 the characterisation framework is described. The different characterisationmodels in common use and a taxonomy for their classification is presented in Section 3.In Section 4 several application kernels are described along with the description of thecharacterisation models for a distributed memory MIMD system. Predicted andmeasured results for several characterisation models are given in Section 5 and alsoanalysed to show the prediction error statistics of the different techniques.Sub-Task LayerParallel TemplateHardware LayerApplication LayerPerformancePredictionsSoftwareExecutionGraphsParallelisationStrategyCommunicationStructureResource ModelCommunication ModelFigure 1 - The layered characterisation framework

32. Characterisation FrameworkA framework in which characterisation studies can be performed for parallel systemshas been proposed and also applied in several studies [28, 30, 43]. This frameworkconsists of several layers, each encompassing different aspects of parallel systems. Thefour layers contained within this framework as shown in Figure 1. These are:¥An Application layer, which describes the control flow of an application in termsof a sequence of sub-tasks using the software execution graph notation (takenfrom Software Performance Engineering [38]).¥An Application sub-task layer which describes the sequential part of every sub-task.¥A parallel template layer which describes the parallelisation strategy andcommunication structure for each task in the application layer.¥A hardware layer which describes the hardware characteristics including CPU,communication operation, and I/O subsystems etc.The framework has been designed to be modular, such that a parallel template may beinterchanged for a given application task. Similarly, the hardware model may bechanged to represent a different architecture. This modularity enables characterisationmodels for each of the parallel templates and hardware resource models to be developedand re-used in further characterisation studies.ApplicationStagesParallelisationStrategiesHardwareModelsFigure 2 - Schematic example of application tasks with associated parallel templatesand hardware modelsAn example of the use of the layered characterisation framework is shownschematically in Figure 2. Here the application is shown as a sequence of tasks whichcan either be a set of functions within an application code, or a threaded controlsequence through a number of computational kernels (this is the approach being takenwithin the ESPRIT PEPS characterisation work [29]). For each of the application tasks,a separate parallel template can be used for mapping the task onto a target architecture,and similarly a separate hardware model may be used for each task. It should be notedthat the hardware model may be different for each application task (having differentresource models for the same hardware), or, as in the case of heterogeneousenvironments, be hardware models that represent different parallel systems perhapsinterconnected through high speed networks such as HiPPi [15].An important aspect of any characterisation study is the formation and use of thedescription of system resources also know as the resource model. The resource model iscoupled with information required from the application tasks in terms of resource usageinformation, which are termed as Resource Usage Vectors (RUV’s). The resourcemodel can take several forms, from high level abstract definitions considering onlyMflop rates down to a low level detailing instruction cycle times. Each of theseresource models can be incorporated into the characterisation framework as illustrated

4in Figure 3. Here, a resource model that describes the hardware is chosen, and theassociated RUV needs to be obtained for each application component.Application StageParallel TemplateHardware LayerResource UsageVectors (RUV’s)ResourceModels

Resource 1

Resource 2

Resource 3Figure 3 - Resource models and associated RUV’s within the characterisationframeworkThe RUV for each application component is combined with the resource model, to givepredicted execution times for each task, and further the timing information for all taskcan be combined.An expression can be developed which captures the control flow of an application.Evaluation of such expressions can provide performance indications for each softwarecomponent. These expressions are commonly referred to as either time formulas [10],cost functions [2], or performance formulas [16]. Within this paper the term timingformulas will be used. Timing formulas contain both parameters that depend on thenature of data, and also on the resource usage of the system. The data dependentparameters might include loop iteration counts and branch probabilities.A commonly used method for obtaining timing formulas for complex softwarestructures is the development of control flow graphs [1, 5, 7, 37]. These graphs areoften referred to as computation structure models [36], control flow graphs, applicationabstraction models [31], or software execution graphs [38]. Each node of the graphincludes both data dependent parameters and resource usage information. By usinggraph analysis algorithms, a timing formula can be obtained from it.max = arr[0] max=arr[i]max<arr[i]Nelement

TrueFigure 4 - Software execution graphdescribing the Find_Max code segmentIn this paper Software Execution Graphs(SEG), introduced by Software PerformanceEngineering, are used [38]. An example of asoftware execution graph for a serialmaximum finding procedure is shown inFigure 4. Computational segments areshown as rectangles, loops as circles with adiagonal line, and conditional branches as arectangle with a corrugated edge.To predict the execution time, each softwarecomponent is associated with a resourceusage vector (RUV), e.g. number of CPUcycles taken, number of memory referencesetc. By combining the RUV with theresource model of the hardware it is possible to predict the execution time for eachsoftware component. The timing formula for the above example is given in Equation˚1. 5

