Considerations Leading to an Asynchronous SIMD Architectural Approach forExploiting Mixed Logic and MemoryCharles WeemsComputer Science DepartmentUniversity of MassachusettsAmherst, MA 01003-4610weems@cs.umass.eduAbstractThere is currently a great deal of interest inthe architecture community over thepossibility of developing processorarchitectures that have direct access to theinternal bandwidth that is available withinmemory chips [1, 2]. In this paper webegin by examining some economicfactors that affect the likely potential forsuch access, and their implications for thetechnology that may become available toarchitects as a result. An architecturalconcept is then discussed that has thepotential to take advantage of thattechnology.1. Economic ConsiderationsComputer architecture today is intimatelyintertwined with economic realities. Manyan excellent architectural concept has beendeveloped, only to be consigned to thedustbin of history because it failed tomatch the economics of its time. Atpresent, computers are approaching animportant transition in the economic modelin which they operate. Their ubiquitousnature in embedded applications is turningthem into not only commodity devices butsome of their components are evenshowing possibilities of becomingconsumables.The market for commodity andconsumable devices depends on extremelyhigh volume and is highly price sensitive.It is a much different market than that ofthe traditional mainstream of computation(mainframes, servers, workstations, andPCs). These new markets generally do notdemand the ultimate in computationalperformance, but rather require minimalcost, weight, size and power consumption.Because of the volumes involved,however, these are precisely the marketsthat are starting to drive the path that basiccomputing technology is taking.In the past, computer technology wastypically developed specifically forcomputers. For example, magnetic corememory, semiconductor memory,magnetic disk, and digital integratedcircuits are all technologies that werecreated to the specifications of thecomputer industry. Today, however,mainstream computing is becoming aspecialty market that is losing theeconomic clout to pioneer all-newtechnologies. CD-ROM is a hand-me-down from the entertainment industry, asis DAT tape. This trend appears to bewidening as CRT manufacturers talk ofunifying the computer monitor and HDTVproduct lines. Of particular relevance to thefollowing discussion is that RAMmanufacturers see their major marketshifting from computers to products suchas HDTV, home entertainment systems,digital cameras and camcorders, etc.1.1 Technological ImplicationsAs an example, consider that by the year2000, Hitachi plans to deliver 4 GbDRAM chips, and no doubt 8 Gb to 16 Gbchips will shortly follow. Even a single one of these chips is probably an excessiveamount of RAM for a typical PC andmultiple chips will likely be needed toprovide sufficient bandwidth to sustain ahigh performance processor�s demands.Thus, we might argue that the processorneeds to move onto the chip where it canhave access to more of the availableinternal bandwidth.On the other hand, memory with thisdensity (assuming the present price curvesare followed) begins to look attractive as areplacement for magnetic disk, especiallyin applications where size, weight andpower consumption are important. Given abattery backup system for long-termnonvolatility, and a Type II PC-card formfactor, a removable device with a few chipsproviding up to 10 GB of storage has thepotential to replace consumable media suchas CD, removable magnetic disk, andvideocassette. RAM thus makes aneconomic transition to a consumable withvolumes that are orders of magnitudegreater than at present.In this economic environment, it is highlyunlikely that the specialty market ofmainstream computing will be able toconvince memory manufacturers to altertheir most advanced fabrication processesto enable on-chip computation, since suchalterations increase costs. In fact, it is likelythat no single market would have thenecessary level of influence and it is evenhard to imagine a confluence of marketsthat would settle on a single on-chiparchitecture so definitively as to drive thememory manufacturers to adopt a Logic-on-RAM process that goes beyond currentSRAM cache on DRAM chip designs.This rather bleak picture should not,however, call a halt to investigatingintegrated logic and RAM architectures. Itmerely means that the focus must be ondifferent areas of RAM technology thanthe cutting-edge bulk DRAM processes.There are two technological possibilitiesthat are worth exploring: SRAM and �backof the wave� DRAM.SRAM offers several advantages overDRAM. Besides having lower latency andavoiding the need for refresh, the processtechnology is more compatible with on-chip logic. In economic terms, SRAM is adevice that will continue to be guided bythe demands of the computer industrybecause it is not suited to the applicationsthat high-density DRAM will be courting.Of course, the disadvantages of SRAM areits lower density and higher powerconsumption.In riding the DRAM technology wave, itisn�t necessary to stay on the leading edgeor even the peak of the wave. DRAMprocesses have life cycles that include aconsiderable period of production afternewer processes have �replaced� them --the back of the wave. As demand for theseolder chips starts to slip, it can be anopportunity for architects to approachmemory manufacturers about customizingthe processes and chips to extend theuseful life of a fabrication facility. Today�s8 MB and 32 MB chips are the potentialtargets for these opportunities in a fewyears to come. If this seems insufficient, itshould be noted that, depending on relativedie sizes, in a few years it might bepossible to fit multiple �obsolete� RAMbodies on a processor chip.It should also be kept in mind thatproposals to merge RAM and processorlogic need to have an upward migrationpath. A point solution for using theavailable on-chip bandwidth that must becompletely redesigned with the nextgeneration of RAM chips is unattractive. Inaddition, a RAM-based architecture musthave the flexibility to accommodate avariety of host environments in order tomaximize its potential range of markets.

