
Generic Concurrent Modules for SystolicComputationsBrian J. d'Auriol�Department of Mathematics and Computer ScienceThe University of AkronAkron, Ohio, U.S.A. 44325-4002Virendrakumar C. BhavsaryFaculty of Computer ScienceUniversity of New BrunswickFredericton, N.B., E3B 5A3, CanadaAbstract We have proposed an Integrated Sys-tem Model (ISM) to address the problem of highdevelopment costs of concurrent programs. TheISM is composed of multi-level modules that ab-stract both the high-level program design as wellas the low-level optimization. Various possibleimplementations of systolic algorithms on mul-ticomputers are considered. A generic programstructure suÆcient to represent these various im-plementations is also given. The intrinsic paral-lelism of a given systolic algorithm is embeddedin the module level parallelism of the generic pro-gram structure. Several experiments on the con-current implementations of the generic softwaremodules for these algorithms are presented.Keywords: Concurrent Software Design, ConcurrentModules, Systolic Computations, Parallel Processing,Multicomputers, Transputers1 IntroductionWe consider a number of factors which a�ect thedevelopment and management of concurrent soft-ware. In particular, we consider those implemen-tation factors which a�ect the design, coding, test-ing and measurement of concurrent programs. In-cluded in this category are multiple possible par-allel algorithms, the correspondence between suchalgorithms and the machine architecture, the speci-�cation of one or more integrated program designs,the translation(s) from the high-level design to codeand evaluation techniques. Additional factors suchas selection of source language and application do-�Partially supported by NSERC doctoral fellowship.yPartially supported by NSERC grant, OGP0089.

main also indirectly a�ect program development.The program developer needs to take into accountthese issues. Despite the availability of tools, theprogram developer remains signi�cantly involvedin the development and management of concurrentsoftware. Thus, higher development costs are oftenincurred in concurrent software development.In this work, we are interested in decreasingthe program development time required to imple-ment numerically intensive computing applicationson parallel computers. It is assumed that a corre-sponding decrease in �nancial cost would also berealized. Consequently, we primarily concentrateon the implementation issues. Other issues such asperformance and eÆciency are also considered. Werestrict ourselves to only algorithms which have sys-tolic solutions and their execution on MIMD typemulticomputers. However, the approach is also ap-plicable to other types of algorithms and machines.The identi�cation and exploitation of the intrin-sic parallelism in a systolic algorithm is well known(see for example [1, 2]). Most often, parallelism insystolic algorithms is at a very low level. Modernday multicomputer systems are well known to o�ereÆcient execution only when there is coarse grainedparallelism. Systolic algorithms can be partitionedto obtain coarse grained parallelism, see for exam-ple [1, 2, 3].We observe that the traditional role of sys-tolic algorithm partitioning leads to two problems.First, despite the adjustment of parallelism tocoarse grain, little decrease in the program develop-ment time can be expected (since implementationfactors are not addressed). Second, often a speci�chardware architecture must be previously assumedand the partitioning is such that computations are



`mapped' to this architecture.One goal of traditional software design is to pro-vide well-de�ned functional de�nitions of softwaremodules. The two types of software modules thatare of interest to us are concurrent modules, whichprovide for inter-module parallel execution, andgeneric modules which abstract the functionalitybut only partially include certain implementationdetails. Concurrent generic modules allow for theexpression of parallelism while at the same timeprovide a program structure that can be used dur-ing the implementation. We refer to the parallelismintroduced by concurrent modules as module levelparallelism.Note that the systolic algorithm partitioningprocess does not by itself allow for any de�nition ofsuch module level parallelism. However, we reportin this paper that an alternative interpretation ofthe partitioning process can be used to construct abasic de�nition for module level parallelism. Otheraspects related to the goal of decreasing programdevelopment time are also addressed.We propose an Integrated System Model (ISM)that both provides for a programming environmentwhich would lower program development costs forconcurrent programs and the eÆcient implementa-tion of systolic algorithms on multicomputers. TheISM provides for a reduction in parallel programimplementation development time by providing amechanism to: (a) identify intrinsic parallelism inthe given systolic algorithm, (b) consider variousimplementations (some of which may be very di�er-ent), (c) estimate execution time performance, and(d) automate the construction of a selected (andthus eÆcient) implementation.Our work di�ers from the traditional restructur-ing (parallelizing) compilers in that such compil-ers (often) identify sections of programs which in-hibit parallelization and then restructure these sec-tions to reduce and eliminate inhibitors [4]. Thusrestructuring compilers target program constructlevel analysis and manipulation whereas our work isaimed at analyzing and manipulating generic con-current program modules.The proposed approach is consistent with thatof concurrent program archetypes which have beenproposed as a method to reduce the e�ort requiredto develop and implement parallel programs [5].Our approach is also motivated by algorithm skele-tons [6, 7] which provide for abstractions of use-ful parallel computational structures. Common el-ements between our model and skeletons includeperformance modeling and parameterization.This paper is organized as follows. In Section 2,we present the initial formulation of the problem