tx = t vassign

( )+ Nelement ⋅ t vloop( )+t vif( )+ Pmax ⋅t vassign( ) ( )(1)ωηερε ϖασσιγν, ϖλοοπ, ανδ ϖιϕ αρε τηε ΡΥςσ ϕορ εαχη χομπονεντ οϕ τηε σοϕτωαρε εξεχυτιονγραπη, ανδ τηε ϕυνχτιον, τ(), τακεσ τηε σπεχιϕιχ ΡΥς ασ α παραμετερ ωηιχη ιτ εξπανδσ ιντερμσ οϕ τηε ρεσουρχε μοδελ το προϖιδε εξεχυτιον τιμε πρεδιχτιονσ. Τηε νυμβερ οϕ λοοπιτερατιονσ (Νελεμεντ) ανδ τηε προβαβιλιτψ οϕ ϕινδινγ τηε μαξιμυμ ϖαλυε (Πμαξ) αρε δαταδεπενδεντ παραμετερσ (δεπενδεντ ον τηε σιζε οϕ τηε αρραψ ανδ τηε διστριβυτιον οϕ δατα).Τηερε αρε α νυμβερ οϕ διϕϕερεντ ωαψσ, χορρεσπονδινγ το διϕϕερεντ λεϖελσ οϕ χομπλεξιτψ,ιν ωηιχη τηε ρεσουρχε υσαγε ινϕορματιον χαν βε δεσχριβεδ. Τηισ δεσχριπτιον ισ χουπλεδωιτη τηε ρεσουρχε μοδελ υσεδ ϕορ τηε ηαρδωαρε, ανδ ισ τηε συβφεχτ οϕ τηε νεξτ σεχτιον.3. Ρεσουρχε Μοδελσ ωιτηιν Χηαραχτερισατιον ΣτυδιεσΤηε χηαραχτερισατιον τεχηνιθυεσ ιν χομμον υσε ινϖολϖεσ α δεσχριπτιον οϕ τηε σοϕτωαρεανδ υσεσ αν υνδερλψινγ ρεσουρχε μοδελ. Τηε τεχηνιθυεσ ρανγε ϕρομ ηιγη λεϖελδεσχριπτιονσ, δεαλινγ ωιτη ονλψ α ϕεω ρεσουρχε δεσχριπτορσ, τηρουγη το α δεταιλεδ μιχρο−αναλψσισ χονχερνινγ αν ινστρυχτιον λεϖελ αναλψσισ. Τηε χηαραχτερισατιον τεχηνιθυεσδεσχριβεδ αρε ασ ϕολλοωσ:∞Δεσιγν Βασεδ Χηαραχτερισατιον (ΔΒΧ) − υνδερτακεν βεϕορε σοϕτωαρειμπλεμεντατιον∞Πρινχιπαλ Οπερατιον Χηαραχτερισατιον (ΠΟΧ) − α μαχρο−αναλψσισ τεχηνιθυεχονσιδερινγ ονλψ πρινχιπαλ οπερατιονσ∞Ηιγη Λεϖελ Λανγυαγε Χηαραχτερισατιον (ΗΛΛΧ) − α μιχρο−αναλψσισ χονσιδερινγχονστρυχτσ ωιτηιν α προγραμμινγ λανγυαγε∞Ιντερμεδιατε Χοδε Χηαραχτερισατιον (ΙντΧΧ) − χονσιδερσ τηε ιντερμεδιατε χοδε ασουτπυτ βψ α χομπιλερ∞Ινστρυχτιον Χοδε Χηαραχτερισατιον (ΙΧΧ) − εξαμινεσ τηε αχτυαλ ασσεμβλψ χοδετηατ εξεχυτεσ ον τηε ταργετ σψστεμ∞Χομπονεντ Τιμινγ (ΧΤ) − υσεσ αχτυαλ μεασυρεμεντσ οϕ τηε σοϕτωαρε οβταινεδϕρομ α μονιτορινγ τοολ ρυννινγ ον τηε ταργετ σψστεμΤηε διϕϕερεντ ρεσουρχε μοδελσ χονταινεδ ιν τηε αβοϖε χηαραχτερισατιον τεχηνιθυεσ αρεδεσχριβεδ ανδ χομπαρεδ ιν τηισ σεχτιον. Τωο χλασσιϕιχατιον σχηεμεσ ϕορ τηε διϕϕερενττψπεσ οϕ τηε ρεσουρχε μοδελσ αρε ϕιρστ ιντροδυχεδ βελοω. Τηε ιμπορταντ ϕεατυρεσ οϕ τηερεσουρχε μοδελσ αρε ιδεντιϕιεδ ανδ α δεταιλεδ εξαμινατιον ισ γιϖεν ϕορ τηοσε χονταινεδιν τηε αβοϖε χηαραχτερισατιον τεχηνιθυεσ.3.1 Χλασσιϕιχατιον οϕ ρεσουρχε μοδελσΤωο χλασσιϕιχατιον σχηεμεσ ϕορ ρεσουρχε μοδελσ αρε δεσχριβεδ βελοω. Τηε ϕιρστχονσιδερσ τωο χλασσεσ, ναμελψ μιχρο ανδ μαχρο αναλψσισ, ωηιχη χονσιδερ τηε δεταιλ ατωηιχη τηε ρεσουρχεσ αρε δεσχριβεδ. Τηε σεχονδ χονσιδερσ τηρεε χλασσεσ ναμελψ αβστραχτ,σοϕτωαρε, ανδ σψστεμ βασεδ χηαραχτερισατιον, ωηιχη δεπενδ υπον τηε στατυσ ανδαχχεσσιβιλιτψ οϕ σοϕτωαρε ανδ ηαρδωαρε σψστεμ χομπονεντσ. 63.1.1Χλασσιϕιχατιον βασεδ ον τηε δεταιλ οϕ τηε ρεσουρχε μοδελΤηε τεχηνιθυεσ το οβταιν ΡΥςσ ηαϖε βεεν χλασσιϕιεδ βψ Χοηεν [10] ιντο τωο μαινχατεγοριεσ βασεδ ον τηε νυμβερ ανδ σιζε οϕ οπερατιονσ μεασυρεδ (ορ πρεδιχτεδ):1.⊇Μαχρο Αναλψσισ: Τηεσε τεχηνιθυεσ ϕοχυσ ον τηε δομιναντ οπερατιονσ ιν αναλγοριτημ. Αν εξαμπλε οϕ α μαχρο τψπε αναλψσισ ισ το χονσιδερ ϕλοατινγ ποιντοπερατιονσ ωηιλε ιγνορινγ αλλ οτηερσ.2. Μιχρο Αναλψσισ: Μιχρο αναλψσισ ινχλυδε τηε τεχηνιθυεσ τηατ μεασυρε αλλ τηεοπερατιονσ τηατ αρε περϕορμεδ ιν α προγραμ. Τηισ ινχλυδεσ α ρανγε οϕ τεχηνιθυεσϕρομ α ηιγη λεϖελ χηαραχτερισατιον το α λοω λεϖελ ινστρυχτιον χηαραχτερισατιον.3.1.2 Χλασσιϕιχατιον βασεδ ον αχχεσσ το σοϕτωαρε/σψστεμΑ ϕυρτηερ ωαψ ιν ωηιχη το χλασσιϕψ τηε ρεσουρχε μοδελσ ισ βασεδ ον τηε αχχεσσ τοσοϕτωαρε/ηαρδωαρε χομπονεντσ, ε.γ. ιϕ σοϕτωαρε ισ υναϖαιλαβλε, ορ ιϕ ιτ ισ αϖαιλαβλε βυτ απαραλλελ πορτ ηασ νοτ ψετ βεεν περϕορμεδ. Υσινγ τηισ ασ α βασισ ϕορ χλασσιϕιχατιον, τηεϕολλοωινγ χατεγοριεσ χαν βε υσεδ:1. Αβστραχτ Χηαραχτερισατιον: Τηισ χατεγορψ ινχλυδεσ τηε χηαραχτερισατιον μετηοδστηατ χαν βε υσεδ ιν τηε ινιτιαλ σταγεσ οϕ τηε σοϕτωαρε δεϖελοπμεντ βψ αναλψσινγτηε αλγοριτημσ (ορ δεσιγνσ) βεινγ χονσιδερεδ.2. Σοϕτωαρε Βασεδ Χηαραχτερισατιον: Τηε μετηοδσ ιν τηισ χατεγορψ ρεθυιρε τηεεξιστενχε οϕ τηε σοϕτωαρε σουρχε χοδε, ανδ ρεσουρχε υσαγε ινϕορματιον ωηιχη ισηαρδωαρε ινδεπενδεντ.3.Σψστεμ Βασεδ Χηαραχτερισατιον: Φιναλλψ τηε χηαραχτερισατιον τεχηνιθυεσ τηατ αρεσψστεμ δεπενδεντ (ι.ε. βοτη σοϕτωαρε ανδ ηαρδωαρε δεπενδεντ) αρε χονταινεδ ιντηισ χατεγορψ. Τηεσε μετηοδσ αρε υσεδ μαινλψ ιν χαπαχιτψ πλαννινγ ανδ τυνινγστψλε περϕορμανχε στυδιεσ τηατ ρεθυιρε ηιγη αχχυραχψ ον α γιϖεν σψστεμ.Τηε τωο χλασσιϕιχατιον σχηεμεσ δεσχριβεδ αβοϖε αρε χομπλεμενταρψ, ανδ ασ συχη, απαρτιχυλαρ μετηοδ μαψ βε πλαχεδ ιν α χατεγορψ οϕ βοτη χλασσιϕιχατιον σχηεμεσ ωιτηουτοϖερλαπ. Τηατ ισ, τηε ρεσουρχε μοδελ μαψ βε δεπενδεντ υπον αϖαιλαβλε σοϕτωαρε, βυτ ισαλσο χονσιδερεδ ασ α μιχρο−αναλψσισ.3.2 Ρεσουρχε μοδελ αττριβυτεσΤηε σελεχτιον οϕ τηε αππροπριατε ρεσουρχε μοδελ ϕορ α περϕορμανχε στυδψ ισ δεπενδεντον α νυμβερ οϕ ρεθυιρεμεντσ ινχλυδινγ: τηε πρεδιχτιον αχχυραχψ; τηε εϕϕορτ ρεθυιρεδ τοοβταιν τηε ΡΥςσ; τηε στατυσ ανδ αϖαιλαβιλιτψ οϕ σοϕτωαρε; τηε αχχεσσ το τηε ταργετ σψστεμανδ χομπιλερ; ανδ αλσο ιν τηε πορταβιλιτψ οϕ τηε ρεσουρχε μοδελσ. Τηεσε αττριβυτεσ αρε ασϕολλοωσ:1.Σψστεμ Χομπονεντ Αχχεσσιβιλιτψ : Φαχτορσ τηατ ινϕλυενχε τηε σελεχτιον οϕ τηερεσουρχε μοδελ αρε τηε αϖαιλαβιλιτψ οϕ τηε σουρχε χοδε, τηε χομπιλερ, ανδ τηεηαρδωαρε σψστεμ. Φορ εξαμπλε ιν σομε χασεσ, τηε σουρχε χοδε μαψ βε αϖαιλαβλε,βυτ α χομπιλερ ανδ τηε ηαρδωαρε σψστεμ αρε υναϖαιλαβλε. Χονσεθυεντλψ, ιτ ωουλδνοτ βε ποσσιβλε το μεασυρε τηε περϕορμανχε οϕ εαχη παρτ οϕ τηε σοϕτωαρεεξεχυτιον γραπη υσινγ αχτυαλ μεασυρεδ τιμινγ ινϕορματιον, ορ το αναλψσε τηεουτπυτ οϕ τηε χομπιλερ.2.