1.2 Some Historical BackgroundOne premise on which a RAM-basedarchitecture rests is that the availablebandwidth of a RAM body can beemployed effectively. However, thisbandwidth is constrained by a high degreeof locality. The column address extracts asingle, contiguous column of bits fromeach block in the RAM body. If this set ofbits corresponds well to some logical formof locality that is present in thecomputation, then the bandwidth is usedeffectively. If the correspondence is poor,then some portion of the bandwidth iswasted.While much effort has gone into extractingparallelism at the instruction level ofsequential programs, the level ofparallelism and the regularity of accessimplied by the access restrictions inside aRAM body argue for explicit dataparallelism. Certainly, SIMD arrays suchas the Maspar [3] and CAAPP [4] havefeatured a heavy dependence on a largeblock of on-chip wide-access memory. Atthe other end of the data-parallel spectrum,we have the vector supercomputers whichalso relied on very wide data paths tomemory. However, all of these machineshave now exited the marketplace. Wewould do well to ask why they failedbefore embarking on a new design.The simplistic answer is cost/performance.They were large, costly architectures thatfailed to scale up in performance as lesscostly microprocessors approached similarperformance levels. So the first lesson totake home is that any new data parallelarchitecture must deliver significantlygreater performance than a contemporaryuniprocessor at a comparable price level(i.e., starting from a single chipconfiguration). A mere factor of 10 willnot justify the added difficulty and risk ofusing a parallel architecture, but at 20 timesthe performance level, it becomes easier tojustify (50 times would lead to seriousinterest).Looking deeper into the source of thecost/performance deficit of thesearchitectures we see that much of the coststems from their synchronous nature. Inthe case of the SIMD array, there was asingle, expensive, source of instructionsand many slow (by today�s standards)processor chips that all operated in lockstep. Synchrony implied low clock skew,which resulted in reduced clock rates withthe standard CMOS/PC board technologythat was used. In the case of the vectorsupercomputers, synchrony at high clockrates required exotic technology and costlymanufacturing processes to keep clockskew within tolerances. In both cases,synchrony limited upward scaling ofperformance, and indirectly made itdifficult to scale the architectures down tolower cost levels.Synchrony also means that interprocessorcommunication bandwidth is used on anall-or-nothing basis. Everybodycommunicates on the same instructionstep, and then the communication channelssit idle for non-communication steps.Thus, SIMD architectures featured costlyinterconnection hardware that was oftenunderutilized. To accomplish the sameends, vector machines depended onmoving data rapidly between memory andvector registers. Unfortunately, thisrequired a flat memory that is considerablylarger (e.g., 2 GB) than what we can expectto have access to on a single chip in thenear future.2. Asynchronous SIMD: ArchitecturalConceptThe potential cost/performance advantageof data parallel processors overuniprocessors stems from the replicationof arithmetic units while retaining a singlecontrol unit (and some cost savings resulting from the regularity of theresulting structures). However, we can seefrom the preceding discussion that whenthis approach is arbitrarily scaled upward,performance suffers or, alternatively, costrises.We thus propose a variation on theSIMD/Vector theme in which arithmeticunits are replicated only to the point that theloss in performance due to the need todistribute a common clock falls withinsome acceptable bound. For example, wecould arbitrarily set our bound to be thatthe clock must not fall below that ofcontemporary microprocessors. Limitingclock skew is certainly one factor thataffects the ALU replication factor. Becausesynchronous data-parallel devices employwider datapaths than microprocessors, anadditional factor in their design iscontrolling supply-induced noise. Thepoint is that there are multiple factors thatcombine to limit the amount ofsynchronous parallelism that can beobtained for a reasonable cost, and thosefactors present a new mix of engineeringchallenges to the VLSI designer.For such a synchronous set of replicatedarithmetic units, a control unit, instructioncache, data RAM body, and othermanagement logic would be provided onthe same chip. We refer to each of theseunits as a processor block (Figure 1). Ifthere is room on a chip to accommodatemultiple processor blocks, then they areconstructed independently. Within aprocessor block, operation is in thetraditional synchronous SIMD/Vectormode, but between blocks, execution andcommunication is asynchronous (althoughthe asynchrony is bounded, much as in anSPMD processor). Hence the name,Asynchronous SIMD or ASIMD. Initially,we envision a single block per chip, withmany systems containing just a single chipthat is employed as a coprocessor.2.1 Exploiting VirtualizationFrom the SIMD regime, we take thenotion of virtual processors -- theemulation of a larger array of processorsby a smaller physical array. It can beassumed that the number of processors ina block will be modest (e.g., less than 128)so that each operates at a high virtualizationratio on many applications. Thus, thephysical block repeats the same set ofcached instructions for each virtualprocessor block -- potentially manythousands of times, which represents ahigh degree of instruction locality.ControlUnitInstructionCacheDataRAMCom.ManagerDataFormatterProcessorArrayExternalMemoryInterface