and the approach taken while in Section 3, we de-scribe an overview of the ISM. We summarize theprocedure required to derive the generic concurrentmodules in Section 4. Some of our experimental re-sults relating to key aspects of the proposed systemmodel are presented in Section 5. Finally, conclu-sions are given.2 ApproachWe �rst consider the software design phase andthen the coding phase. Let S be a software sys-tem representing the �nal (coded) implementationof the input algorithm, A. S can be describedas a combination of software modules Mi, thus,S = fM1;M2; : : : ;Mng. The de�nition, nature,behavior and abstraction of these modules are notusually known a priori, rather, standard softwareengineering techniques can be applied to detail eachmodule and the various relationships between themodules.Let a module Mi be composed of a structurecomponent Msi , and a behavior component M bi :thus, Mi = Msi [M bi . A module's structure refersto any code representation that does not dependon any analysis of A whereas a module's behaviorrefers to any code representation necessary to rep-resent aspects of A. Thus, the structure is said tobe invariant with respect to A and the behavior de-pendent on A. It follows that Msi \M bi = fg. LetMs denote the set of all module structures in S:Ms = fMs1 ;Ms2 ; : : : ;Msng. Mb is similarly de�nedfor all module behaviors. Note that Ms must bede�ned prior to Mb. In [8, 9], we showed that thatMs is derivable (in some sense) from A.3 Overview of the IntegratedSystem Model (ISM)The ISM consists of four levels as shown in Fig-ure 1. At the top level, two models are de�ned: theGeneric Parallel Program Model (GPPM) and theImplementational Object Model (IOM). These twomodels embody the distinction between the deriva-tion of Ms and all other aspects of the compilingsystem, respectively. Under GPPM, Ms is derivedby considering the parallel execution of A as wouldbe executed on a parallel machine. Thus, the intrin-sic parallelism of A �rstly needs to be identi�ed andsubsequently exploited such that it can be mappedto the parallel machine. GPPM relies on a lower-level model to accomplish the �rst requirement.The IOM provides for a generic description of nec-essary components of an executable application, forexample, the source code of that implementation.



As such, various instantiations of IOM are possible,each instantiation representing exactly one possibleimplementation (we term such an instantiation anImplementation Object (IO)). Clearly, each IO rep-resents, at the least, S; therefore, the de�nition(s)ofMs from GPPM must be �rstly available. Thus,the IOM represents a generic description and onlythrough an application of GPPM can a particularIO be instantiated. The IOM relies on several lowerlevel models as well.The Systolic Array Model (SAM) is a sub-modelof GPPM that allows for the derivation of a sys-tolic graph (essentially, such a graph is obtainedfrom systolic array synthesis techniques applied tothe data dependency graph of the algorithm) fromA. Systolic processing is a mature �eld and tech-niques are available to: (a) re-interpret a systolicalgorithm as a systolic graph, and (b) generate thesystolic array implementation (e.g. VLSI imple-mentation) of the corresponding systolic graph (seefor example, [1, 2]). In our case, we are interestedonly in the derivation of the systolic graph.There are two abstractions for GPPM: (a) setof generic program modules for a given systolic al-gorithm, and (b) a de�nition of the modules con-structed for a given input algorithm. These ab-stractions imply that GPPM is applied in two cases:(a) when no IO has been de�ned for a speci�c pro-cessor topology, (i.e., an instantiation of an IOMsuitable for the derivedMs has not yet been done),then GPPM is used to generate the basic de�ni-tion of such an IO, and (b) when an IO suitablefor a particular Ms exists, the GPPM is used totransform the input algorithm so that it may becombined with the structure. Case (b) implies thatthe Program Structure Model (PSM) of the IO hasbeen suÆciently well de�ned so as to allow for thiscombining operation.Since the abstraction of an IO is to represent aparticular implementation, there is a requirementto representMb and fuseMb withMs. These rep-resentations must be de�ned in the IOM as suitablegeneric code. The lower-level PSM provides thenecessary data and procedural methods required tosupport this functionality. For example, the im-plementation could be represented in di�erent lan-guages, or, di�erent (in some limited sense) pro-cessing algorithms (as in the case of communica-tion routers, see Section 5). Each language repre-sentation or algorithm would be encapsulated bythe same structure, hence, the same IO would besuitable.The Performance Model (PM) is mainly con-cerned with the prediction of the execution timefor an executable application based on a particu-