Πηασε οϕ Σοϕτωαρε Δεϖελοπμεντ: Ιν ινιτιαλ σταγεσ οϕ σοϕτωαρε δεϖελοπμεντ,σουρχε χοδε ισ νοτ αϖαιλαβλε, ανδ σο τηε ρεσουρχε ινϕορματιον μυστ βε αχθυιρεδϕρομ τηε ινιτιαλ σοϕτωαρε δεσιγνσ ανδ αλγοριτημιχ στρυχτυρεσ. Ιν λατερ σταγεσ,ωηεν σουρχε χοδε ισ αϖαιλαβλε οτηερ τψπεσ οϕ ρεσουρχε μοδελσ χαν βε υσεδ. 7Φιναλλψ ιν ποστ−δεϖελοπμεντ σταγεσ ωηερε τυνινγ ανδ χαπαχιτψ πλαννινγ ισρεθυιρεδ, αχτυαλ τιμινγ ινϕορματιον χαν βε οβταινεδ.3.Πορταβιλιτψ: Α νυμβερ οϕ ρεσουρχε μοδελσ αρε αππλιχαβλε το μανψ ηαρδωαρεπλατϕορμσ ωηιλε οτηερσ αρε σπεχιϕιχ το α σινγλε σψστεμ.4.Αχχυραχψ: Τηε ρεσυλταντ αχχυραχψ, ρεθυιρεδ ϕρομ τηε πρεδιχτιονσ οϕ αχηαραχτερισατιον στυδψ ισ ανοτηερ χριτερια ϕορ σελεχτινγ τηε αππροπριατε ρεσουρχεμοδελ. Ηιγη αχχυραχψ οϕ τηε ρεσυλτσ οϕτεν ρεθυιρεσ μορε εϕϕορτ ιν οβταινινγ τηεΡΥςσ, ανδ αλσο μαψ βε λεσσ πορταβλε.5.Εϕϕορτ: Τηε εϕϕορτ ινϖολϖεδ ιν οβταινινγ τηε ΡΥςσ ισ α ϕυρτηερ ϕαχτορ ωηιχησηουλδ βε χονσιδερεδ. Τψπιχαλλψ ωηεν λοω εϕϕορτ ισ σπεντ τηε δεσχριπτορσ αρεειτηερ σψστεμ δεπενδεντ ορ τηε πρεδιχτιον ρεσυλτσ ωιλλ βε οϕ ποορ αχχυραχψ ωηιλεηιγη εϕϕορτ μαψ ρεσυλτ ωιτη ηιγη αχχυραχψ ορ ηιγη πορταβιλιτψ. Ιτ σηουλδ βε νοτεδηοωεϖερ, τηατ οβταινινγ ρεσουρχε υσαγε ινϕορματιον χαν βε αυτοματεδ ιν μανψχασεσ.3.3 Δεσχριπτιον οϕ ρεσουρχε μοδελσΤηε χηαραχτερισατιον τεχηνιθυεσ αρε πλαχεδ ωιτηιν τηε τωο χλασσιϕιχατιον σχηεμεσπροποσεδ εαρλιερ ανδ τηειρ προπερτιεσ, αχχορδινγ το τηε λιστ αβοϖε, αρε δεσχριβεδ. Εαχητεχηνιθυε ανδ τηε ασσοχιατεδ ρεσουρχε μοδελ ισ δεσχριβεδ βελοω.3.3.1Δεσιγν βασεδ χηαραχτερισατιον (ΔΒΧ)Δεσιγν βασεδ χηαραχτερισατιον ισ περϕορμεδ ιν τηε ινιτιαλ σταγεσ οϕ σοϕτωαρε δεϖελοπμεντωηεν σουρχε χοδε δοεσ νοτ ψετ εξιστ. Τηε ουτπυτ οϕ τηισ χηαραχτερισατιον τεχηνιθυε ισσιμιλαρ το τηε ΡΥςσ ασ ιν τηε ηιγη λεϖελ λανγυαγε χηαραχτερισατιον ανδ τηε ινστρυχτιονλεϖελ χηαραχτερισατιον δεσχριβεδ βελοω. Ηοωεϖερ, τηε προχεδυρε υσεδ το οβταιν τηεΡΥςσ ισ νοτ βασεδ ον τηε αναλψσισ οϕ τηε σουρχε χοδε, ανδ τηε ρεσυλτινγ αχχυραχψ ισσυβσταντιαλλψ διϕϕερεντ.Σοϕτωαρε Περϕορμανχε Ενγινεερινγ συγγεστσ αν ενγινεερινγ βασεδ μετηοδολογψ τηαταλλοωσ εαρλψ περϕορμανχε πρεδιχτιονσ οϕ α σοϕτωαρε σψστεμ, τερμεδ περϕορμανχεωαλκτηρουγητσ [38]. Τηε πυρποσε οϕ τηισ τεχηνιθυε ισ το δεϖελοπ τηε σοϕτωαρε εξεχυτιονγραπη οϕ τηε αππλιχατιον, δεϕινε ρεπρεσεντατιϖε ωορκλοαδσ, ανδ εστιματε τηε ΡΥςινϕορματιον ϕορ εαχη σοϕτωαρε χομπονεντ. Το οβταιν τηε ΡΥςσ α περϕορμανχε ενγινεερμακε εστιματεσ βασεδ ον πρεϖιουσ εξπεριενχε. Τηε δεσχριπτορσ ιν ΣΠΕ στυδιεσ αρεπρεσεντεδ ιν τερμσ οϕ ΧΠΥ εξεχυτιον τιμε, νυμβερ οϕ Ι/Ο χαλλσ, νυμβερ οϕ σψστεμ χαλλσετχ. [37, 38].Οτηερ τεχηνιθυεσ ανδ τοολσ εξιστ τηατ αλλοω δεϖελοπμεντ οϕ χοντρολ ϕλοω γραπησ ιν τηεινιτιαλ σταγεσ οϕ σοϕτωαρε δεϖελοπμεντ ινχλυδινγ ΓΘΥΕ [22], ανδ ΘΝΑΠ2 [41]. Α τοολτηατ αλλοωσ τηε υσερ το δεϖελοπ χομπυτατιοναλ στρυχτυρε μοδελσ ανδ δεϕινε ρεσουρχευσαγε δεσχριπτορσ ιν τερμσ οϕ πρινχιπαλ ηιγη λεϖελ λανγυαγε οπερατορσ ηασ αλσο βεενδεϖελοπεδ [1].Δεσιγν βασεδ χηαραχτερισατιον χονϕορμσ το τηε αβστραχτ ανδ μαχρο χλασσιϕιχατιονσδισχυσσεδ εαρλιερ. Σινχε τηε χηαραχτερισατιον ισ περϕορμεδ ιν τηε εαρλψ σταγεσ οϕ σοϕτωαρεδεϖελοπμεντ, τηε ρεσυλτινγ πρεδιχτιονσ τψπιχαλλψ ηαϖε α λοω αχχυραχψ.3.3.2 Πρινχιπαλ οπερατιον χηαραχτερισατιον (ΠΟΧ)Πρινχιπαλ οπερατιον χηαραχτερισατιον ισ βασεδ ον τηε ασσυμπτιον τηατ βψ στυδψινγ ονεοπερατιον, ορ α σμαλλ χλασσ οϕ οπερατιονσ, ιτ ισ ποσσιβλε το αππροξιματε τηε περϕορμανχεοϕ τηε σψστεμ. Φορ εξαμπλε ιν τηε ινιτιαλ σταγεσ οϕ τηε σοϕτωαρε δεϖελοπμεντ ιτ ισ 8ποσσιβλε το μακε ινιτιαλ πρεδιχτιονσ οϕ τηε περϕορμανχε, βψ ιδεντιϕψινγ τηε πρινχιπαλοπερατιονσ.Αν εξαμπλε οϕ πρινχιπαλ οπερατιον χηαραχτερισατιον ιν τηε περϕορμανχε στυδιεσ οϕσχιεντιϕιχ αππλιχατιονσ αρε τηοσε βασεδ ον ϕλοατινγ ποιντ οπερατιονσ (ορ ϕλοπσ) [12, 16,19]. Τηε νυμβερ οϕ ϕλοπσ, τηατ αρε το βε χρεδιτεδ ϕορ διϕϕερεντ τψπεσ οϕ ϕλοατινγ ποιντοπερατιονσ χαν βε βασεδ ον τηε σχηεμε συγγεστεδ βψ ΜχΜαηον [25]. Υσινγ Ταβλε 1 ονεχαν υσε ϕλοπσ ασ τηε ΡΥς ϕορ εαχη νοδε οϕ τηε σοϕτωαρε εξεχυτιον γραπη. Τηεν βψ υσινγτηε ϕλοπ ρατε (Μϕλοπ/σ) οϕ α σπεχιϕιχ σψστεμ τηε εξεχυτιον τιμε χαν βε εστιματεδ.ΟπερατιονΧοσταδδ, συβτραχτ, μυλτιπλψ1 ϕλοπδιϖιδε, σθυαρε−ροοτ4 ϕλοπεξπονεντιαλ, σινε, ετχ.8 ϕλοπΙΦ( Ξ .ΡΕΛ. Ψ )1 ϕλοπΤαβλε 1 − Φλοατινγ ποιντ οπερατιον χοστσΠρινχιπαλ οπερατιον χηαραχτερισατιον χονϕορμσ το αν αβστραχτ βασεδ, μαχρο χλασσιϕιχατιονμετηοδολογψ. Ιτ χαν βε υσεδ ατ ϖαριουσ σταγεσ οϕ σοϕτωαρε δεϖελοπμεντ. Τηε μαιναδϖανταγεσ οϕ τηισ χηαραχτερισατιον μετηοδ ισ ιτσ ηιγη πορταβιλιτψ ανδ τηε λοω εϕϕορτρεθυιρεδ το οβταιν τηε πρινχιπαλ οπερατιονσ. Τηε μαιν δισαδϖανταγεσ οϕ τηισ μετηοδ ισ ιτσρεσυλτινγ λοω αχχυραχψ, ανδ τηε λιμιτεδ αππλιχαβιλιτψ το αππλιχατιονσ τηατ δον∋τ υσε τηετψπε οϕ οπερατιονσ τηατ ηαϖε βεεν σελεχτεδ, ε.γ. ιν νον ϕλοατινγ ποιντ ιντενσιϖεαππλιχατιονσ ωηερε ϕλοπσ ηασ βεεν σελεχτεδ ασ τηε πρινχιπαλ οπερατιον.3.3.3 Ηιγη λεϖελ λανγυαγε χηαραχτερισατιον (ΗΛΛΧ)Ηερε τηε ρεσουρχε ινϕορματιον ισ δεσχριβεδ τηρουγη αν αναλψσισ οϕ τηε οπερατιονσ υσεδιν α ηιγη λεϖελ λανγυαγε. Αν ν−ϖαλυε ϖεχτορ ισ δεϕινεδ ωηερε εαχη χομπονεντ ρεπρεσεντστηε περϕορμανχε οϕ α παρτιχυλαρ λανγυαγε οπερατιον. Τηε χομπονεντσ οϕ τηε ϖεχτορ αρε ασετ οϕ πριμιτιϖε οπερατιονσ τηατ αρε ϕουνδ ιν α ηιγη λεϖελ λανγυαγε, ε.γ.:

c = tintadd ,tintsub,tintdiv,...,tloop,tif ,...

( )T(2)where c is the operation cost vector, tintadd, tintsub, tintdiv are the times required for aninteger addition, subtraction, and division respectively, tloop is the overhead for a loopoperation, and tif is the time overhead for an if statement and so on. The number ofoperations represented by this vector depends on the language, and the detail of analysisrequired.The values of these parameters can be measured by a benchmarking procedure whichisolates, and measures the performance of each operation. Each node of the softwareexecution graph can be represented in terms of these primitive operations by analysingthe source code of the program that corresponds to the graph node. A RUV is generatedcorresponding to the operation cost vector above that contains the frequency of eachoperation, e.g.:

f = fintadd , fintsub, fintdiv,..., floop, fif ,...

( )T(3)where f is the RUV, fintadd, fintsub, fintdiv are the frequencies of the integer addition,subtraction and division operations respectively, floop is the frequency of loopstatements, and fif is the frequency of if statements etc.

9The execution time, tx, of each node of the software execution graph is given by theinner product of the operation cost vector and the RUV:

tx = cT ⋅f(4)High level language characterisation has been used in many performance studies, e.g.[3, 10, 31, 34]. Languages that have been characterised in this way include FORTRAN[3, 31], and Pascal [34].The generation of control flow graphs and automatic estimation of resource usage interms of the high level language constructs was first described by Cohen [10]. A morepragmatic approach was followed in [3] where the performance of FORTRANscientific programs is analysed using high level language characterisation for a range ofsystems from workstations, up to supercomputers each having a different operation costvector. In [34] a micro time cost analysis methodology is presented for parallelcomputations. A sub-set of PASCAL was used as the target language and a tool(TCAS) described that allows the automatic generation of control flow graphs of theprogram and automatic estimation of RUVs. Finally in [31] an interpretative frameworkfor application performance prediction is presented targeted mainly on heterogeneoushigh performance computing systems. A tool is presented that can estimate HPFFORTRAN programs automatically. As in the TCAS tool part of the interpretativeperformance tool includes the estimation of the RUVs in terms of HPF FORTRANconstructs.Although these last two tools describe parallel system characterisations, the TCAS toolis limited to a shared memory system where no-contention in accessing memories isconsidered (an idealised system), and the HPF-FORTRAN was analysed through itsimplicit data-parallelism. Thus their applicability to general parallel systems is yet to bedeveloped.High level language characterisation is an attractive methodology because it allows thesoftware characterisation to be performed in a system independent fashion. Since thesoftware is characterised in terms of RUVs, the performance can be predicted for anysystem by using the system dependent operation cost vector. Another advantage of themethod is that it only requires the source code of the program for estimating theresource usage without the need of a compiler for the system under investigation or theactual system to obtain measurements. The effort required in obtaining the frequency ofoperations is relatively small and can be performed automatically in many cases.However, the operation cost vector approach considers non-overlapping independentoperations and does not lend itself readily to optimising compilers and to super-scalarprocessors (which allow multiple operations to take place simultaneously).3.3.4 Intermediate code characterisation (IntCC)Another characterisation approach similar to the high level language is intermediatecode characterisation. Instead of analysing the high level language operations,intermediate code as output from a compiler is examined. Since the intermediate code iscloser to the assembly language, more detailed hardware models can be used whichinclude parameters such as cache misses, branch behaviour, main memory accessfrequency etc. This methodology has been used for sequential benchmarkcharacterisation [11].Intermediate code analysis can be achieved by the use of high-quality architecture-independent compilers such as the GNU compiler [39] and the Impact compiler [9].They produce intermediate code that is the assembly language of an abstract machineand thus is language and architecture independent. This independence is one of themain advantages of intermediate code characterisation, whilst also containing a detailed