Virtualization Manager

Figure 1. A Processor Block

Furthermore, this locality is entirelygenerated within and under the control ofthe processor, so that it can preciselypredict when the current set of instructionswill be replaced and issue a request for thenext instruction block at the appropriatetime. The instruction cache can be evenmore effective if it stores the instructions ina predecoded form, allowing rapid reissuefor each tile. Instructions would bedownloaded into external memory by ahost processor, and the on-chip controllerprefetches them as necessary with cyclestealing.Local communication (such as shiftingwithin a matrix) between processorsmostly takes place within the virtual blocksassigned to a physical block (we call thisset of virtual blocks a virtual tile). Localcommunication with adjacent physicalblocks takes place only for the virtualblocks on the edges of a virtual tile. If theprocessing of these virtual blocks isappropriately scheduled, then the data atone edge of a tile can be sent while internalvirtual blocks are being processed (Figure2). Because of the high virtualizationfactor, this communication requires neitherhigh bandwidth nor low latency to arrivebefore it is needed at the adjacent physicalblock.Nonlocal communication, such aspermutation routing, will have more of aneffect on the communication bandwidthand latency requirements of the processorchips, as this involves moving data amongall of the virtual processors. Nonetheless,we avoid the requirement for dedicating alarge fraction of the available pins on a chipto local synchronous communication thatis often underutilized. If the logicalcommunication ports for a block arememory mapped, then that pin bandwidthcan simply be folded into the externalmemory interface.Between the Data RAM and the ExternalMemory Interface, Figure 1 shows a blockcalled the Data Formatter, which isresponsible for ensuring that data is placedin the Data RAM with the necessarylocality to enable direct access by theprocessors. The Formatter must be able toadjust the alignment of data either as it isbeing input from external memory orwhile it is in the Data RAM. It shouldsupport a wide range of data permutationsto account for varying stride lengths,compaction of sparse vectors, and indexedaccess to memory. This may necessitatethe equivalent of a Clos network, and dual-porting of the Data RAM.From the hardware designer�s perspective,the ASIMD organization has the advantagethat it offers flexibility in applying theavailable RAM technology to achieve a

Virtual Tile(All Virtua

s A s s i g n e d t o O n e P r o c e s s k ) Virtual Block(Segment a P r o c e s s e d i n P a r a l l e l b y g l e P r o c e s s o r B l o c k ) Direc

f DataMovement f o r t h i s V i z a t i o n P a s s Direction of

ssingSwee p f o r t h i s V i r t u i o n P a s sFigure 2. Four Virtual Tiles, each with 20Virtual Blocks Showing CommunicationPattern and Processing Order for OneVirtualization Pass by the CorrespondingFour Processor Blocks