lar IO. The PM is parameterized to some extent sothat it may be applied to various architectures, asmodeled by the Machine Model (MM).4 Generic Parallel ProgramModel (GPPM)A summary of GPPM procedures to derive Ms isdescribed here; details may be found in [8, 9].The principal components of GPPM are: (a) se-lection of a systolic graph representation (denotedby Ĝ), (b) translation of A to Ĝ, (c) selection ofa particular partitioning of Ĝ thereby inducing anassociated processor topology graph, and (d) rep-resentation of the programming features of all suchinduced processor topology graphs by Ms. TheSAM provides for both the underlying foundationfor the �rst three as well as the translation of A toĜ. The selected graph is illustrated in Figure 2.We generate a set of possible multicomputer pro-cessor topologies by considering various partitionsof Ĝ. Our viewpoint is that a particular multicom-puter must have the ability to be con�gured in atleast one of these pre-determined topologies. Forexample, in Figure 2, orthogonal partitioning illus-trated by lines of the form co, will induce the graphshown in Figure 3 whereas diagonal partitioning il-lustrated by lines of the form cd will induce thegraph shown in Figure 4. Temporal partitioningsas illustrated by the partition ct in Figure 2 lead toa farming implementation where the various groupsof computations that have been determined by thepartition are `farmed' out to processors. In ourwork, we have selected a linear processor topologyas the required con�guration induced by a temporalpartitioning.Lastly, we have identi�ed Ms =fMsF ;MsIO ;MsR;MsC ;MsCMg where MsF contains thecomputational process (the functional equivalentof A), MsR provides for necessary communicationrouting on the multicomputer, MsIO providesuser �le services, MsCM contains communicationspeci�c data type de�nitions and MsCM providesfor software con�guration. These modules areillustrated in Figure 5 along with other aspectsrelevant to such software design. Essentially, thesegeneric modules allow the representation of modulelevel parallelism.In summary, given an input systolic algorithmA and the de�nition of Ms above, various instan-tiations of Ms, one per each candidate processortopology, represent the implementation of A on atarget multicomputer. Since each instantiation rep-resents an implementation for a di�erent proces-sor topology, many essential details of the program



structure necessary to support the implementationare captured. This relieves a signi�cant burdenfrom the programmer: hence, lower developmentcosts may be realized.5 Experimental ResultsA number of experiments have been conducted to il-lustrate key points of the ISM. In particular, we re-port: (a) the development of code according to theprogram structures of three derived Implementa-tional Objects, (b) the sensitivity of the code struc-tures with respect to performance, and (c) and theexecution time comparison between the concurrentand sequential implementations.We have de�ned the three implementational ob-jects (IOs) by applying the GPPM model as de-scribed in this paper and the subsequent IOM com-ponents necessary (not detailed in this paper) inorder to conduct our experiments. Following [10],we de�ne the three IOs as: (a) the Diagonal IO,(b) the Farming IO (which results from temporalcuts on the systolic graph), and (c) the SequentialIO. These implementations were manually codedaccording to their corresponding derived modulestructures.The implementations considered to date havebeen in
uenced by the occam 2 language and trans-puter architectures. The experiments discussed inthis section were conducted on a nine transputermulticomputer consisting of one 4 MB, 25 MHzT800 transputer and eight 1 MB, 20 MHz transput-ers. The multi-transputer system was mounted asa back-end to a microcomputer and the connectionboard used was the B008 (which itself contained aT222 transputer not used as a computing device inour experiments). The B008 contains a recon�g-urable crossbar switch which provided the abilityto modify the processor topology of the transputernetwork. The occam 2 compiler provided in theIMSD7205 occam 2 Toolset product was used forall compilations.Two systolic algorithms were selected for im-plementation. The Weighted Levenshtein Distance(WLD) has been used in symbolic [11] processingwhile matrix multiplication is heavily used in nu-merical processing (see for example, [1]). Note thatin both cases, their systolic graphs closely resemblethat shown in Figure 2.Since the goal of these experiments was to ex-plore the issues inherent in the ISM, little perfor-mance optimization of the code was done. Con-sequently: (a) in the Diagonal IO, each computa-tion associated with a vertex in the systolic graphwas represented by a distinct process, thus, signi�-