10hardware system model. It conforms to the micro and software based classificationspresented earlier.3.3.5 Instruction code characterisation (ICC)Instruction code analysis is based on the statistical examination of the assembly codethat is produced as the final output from a compiler. The result of this procedure is thederivation of a frequency table of the instructions that are executed within each node ofthe software execution graph. From the instruction frequency table, a RUV can bederived that can be used as input to a detailed resource model.Examples of such resource models are the number of clock cycles for task execution,main memory references, cache hit ratios etc. A number of instruction codecharacterisations have been detailed previously, e.g. [13, 18, 23, 33, 42].Instruction code analysis does not require the execution of the code on the targetsystem, but requires only the system compiler. Predictions are obtained by evaluatingthe resource model with the RUV derived from the instruction frequency tables andprovides higher accuracy than the other characterisation techniques described here. Themain disadvantages of this method is that it requires relatively high effort in obtainingthe RUVs, although tools can be used to accelerate the procedure (e.g. [42]), and theportability of the results obtained is low. Portability only across systems which containthe same processor component is possible. The resource model is applicable across anumber of systems, but the parameters contained within it are system specific, (e.g.cycle time, pipeline length).Instruction code analysis is a system based and a micro type characterisation method. Itrequires the measurement of all the operations produced as output by the compiler, andthus is software and processor dependent. However, its advantages is that it has thescope in producing the most accurate predictions from all characterisation methodsdescribed.3.3.6 Component Timing (CT)The last characterisation method is to actually measure the time required to executeeach node of the software execution graph on the target system. This can be performedwhen the source code and the system are both available. Component timing is mostappropriate for performance tuning, capacity planning, and when studying the effects ofdata dependent parameters.Monitoring tools are widely available that allow the measurement of the execution timeof each node of the software execution graph. Some examples of monitoring tools thatcan be used for this purpose are IPS-2 [26], PABLO [35], and PEPS monitoring tool[24]. Because of the available tools it is easy to perform performance studies usingcomponent timing as resource information and will result with high accuracy. However,component timing can only be used in the last stage of the software development whenthe source code and system are both available. Another disadvantage is that the timinginformation cannot be used on other systems.Component timing cannot be considered as micro or macro analysis, since it does notinvolve the measurement of any operations, but can be classified as a system basedcharacterisation.3.4 Summary of characterisation resource modelsA summary of resource models is shown in Table 2. The scales on which theportability, accuracy, and effort have been assessed range from low (*) to high (***). Inthe next section, the accuracy of each method is quantified through a number of

11examples. The design based and principal operation characterisation methods provide asystematic approach to approximate resource usage information for software from analgorithm or from the software design. They do not require the existence of sourcecode, compiler, or the system itself, but the resulting accuracy is low.The high level language characterisation and intermediate code analysis provides twosystem independent methods to predict performance. The accuracy obtained is high anddifferent degrees of effort is required to obtain the resource usage information.Finally, instruction code analysis and component timing can be used for systemdependent studies, where the source code, compiler, and system are available. Theaccuracy of the predictions is typically high. The effort required for the instruction codeanalysis is typically high but for the component timing is typically low.MethodClassificationsRequirementsPhase ofPortabilityAccuracyEffortCodeCompilerSystemDevelop.DBCMacro,AbstractDesign***�****POCMacro,AbstractAlgorithmDesignCode*****HLLCMicro,Software Based3Code*******IntCCMicro,Software Based3Code********ICCMicro,System Based33Code*******CTMonitoring,System Based333CodeNone****� * low, ** medium, *** highTable 2 - Overview of resource usage characterisation methods4. Example Application KernelsFor the analysis of the different characterisation techniques three application kernels areused. These kernels have been implemented on a Parsytec MIMD parallel system andhave been characterised using the layered characterisation framework, described inSection 2. A number of different resource models have been analysed on each kernel.The kernel applications are described below in terms of their software execution graphsand parallelisation strategies. This is followed by a description of the communicationmodel and resource models.4.1 Kernel descriptionsThe kernel applications have been selected to represent commonly used operations thatoccur within many application processing domains. They can be considered as separateoperations which have being individually analysed. The kernel applications wereselected from the results of a study of the processing operations that commonly occuracross many application domains [29].The three kernels used here consist of a numerical integration, sorting, and a matrixmultiplication. The control flow through each of the predominant operation containedwithin each one of these kernels is shown in the software execution graphs in Figure 5.Note that each stage in the graphs has been individually labelled, and each is associatedwith its necessary resource information. In the case of a loop this is simply the loop

12iteration count, a conditional branch has a probability value of each branch occurring,and a RUV is used for each of the processing stages.

NNPedge!PedgeedgepowerpowervinitivalssrfresultSurface EstimationNumerical Integration KernelvinitNmergemergetailcopyNtailNcopyMerge FunctionParallel Sort NcolsNrowsdtprDot ProductMatrix Multiplication vvvvvvvvvvFigure 5 - Software execution graphs for application kernel processing intensivefunctionsIt can be seen in Figure 5, that the surface estimation of the numerical integration kernelconsists of 5 processing stages, 1 conditional branch, and 2 loops, whereas the dotproduct operation from the matrix multiplication kernel consists of a single processingstage embedded within a double nested loop.The timing formula for the software execution graphs of each application kernel isshown in Table 3. This formula is simply the summation of the time taken for each ofthe processing stages, multiplied by their probability of occurring and by any loopiteration counts. Note that the function t() provides the execution time for theprocessing stages and represents the resource model.KernelFunctionTiming FormulaIntegrationSurfaceEstimation

tx = Pedge ⋅t vedge( )+ 1− Pedge ( )⋅ Npower ⋅t vpower

( )+t vvinit( )+ Nivals ⋅t vsrf( )+t vresult( ) ( )ΣορτινγΜεργε

tx = t vinit( )+ Nmerge ⋅t vmerge( )+ Ntail ⋅t vtail( )+ Ncopy ⋅t vcopy( )ΜατριξΜυλτιπλιχατιονΔοτ Προδυχτ