better balance between computation andmemory bandwidth. Memory blockswithin RAM bodies and possibly multipleRAM bodies on a chip can be dividedamong multiple processor blocks oraggregated to serve a single blockdepending on the results of performancestudies for the particular technologies beingused [5].Higher clock speeds imply greatermemory bandwidth requirements tosupply the processors with data. But as theprevious discussion notes, almost all of theavailable pin bandwidth on the chip can bedevoted to memory. It thus becomes amatter of balancing the processorthroughput against the available bandwidth.Of course, some of the processor�s datarate requirements are mediated by the on-chip data RAM. In addition, it should benoted that the pattern of data memoryaccess is largely determined by thevirtualization scheme. Thus, it is possibleto predict data accesses well in advance,and to arrange for streaming that takesadvantage of high-performance externalRAM devices (e.g., SDRAM, RAMbus,SynchLink). In fact, much of thecomplexity involved in managingvirtualization will likely be in the DataFormatter and the Virtualization Manager.Because the number of processors on achip will be fairly small (compared to thenumber in a traditional SIMD array), theprobability is high that many entire tileswill have been deselected in a sparse phaseof computation. This presents theopportunity for the virtualizationmanagement circuitry to identify eachinactive tile and skip loading its data andreissuing the current group of instructionsfor it. A more aggressive strategy mighteven seek to gather the individual activeelements from a sparse array andcompress them, along the lines of theGather/Scatter operation in a Cray vectorunit.2.3 A Back-of-the-Envelope ExampleMuch of the decision as to what level ofparallelism should be provided in anASIMD chip depends on the availablesustained external memory bandwidth.Although a large amount of RAM ispresent on the chip, it is still tiny comparedto actual problem sizes. For example, withback-of-the-wave DRAM technologyproviding 8 MB of on-chip RAM, amoderately complex image processing taskwould easily run out of space. With 32MB, some of these tasks will be able torun entirely in on-chip RAM, but manywill not. Careful management of the on-chip RAM will reduce the amount of off-chip bandwidth, but will not eliminate it. Indegenerate situations, an ASIMD chipcould well become memory bandwidthlimited. Given Amdahl�s law, thesesituations need not occur frequently inorder to seriously reduce performance.Thus, it does not make sense tosignificantly overdesign the processors.Consider, as an example, an ASIMD chipwith a SynchLink interface (a pair ofRAMbus interfaces would be similar)which provides up to 1.6 GB/s ofsustained transfer capacity. If theprocessors operate at 200 MHz andachieve merely 16 operations per externalaccess, then the memory could sustain ablock with 32 32-bit processors,delivering 6.4 GOPS. If the processors aremulti-gauge, then they could also offer12.8 16-bit GOPS. This is shows thepotential for ASIMD to provide therequisite factor-of-20 increase inperformance over a microprocessoroperating at the same speed, even under theassumption of a poor pattern ofvirtualization. It is probably reasonable toexpect a factor of 50 on many problems.Assuming that there is sufficient VLSI realestate, other factors would probably limitthe size of a processor block to about 128elements. A block of this size would offer about 25 32-bit GOPS, and about 50 16-bitGOPS.By combining multiple ASIMD chips intoa system, of course, performance can befurther increased as long as the level ofvirtualization remains high. Not only dowe gain the additional processing power,but we also add to the available on-chipmemory so that more tasks will be able torun entirely within RAM. Probably two tofour ASIMD blocks could operate on ashared bus, but beyond that somedistributed (possibly shared) memorymechanism would be required to providethe necessary communication bandwidth.2.3 Tracking with TechnologyIn a traditional SIMD processor chip, asthe number of processors increases, evenon-chip clock-skew problems becomesignificant. The use of multiple processorblocks on a chip, rather than simplyincreasing the number of processors in ablock, is attractive because it avoids theneed to distribute a full-rate global clockwith low skew. As chip sizes scale up, thenumber of metal layers typically increases,but the upper levels are not suited tocarrying high-speed signals. The multi-block approach allows the designer toassign slower global clock distribution,lower bandwidth direct interblockcommunication channels, and powerdistribution to the uppermost metal layers.In addition, the need to sustain a higherlevel of on-chip memory bandwidthimplies wider synchronized buses, whichlead to increasing problems of crosstalkand supply-induced noise. In normaloperation, of course, RAM chips avoid thisproblem by splitting the memory intobanks and fetching from just one bank at atime, or pipelining interleaved