cantly increasing the communications overhead, (b)in both parallel IOs, the e�ective load balancing in-duced by the locations of the cuts on the systolicgraph were not considered, and (c) in the FarmingIO, a linear topology using single bu�ered commu-nication was implemented. Moreover, the compil-ing/language environment provided some furtherrestrictions including: (a) imposing a (relatively)small number of possible process instantiations forthe Diagonal IO, resulting in our restricting severalexperiments to 11 � 11 systolic graph sizes (induc-ing poor granularity match with the processor andresulting in little additional speedups), and (b) re-stricting the generality of communication routersin the Diagonal IO, thereby signi�cantly adding tothe communications overhead.Figure 6 shows the code space considered for theDiagonal IO implementations. The seven selectedimplementations of the Diagonal IO are shown withthe pre�x `cp'. The top two levels represent two fac-tors impacting upon the module structure. Bothfactors pertain to the process representation of theset of functions associated with each vertex in Ĝ.First, the `Single Process De�nition' de�nes a sin-gle process abstraction which represents all thefunctions whereas the `Topological Process De�ni-tion' de�nes distinct process abstractions to repre-sent select groups of these functions. The groupsare determined based upon the impact of the sys-tolic computation graph topology on the commu-nication. The topological de�nition results intoa smaller and more eÆcient implementation whileincreasing the con�guration requirements slightly.Second, a similar grouping relating to the process-to-process communication datatypes (referred to astagged protocols in occam 2) can be considered.The elimination of tagged protocols not only resultsin possibly smaller code, but also has an e�ect onthe subsequent (and surrounding) program codingstyle. These e�ects combined allow for substantialsimpli�cation of code. The third level shown inthe �gure signi�es the execution priority. Finally,the bottom level refers to the two di�erent typesof available router algorithms: the �rst come �rstserve algorithm or normal (N) and a forced round-robbin (FRR). Essentially, the FRR algorithm pro-vides a stricter assurance than the N algorithm fordeadlock free communications required in certainprocessing cases.The correspondence between the code spacegiven in Figure 6 and the generic modules givenin Figure 5 is as follows. The single versus topolog-ical process de�nitions impact upon MsF and MsC .Variant versus non-variant communication proto-cols impact upon all �ve modules. The priority is



relevant only for MsF and must be speci�ed in MsC .The two router algorithms impact only MsR.Figure 7 shows the e�ect of two selected imple-mentation variations from the code space given inFigure 6. The curves labeled `Systolic, No Opt'and `Systolic, Part Opt' refer to the `cp1a' varia-tion whereas the curve labeled `Systolic, Full Opt'refers to the `cp7' variation. The `cp1a' variationwas compiled both without (the `No Opt' version)and with (the `Part Opt' version) certain compileroptions which perform (mostly) communication op-timization. The `Full Opt' implementation also wascompiled with these compile time optimization op-tions. Our results strongly suggest that the perfor-mance is sensitive to the re�ned module structuresrepresenting that implementation. Moreover, na-tive compiler optimizations must be allowable.Recall that a partitioning consisting of two diag-onal cuts determine a three processor requirement;however, there is no stipulation placed on the lo-cation of those cuts. Thus, there is considerable
exibility allowed for load balancing. In most ofour experiments, we have relied on intuitive place-ments of the cuts. In one experiment (see Figure 8),we have brie
y considered the e�ects of load bal-ancing due to the location placement of the cuts onthe systolic computation graph. One cut locationis held �xed with the second varied. The locationlabeled `Main' refers to the cut placed just rightof the main diagonal, `+1 O�set' refers to the cutplaced one additional diagonal away etc. For thethree Diagonal IO variations discussed above, the�gure shows that a small di�erence in the executiontimes result from the di�erent placement of cuts.The execution time of the three Diagonal IOimplementations discussed above along with twoSequential IO implementations (with and withoutcompiler optimizing options) are also given in Fig-ure 7. We have brie
y considered the granular-ity problems inherent in the Diagonal IO; relevantresults are shown in Figure 9. In this case, thecomputation time was arti�cially increased, and inconjunction with the use of a performance model,we established that the Diagonal IO (without ad-ditional modi�cations to the module structure) canprovide marginal speedup. The execution time ofthe Farming IO along with the Sequential IO aregiven in Figure 10. Lastly, we have also consideredthe Farming and Sequential IOs for matrix multi-plication. Figure 11 gives these results.Based upon the above results, for the givensize(s) of the WLD algorithm, the ISM would se-lect the Farming IO as the best implementation.However, for the the selected size(s) of the matrixmultiplication the ISM would select the Sequential