tx = Ncols ⋅Nrows ⋅t vdtpr( )Ταβλε 3 − Τιμινγ ϕορμυλασ ϕορ χομπυτατιοναλ ιντενσιϖε παρτσ οϕ αππλιχατιον κερνελσ 13Τηε δεσχριπτιονσ οϕ τηε κερνελ αππλιχατιονσ αβοϖε αρε ωιτηιν τηε αππλιχατιον λαψερ οϕ τηεχηαραχτερισατιον ϕραμεωορκ. Τηε παραλλελισατιον ασπεχτσ οϕ τηεσε κερνελσ αρε χονταινεδωιτηιν τηε παραλλελ τεμπλατε λαψερ. Τηισ δεσχριβεσ τηε χομπυτατιον ανδ χομμυνιχατιονπαττερνσ τηατ ρεσυλτ ϕρομ μαππινγ τηε κερνελσ οντο τηε ταργετ παραλλελ σψστεμ. Φορ τηεκερνελσ υσεδ ηερε τηε παραλλελισατιον μετηοδσ υσεδ ωασ α δομαιν δεχομποσιτιον ωιτηδιϕϕερεντ χομμυνιχατιον παττερνσ ϕορ εαχη κερνελ. Ιν τηε χασε οϕ τηε νυμεριχαλιντεγρατιον τηισ χονσιστεδ οϕ α μυλτιπηασε στρυχτυρε [17], ϕορ τηε σορτινγ κερνελ αβυττερϕλψ στψλε στρυχτυρε ωασ υσεδ [4], ανδ ϕορ τηε ματριξ μυλτιπλιχατιον α στανδαρδ ροω−χολυμν βροαδχαστ στρυχτυρε ωασ υσεδ [27]. Α δεταιλεδ δεσχριπτιον οϕ τηε χηαραχτερισατιονοϕ τηε χομπυτατιον−χομμυνιχατιον παττερνσ ωιτηιν τηε παραλλελ τεμπλατε ισ ουτ οϕ τηεσχοπε οϕ τηισ παπερ.4.2 Ηαρδωαρε μοδελσ ϕορ τηε Παρσψτεχ ΣυπερΧλυστερΤηε ηαρδωαρε σψστεμ υσεδ ιν τηισ στυδψ ισ α Παρσψτεχ ΣυπερΧλυστερ ωιτη 128 Τ800(25Μηζ) τρανσπυτερ νοδεσ. Τηισ σψστεμ συππορτσ γριδ στψλε τοπολογιεσ, υσεσ α μιχρο−κερνελ οπερατινγ σψστεμ (ΠΑΡΙΞ 1.2), ανδ ισ ηοστεδ βψ α ΣΥΝ ωορκστατιον. Ιν οβταινινγπαραμετερσ ϕορ τηε ηαρδωαρε μοδελσ ανδ μεασυρεμεντσ ϕορ τηε κερνελ αππλιχατιονσ σολευσε οϕ τηε σψστεμσ ωασ ποσσιβλε (ι.ε. τηερε ωερε νο μυλτι−υσερ εϕϕεχτσ).Φουρ οϕ τηε χηαραχτερισατιον ρεσουρχε τεχηνιθυεσ πρεϖιουσλψ δεσχριβεδ ηαϖε βεεν υσεδ τοοβταιν περϕορμανχε πρεδιχτιονσ. Τηε ρεσουρχε μοδελσ χοϖερ α ωιδε ρανγε οϕχηαραχτερισατιον τεχηνιθυεσ ρανγινγ ϕρομ δεσιγν βασεδ, μαχρο τψπε αναλψσισ τεχηνιθυεστο δεταιλεδ, σψστεμ βασεδ, μιχρο τψπε αναλψσισ τεχηνιθυεσ. Τηε τεχηνιθυεσ χονσιδερεδαρε: πρινχιπαλ οπερατιον χηαραχτερισατιον (υσινγ ϕλοπσ ασ τηε πρινχιπαλ οπερατιον), ηιγηλεϖελ λανγυαγε χηαραχτερισατιον (υσινγ Χ χονστρυχτσ), ινστρυχτιον λεϖελ χηαραχτερισατιον(υσινγ τηε Τ800 ασσεμβλψ χοδε), ανδ χομπονεντ τιμινγ οϕ χοδε σεγμεντσ (οβταινεδϕρομ τηε ΠΑΒΛΟ μονιτορινγ τοολ).Τηε εϕϕεχτσ οϕ τηε χομμυνιχατιον αρε χονσιδερεδ σεπαρατελψ ϕρομ τηε χομπυτατιονχομπονεντσ οϕ τηε κερνελ αππλιχατιονσ. Τηε υνδερλψινγ μοδελ υσεδ ϕορ τηεχομμυνιχατιον ισ τηε σαμε αχροσσ αλλ χηαραχτερισατιον τεχηνιθυεσ χονσιδερεδ ανδ τηυσ ιτηασ βεεν ισολατεδ το εμπηασισε τηε διϕϕερενχεσ ιν τηε ρεσουρχε μοδελσ. Τηεχομμυνιχατιον μοδελ ενχομπασσεσ παρτ οϕ τηε παραλλελισμ χοστ ιν χοντραστ το τηεσοϕτωαρε εξεχυτιον γραπη τηατ χονσιδερσ τηε σεριαλ παρτσ οϕ τηε αππλιχατιον.Τηε μοδελ υσεδ ϕορ τηε Παρσψτεχ σψστεμ ισ βασεδ υπον α λινεαρ μοδελ παραμετρισεδ ιντερμσ οϕ ιντερ−προχεσσορ χομμυνιχατιον νοδε διστανχε, ανδ μεσσαγε λενγτη (βψτεσ). Τηεμοδελ αλσο χονταινσ ϖαλυεσ ϕορ χομμυνιχατιον σταρτ−υπ τιμε, παχκετ σιζε, βανδωιδτη ετχ.Τηισ μοδελ ισ βασεδ ον τηε ωορκ δονε βψ Βομανσ [6] ανδ ηασ βεεν εξτενδεδ ϕορ παχκετσωιτχηινγ ρουτινγ βψ Τρον [40], ανδ ηασ νοτ βεεν μοδιϕιεδ ηερε. Τηε ιναχχυραχιεσχονταινεδ ωιτηιν τηε χομμυνιχατιον μοδελ αρε νοτ οϕ ιντερεστ ηερε ανδ αρε σεπαρατεδουτ ιν τηε αναλψσισ τηατ ϕολλοωσ. Τηε χομμυνιχατιον μοδελ ισ ασ ϕολλοωσ:

t^x =

N^{flops}

R^{fpu}

(6)where Nflops is the flops value for this node and Rfpu is the sustained Mflop/s rate of theprocessor. The Rfpu can be obtained from the specifications of the processor, or throughbenchmark measurements. In the case here, the value of this was taken to be 1.5Mflop/s [20].4.2.2 High level language characterisationThe resource model within the High Level Language Characterisation considered theconstruct that occur in the C programming language. A full set of these was not definedhowever a sub-set which encompassed all necessary constructs for the three applicationkernels was used.In total 28 constructs were considered grouped into integer operations, floating pointoperations, double precision floating point operations, control flow statements, andlocal/global variable memory references. The time cost of each operation was measuredusing a benchmark routine taking the average of 1x104�repetitions while isolating theeffects of loop overheads. The benchmarking process was based on a suggestion givenby Barrera [3].The time cost measured for most arithmetic operations is shown in Table 4 (NB not alloperations are applicable to all types). Some of these measurements are not as expected(e.g. single floating point add/subtract compared with double floating pointadd/subtract). However, an understanding of these arithmetic costs is not required aslong as an understood benchmarking process is used.+-*/ShiftSqrtAbsInteger (32 bit)0.410.410.572.080.12N/A0.84Float (Single)0.510.500.691.32N/AN/AN/AFloat (Double)0.480.491.181.61N/A9.770.96Table 4 - Measured time cost (msec) for the arithmetic high level language operationsThe associated RUV for each node of the software execution graph was obtained byexamination of the corresponding elements of the source code and totalling the

15frequency of each operation. The execution time tx for each component of the softwareexecution graph is calculated as in Equation 4.4.2.3 Instruction level characterisationThe hardware model of the Instruction Level Characterisation is more complex thanthose in the other characterisation techniques analysed here. The model includesparameters concerned with instruction cycle counts, memory references, andoverlapped operation between the transputer FPU and ALU. The model used here isbased on that described in [43]:

tx = nex + nin_mem +e⋅nex_mem + e− 3( )2 ⋅ninst − nfpu_ovr ( )⋅tcyc(7)where nex is the total number of clock cycles for instruction execution, nin_mem is thenumber of internal memory references, nex_mem is the number of external memoryreferences, ninst is the total number of instructions, nfpu_ovr is the number of cycles inwhich FPU and ALU are overlapped, tcyc is the processor cycle time, and e is an off-chip memory cost factor. For the Parsytec SuperCluster the value of e was taken to be 5cycles and tcyc was 40ns.The RUV for this model consists of the five parameters (Equation 7). They are obtainedby the analysis of the assembly code output of the ACE C compiler. The value of nex istaken to be the sum of the frequency of each instruction multiplied by the cycle countfor it. The parameters nin_mem and nex_mem are calculated from the number of memoryreferences (and their addresses) in the operands of load and store instructions. Theparameter ninst is taken to be the number of instructions executed and nfpu_ovr iscalculated by the examination of the sequence of instructions performed. Theseparameters are obtained for each node of the software execution graph and theexecution time, tx, is then calculated using the above hardware instruction level model.5. ResultsPresented here are prediction results and measurements for the three application kernelsdescribed earlier. For each, results are given for the characterisation techniquesdescribed in Section 4. The results were obtained from the implementation of thecharacterisation models within the Mathematica programming environment. This hasalso been used in previous characterisation and modelling studies [30, 32].5.1 Comparison of measurements and characterisation predictionsThe measurements and predictions have been obtained for the Parsytec SuperCluster.To measure elapsed time, a short assembly code routine was used that takes 6.5msec toexecute. For each of the application kernels (integration, sorting, and matrixmultiplication) results are given for the four characterisation techniques, principaloperation (flops), high level language (C language constructs), instruction level(transputer assembly), and component timing. These four methods are compared withthe elapsed time measured for the complete kernel.The execution times for each component in the software execution graphs are shown inTable 6. The table shows the execution time for each node after evaluation of the RUVswith the relevant resource model. These values show the error in the characterisationtechniques due solely to the different resource models. The components of each graphare shown in Figure 5 earlier. These values are used within the software executiongraph timing formulas and combined with the parallelisation template to produce thetotal execution time.

16NodeCT†ICC‡HLLC*POC**Surface Estimation - Integrationtedge37.037.129.612.0tpower3.13.62.10.0tvinit8.810.47.05.4tsrf23.022.919.411.5tresult7.07.96.06.2Merge - Sorttvinit1.51.20.50.0tmerge12.110.89.20.8ttail6.083.90.0tcopy8.99.25.60.0Dot Product - Matrix Multiplicationtdtpr6.56.46.91.5† Component Timing, ‡ Instruction Code Characterisation, * High Level Language Characterisation,**�Principal Operation CharacterisationTable 6 - Software execution graph node predicted execution times (msec)The measured and predicted total execution times are shown in Figures 6, 7, 8. Theseare for a range of processor numbers but on a fix sized data set. The data size for thesorting kernel was 128K floating point data elements, the matrix multiplication kernelsfor matrices of size 256x256, and in the integration kernel the integration interval was 0to 100 of a fifth order polynomial with a final allowable precision of 1x10-10.Number of Processors

Execution Time (sec)0.1110248163264128MeasuredCTICCHLLCPOCFigure 6 - Measured and predicted times for the integration application kernelNumber of Processors

Execution Time (sec)0.1110100248163264128MeasuredCTICCHLLCPOCFigure 7 - Measured and predicted times for sorting application kernel

17Number of Processors

Execution Time (sec)0.1110100248163264128MeasuredCTICCHLLCPOCFigure 8 - Measured and predicted times for matrix multiplication application kernelThe difference between each of the predictions and the measurements has beencalculated and shown in Figures 9, 10, 11 for each of the kernels. This can beconsidered as the overall error in each of the characterisation techniques. This errorincludes the parallel template, communication, software execution graphapproximations, and the effect of the different resource usage techniques. These effectsare separated out and discussed in the next section.Number of Processors

Error (%)110100248163264128CTICCHLLCPOCFigure 9 - The error (%) between measured and predicted total execution times for theintegration kernel5.2 Discussion of resultsThe errors between the predictions and the measurements for the total execution timespresented earlier illustrate the differences between each of the characterisationtechniques. It can been seen in Figures 9, 10, 11 that the overall error for the instructionlevel characterisation is less than that of the high level language characterisation whichin turn is less than the principal operation (flop) characterisation. However, the errorspresented in these graphs are due to errors in the resource models and those that occurwithin the characterisation framework being used. These can be categorised as follows:

18•Resource Models: Errors due to the assumptions within the different techniques forcharacterising the resources.•Software Execution Graph Approximations: Errors due to software control flowapproximations.•Parallel Template: Approximations made in the modelling of the parallelisationstrategies.•Communication Model: Inaccuracies in the communication model (e.g. networkcontention, synchronisation overheads).•Other Effects: These include errors due to other characterisation and modellingtechniques embedded into the framework, e.g. regression models that represent theperformance of software and hardware components that cannot be otherwisecharacterised.Number of Processor

Error (%)0.1110100248163264128CTICCHLLCPOCFigure 10 - The error (%) between measured and predicted total execution times for thesorting kernelNumber of Processor

Error (%)0.1110100248163264128CTICCHLLCPOCFigure 11 - The error (%) between measured and predicted total execution times for thematrix multiplication kernel

19Within the analysis here only the errors due to the different resource usage models areof interest. These can be separated out from the overall errors presented in section 4 asfollows.The errors associated with the last four categories are the same for the characterisationtechniques used. However, the first category depends upon the resource model in thecharacterisation technique (in the case of component timing this is zero). Thus bysubtracting the resulting errors in the component timing from the errors in the predictedtimes of the other characterisation techniques, the errors only due to the resourcemodels can be separated. The errors due only to the resource model within thecharacterisation techniques are shown in Table 6 for the three kernels.IntegrationSortingMatrix MultiplicationProcessorsICC†HLLC‡POC*ICCHLLCPOCICCHLLCPOC20.3%15.5%48.6%0.4%1.4%4.8%0.8%4.8%80.5%40.4%15.4%48.4%0.5%3.7%12.4%1.6%4.9%79.9%80.3%15.2%47.7%0.6%5.3%21.4%1.5%4.9%79.2%160.3%14.7%46.1%0.3%9.0%29.4%2.0%5.1%78.0%320.4%13.2%41.1%0.1%12.3%40.0%1.8%4.8%72.8%640.5%9.5%29.8%0.1%12.5%40.6%1.9%5.2%69.0%1280.7%5.1%15.1%0.7%5.1%15.1%1.6%4.3%57.2%† Instruction Code Characterisation, ‡ High Level Language Characterisation, * Principal OperationCharacterisationTable 6 - Error in Predictions due to Resource ModelsIt can be seen from this table that the error increases between the instruction levelcharacterisation to the high level characterisation and similarly between the high levelcharacterisation to the principal operation characterisation. This is as expected due tothe increase of complexity in the resource models and RUVs between the more abstractmethods and the detailed instruction level characterisation. These effects wherediscussed in Section 3 but can now be quantified.The variation in Table 6 for different processor numbers is due to different weightingsthat are placed on the components of each software execution graph such as the loopingiterations, and the conditional branches which are parametrised in terms of the numberof processors. In the case of the multiplication kernel it can be seen that errors in theprincipal operation characterisation are large. This is due to the core computation (thedot product calculation) consisting of a single multiply - accumulate operation nestedwithin a double loop. The principal operation characterisation does not considers thelooping overheads (consisting of only integer operations). The accuracy bounds foreach of the resource models in the characterisation techniques are shown in Figure 12.It is clearly shown here the different bounds in accuracy that each of these methodsproduced for the kernels analysed. The values of the mean error (%), standarddeviation, minimum and maximum errors, and the 90% confidence interval of the meanare tabulated in Table 7.MethodMeanStandardDeviationError Bounds(Min, Max)90% ConfidenceInterval of MeanICC†0.800.64(0.10, 2.00)(0.57, 1.030)HLLC‡8.194.65(1.40, 15.50)(6.52, 9.85)POC*45.5824.31(4.80, 80.50)(36.86, 54.3)† Instruction Code Characterisation, ‡ High Level Language Characterisation, * Principal OperationCharacterisationTable 7 - Error (%) Statistics in Predictions due to Resource Models 20 204060801000

Accuracy (%)POCHLLCICCFigure 12 - Accuracy bounds of the resource models6. SummaryIn this paper, characterisation techniques have been examined and classified into anumber of categories depending upon the complexity of the resource models.Commonly, each characterisation technique involves a description of the underlyinghardware which is combined with resource usage information to enable predictions ofthe execution time to be made. The emphasis on the analysis of the resource models hasbeen to quantify their effects when applied to parallel systems. For this purpose thisanalysis has been performed within a characterisation framework which alsoencompasses aspects of parallel systems. The effects that the framework have on theaccuracy of resulting predictions is separated so that the full effect of the resourcemodels can be quantified.The characterisation techniques in common use range from abstract levels involvinglittle resource information through to detailed low level information. These were:abstract characterisation, principal operation characterisation, high level languagecharacterisation, intermediate language characterisation, instruction codecharacterisation, and component timing characterisation. The advantages anddisadvantages of each technique was discussed.Representative characterisation techniques were used on three application kernels(integration, sorting, matrix multiplication) to demonstrate and compare the accuracy ofeach method. The characterisation techniques used were principal operation (flop), highlevel language (C constructs), instruction level (transputer assembly), and componenttiming analysis (obtained from monitoring information).The results obtained for the different resource models have illustrated that the moredetailed the resource model used is then the more accurate the resulting predictions are.For the software kernels and the hardware considered the error bounds due only toresource usage information in each of the characterisation techniques ranged between0.1-2.0%, 1.4-15.5%, 4.8-80.5% for the instruction level characterisation, high levellanguage characterisation, and principal operation characterisation respectively.The accuracy required in a characterisation study, the stage of software development,and the accessibility of the system components (compiler, hardware system) determinewhich of the resource usage techniques can and should be used.