IO as the best implementation.6 ConclusionWe have proposed an Integrated System Model(ISM) to address the problem of high economic de-velopment costs of concurrent programs. The ISMis composed of multi-level modules that abstractboth the high-level program design as well as thelow-level optimization. The Generic Parallel Pro-gram Model (GPPM) is central to the ISM. Themain idea of GPPM is that a given systolic algo-rithm can be translated to a corresponding sys-tolic graph that exhibits the intrinsic parallelismof the algorithm. The GPPM is used to inducea set of generic program structures that are suf-�cient for generic module de�nitions. Lastly, wehave reported the results of several experimentson the concurrent implementations of the derivedmodules.References[1] G.M. Megson, An Introduction to Systolic Al-gorithm Design. New York, USA: Oxford Uni-versity Press, 1992.[2] G. Megson, ed., Transformational Approachesto Systolic Design. 2-6 Boundar Row, LondonSE1 8HN, UK: Chapman & Hall, 1994.[3] D.I. Moldovan, Parallel Processing, From Ap-plications to Systems. 2929 Campus Drive,Suite 260, San Mateo, CA, USA, 94403: Mor-gan Kaufmann Publishers Inc., 1993.[4] M. Wolfe, High Performance Compilers forParallel Computing. 390 Bridge Parkway, Red-wood City, CA, 94065: Addison-Wesley Pub-lishing Company, 1996.[5] K.M. Chandy, \Concurrent ProgramArchetypes," in Proc. of the 1994 ScalableParallel Libraries Conference, (MississippiState, Mississippi, USA), pp. 1{9, IEEEComput. Soc. Press, Los Alamitos, CA, USA,October 1994.[6] M. Cole, Algorithmic Skeletons: StructuredManagement of Parallel Computation. Re-search Monographs in Parallel and DistributedComputing, Cambridge, Mass., USA: TheMIT Press, 1989.[7] J. Darlington, A. Field, P. Harrison, P. Kelly,D. Sharp, Q. Wu, and R. While, \Paral-lel programming using skeleton functions," inProc. of PARLE'93 { Parallel Architecturesand Languages Europe (A. Bode, M. Reeve,



and G. Wolf, eds.), Lecture Notes in Com-puter Science, pp. 146{160, Springer-Verlag,June 1993.[8] B. J. d'Auriol and V. C. Bhavsar, \Genericprogram structures induced by partitions of asystolic computation graph," in Proc. of theIASTED International Conference on Paral-lel and Distributed Computing and Systems,PDCS'98 (S. A. Y. Pan and K. Li, eds.), (LasVegas, Nevada, USA), pp. 396{401, Oct. 1998.[9] Brian J. d'Auriol and Virendrakumar C.Bhavsar, \Generic Program Structures In-duced by Partitions of a Systolic Computa-tion Graph," Tech. Rep. 97/04, Departmentof Computer Science, The University of Mani-toba, Winnipeg, Manitoba, Canada, R3T 2N2,March 1997.[10] B.J. d'Auriol and V.C. Bhavsar, \GenericProgram Representation and Evaluation ofSystolic Computations on Multicomputers,"in Proc. of the International Conferenceon Parallel and Distributed Processing Tech-niques and Applications (PDPTA'96), Vol.III (H. Arabnia, ed.), (Sunnyvale, California,USA), pp. 1213{1224, August 1996.[11] B.J. d'Auriol, V.C. Bhavsar, L. Goldfarb,\Systolic Array Implementations for Recon-�gurable Learning Machines on Transputers,"in Proc. of Supercomputing Symposium '91(V. Bhavsar and U. Gujar, eds.), (Frederic-ton, N.B., Canada), pp. 105{119, University ofNew Brunswick Press, Fredericton, N.B., June1991.
ISM

PSM

IOM

SAM

GPPM

PM

MMFigure 1: Overview of the Integrated System Model(ISM): GPPM - Generic Parallel Program Model,SAM - Systolic Array Model, IOM - Implemen-tational Object Model, PSM - Program StructureModel, PM - Performance Model, MM - MachineModel.

Partition Line Input Wave

Edges in systolic graph}Conceptual edges

Source

Sink

dc

co

tc
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