21AcknowledgementsThis work is funded in part by the ESPRIT project 6942 (PEPS) - PerformanceEvaluation of Parallel Systems. The authors wish to thank the members of the ParallelSystems Group for their support and discussions on this work.References[1]R.A. Ammar, J. Wang, and H.A. Sholl, Graphic modelling technique for software execution timeestimation, Information and Software Technology 33 (2) (1991) 151-156.[2]R.A. Ammar, Experimental-analytic approach to derive software performance, Information andSoftware Technology 34 (4) (1992) 229-238.[3]R.H. Saavedra-Barrera, A.J. Smith, and E. Miya, Machine characterisation based on an abstracthigh-level language machine, IEEE Trans. on Computers 38 (12) (1989) 1659-1679.[4]K. Batcher, Sorting networks and their applications, in: Proc. AFIPS Spring Joint SummerComputer Conf. (1968) 307-314.[5]B. Beizer, Software performance, in: C.R. Vick and C.V. Ramamoorthy, eds., Handbook ofSoftware Engineering (New York, 1984) 413-436.[6]I. Bomans and D. Roose, Benchmarking the iPSC/2 hypercube multicomputer, Concurrency:Practice and Experience 1 (1) (1989) 3-18.[7]T.L. Booth, Use of computation structure models to measure computation performance, in: Proc.Conference on Simulation, Measurement and Modeling of Computer Systems, USA (1979).[8]M. Calzarossa and G. Serazzi, Workload characterisation: a survey, Proceeding of the IEEE 81 (8)(1993) 1136-1150.[9]P.P. Chang, S.A. Mahlke, W.Y. Warter, W.W. Hwu, IMPACT�-�An architectural framework formultiple-instruction-issue processors, in: Proc of the 18th Annual International Symposium onComputer Architecture, Toronto, Canada (1991) 266-275.[10]J. Cohen, Computer-assisted microanalysis of programs, Communications of the ACM 25 (10)(1982) 724-733.[11]T.M. Conte, W.W. Hwu, Benchmark characterisation, IEEE Computer 24 (1) (1991) 48-56.[12]J.J. Dongarra, Performance of various computers using standard linear equations software,Technical Report CS-89-85, University of Tennessee, USA, 1992.[13]J.S. Emer and D.W. Clark, A characterization of processor performance in the VAX-11/780, in:Proc. of the 11th Annual Internation Symosium on Computer Architecture (1984) 301-310.[14]D. Ferrari, G. Serazzi, and A. Zeigner, Measurement and Tuning of Computer Systems (Prentice-Hall, New Jersey, 1983).[15]R.F. Freund and H.J. Siegel, Heterogeneous processing, IEEE Computer 26 (6) (1993) 13-17.[16]V. Getov, 1-Dimensional parallel FFT benchmark on SUPRENUM, in: D. Etiemble and J.C. Syre,eds., PARLE'92, Lecture Notes in Computer Science, Vol. 605 (Springer-Verlag, 1992) 163-174.[17]E.F. Gehringer, D.P. Siewiorek, and Z. Segall, Parallel Processing: The CM* Experience (DigitalPress, 1989).[18]J.L. Hennessy and D.A. Patterson, Computer Architecture: A Quantitative Approach (MorganKaufmann Publishers, 1990).[19]R.W. Hockney, Performance parameters and benchmarking of supercomputers, in: J.J. Dongarraand W. Gentzsch, eds., Computer Benchmarks (Elsevier Science Publishers, Holland, 1993) 41-63.[20]M. Homewood, D. May, D. Shepherd, and R. Shepherd, The IMS T800 transputer, IEEE Micro 7(5) (1987) 10-26.[21]R. Jain, The Art of Computer Systems Performance Analysis (John Wiley & Son, New York,1991).[22]T. Jennings and C.U. Smith, GQUE: Using workstation power for software design assessment,Technical Report, L&S Computer Technology Inc., USA, 1987.[23]D.E. Knuth, The Art of Computer Programming, col. 1: Fundamental Algorithms (Addison-Wesley, Reading, Mass., 1973).

22[24]A. Marconi, M.R. Nazzarelli, and S. Sabina, Design issues in performance monitoring of parallelsystems: the PEPS approach, in: Proc. of Performance Evaluation of Parallel Systems, Coventry,U.K. (1993) 59-66.[25]F.H. McMahon, The Livermore Fortran Kernels test of the numerical performance range, in: J.L.Martin, eds., Performance Evaluation of Supercomputers (North Holland, Amsterdam, 1988) 143-186.[26]B.P. Miller, M. Clark, J. Hollingsworth, S. Kierstead, S.S. Lim, and T. Torewski, IPS-2: Thesecond generation of a parallel program measurement system, IEEE Trans. on Parallel andDistributed Systems 1 (2) (1990) 206-217.[27]J.J. Modi, Parallel Algorithms and Matrix Computation (Clarendon Press, Oxford, 1988).[28]G.R. Nudd, E. Papaefstathiou, Y. Papay, et. al., A layered approach to the characterisation ofparallel systems for performance prediction, in: Proc. of Performance Evaluation of ParallelSystems, Coventry, U.K. (1993) 26-34.[29]G.R. Nudd, T.J. Atherton, D.J. Kerbyson, et.al., Characterisation of processing needs, DocumentD5.1, Esprit III Project 6942 (PEPS), University of Warwick, U.K., 1993.[30]E. Papaefstathiou, D.J. Kerbyson, G.R. Nudd, A layered approach to parallel software performanceprediction: A case study, in: J.C. Zuidervaart and L. Dekker, eds., Proc. of the 1994 EUROSIMConf. on Massively Parallel Processing (Elsevier, 1994).[31]M. Parashar, S. Hariri, T. Haupt, and G.C. Fox, An interpretive framework for applicationperformance prediction, Technical Report SCCS-479, Syracuse University, USA, 1993.[32]M.N. Patel, Structuring analytical performance models using Mathematica, in: R. Pooley and J.Hillston, eds., Proc. of the 6th International Conf. on Modelling Techniques and Tools forComputer Performance Evaluation (1992) 273-286.[33]B.L. Peuto and L.J. Shustek, An instruction timing model of CPU performance, in: Proc. of the 4thAnnual Symposium on Computer Architecture (1977) 165-178.[34]B. Qin, H.A. Sholl, R.A. Ammar, Micro time cost analysis of parallel computations, IEEE Trans.on Computers 40 (5) (1991) 613-626.[35]D.A. Reed, R.Aydt, T.M. Madhyastha, R.J. Nose, K.A. Shields, and B.W. Schwartz, An overviewof the Pablo performance analysis environment, Technical Report, University of Illinois, U.S.A.,1992.[36]H. Sholl and T. Booth, Software performance modeling using computation structures, IEEE Trans.Software Eng. SE-1 (4) (1975).[37]C.U. Smith, The prediction and evaluation of the performance of software from extended designspecifications, Ph.D. Thesis, University of Texas at Austin, USA, 1980.[38]C.U. Smith, Performance Engineering of Software Systems (Addison-Wesley Publishing Co., Inc.,1990).[39]R.M. Stallman, Using and porting Gnu CC, Technical Report, Free Software Foundation,Cambridge, Mass., USA, 1989.[40]C. Tron and B. Plateau, Modelling communication in parallel machines within the ALPES project,in: Performance Evaluation of Parallel Systems, Coventry, U.K. (1993) 110-117.[41]M. Veran and D. Potier, QNAP2: A portable environment for queueing systems modelling, in:Proc. of International Conference on Modelling Techniques and Tools for Performance Analysis,Paris, France (1984).[42]M.J. Zemerly, E. Papaefstathiou, T.J. Atherton, D.J. Kerbyson, and G.R. Nudd, Characterisingcomputational kernels, in: Proc of the Performance Evaluation of Parallel Systems Conference,Coventry, U.K. (1993) 231-237.[43]M.J. Zemerly, D.J. Kerbyson, E. Papaefstathiou, et. al., Characterising computational kernels toPredict Performance on Parallel Systems, in: World Transputer Congress 94, Como, Italy (1994)105-119.