accessesacross multiple banks. When wholeASIMD chip bodies are replicated, theseproblems can be reduced by purposelyskewing the clocks to the independent unitson the chip, effectively mimicking theinterleaved bank access pattern. Theindependent nature of the blocks alsoenables them to employ separate externalmemory interfaces to the high-performance RAM devices mentioned inthe previous section, which can be difficultto operate in lock-step groups.2.4 Software ImpactFrom the software developer�s perspective,ASIMD retains the simple single controlthread model with parallel types. Compilertechnology to exploit this style ofprocessing is well developed, and standardparallel languages for it also exist. In spiteof its asynchronous nature, the fact thatsynchronization is maintained logicallyacross all of the blocks means thatdebugging can employ traditionalsequential techniques.From the operating system writer�s pointof view, however, ASIMD is far moreinteresting than SIMD, which presented asingle monolithic resource with a very highcontext switch cost. With ASIMD, there isno need for all of the blocks to beexecuting the same program. Blocks canbe operated independently of each othersimply by sending different instructions totheir instruction caches. When a systemhas multiple blocks, they can be aggregatedin any fashion, since communicationbetween them is simply a matter ofestablishing a mapping between theircommunication ports. Thus, a collection ofASIMD blocks is automatically acquiresthe added flexibility of a Multi-SIMDarray.Multi-SIMD operation can improveprocessor utilization by enabling multiplesmaller problems to be runsimultaneously. For example, in an imageprocessing task, all of the blocks mightfirst work together in ASIMD mode topreprocess an entire image, but then split up into MSIMD mode for processingmultiple regions of interest. Depending onthe size of a region of interest, it could beassigned multiple blocks or just a singleblock.Multi-SIMD operation also enables thearray can to be shared among multipleusers, avoiding the need to schedule theuse of a single monolithic resource.However, it also implies that thearchitecture must fully support variabledegrees of parallelism and virtualization inexecuting a single binary object program,since the operating system determines thenumber of ASIMD chips to allocate to theprogram at runtime.Going beyond this level of sharing, it ispossible that an ASIMD system could alsosupport traditional time sharing. Whenevera tile is written out to memory, themajority of the chip�s context has beensaved. Thus, it might only be a modestadditional cost to save the remainingcontext and load a new context in its place.Of course, if several ASIMD chips areoperating in a cluster, it would be prudentto switch context for all of them together.Otherwise the ones that do not switchcontext will simply stall while waiting tocommunicate with the ones that did switch.In our image processing example, thisapproach can be further used to improveprocessor utilization if there are multiplesmall regions of interest, which do notindividually make full use of a processorblock. These regions can be assigned as aset of tasks to be executed on one block viatime-sharing.3. SummaryWe should not count on convincingmemory manufacturers to grant ourwishes for adding logic to their mostadvanced DRAM processes. However,there are still opportunities with SRAMand �back of the wave� DRAM processesto greatly increase the available amount ofmemory and access bandwidth on aprocessor chip. Some architectures of thepast that have attempted to exploit similarmemory characteristics are SIMD arraysand vector supercomputers, but these havefallen on hard times in part due toexcessive reliance on synchronousoperation.Asynchronous SIMD is an architecturalconcept that offers the potential for flexibleuse of combined logic and RAMtechnology, both by being able to utilizeon-chip bandwidth and also by being ableto internally manage the use of off-chipbandwidth. ASIMD is also particularlywell suited for future VLSI technologiesemploying more levels of metal, due to itsnatural paritionability.There is still considerable research to bedone in order to determine whetherAsynchronous SIMD is truly a viable path.This paper makes a case for pursuing thatresearch based on the potential for highsingle-chip performance with scalability,and the considerably greater flexibility ofthe architecture with respect to traditionalSIMD, while retaining a simpleprogramming model and offering greateropportunity for resource management byan operating system.4. References1. David A.Patterson, �Microprocessors in2020,� Scientific American, Sept.,1995, pp. 48-51.2. D.C. Burger, S. Kaxiras, and J.R.Goodman. "DataScalar Architectures,"To appear in the 24th InternationalSymposium on Computer Architecture(ISCA), June, 1997.3. Tom Blank, �The MasPar MP-1Architecture�, Proceedings of IEEECompCon, February, 1990.

4. Charles C. Weems, Steven Levitan,Allen R. Hanson, Edward M. Riseman,J. Gregory Nash, David Shu,"TheImage Understanding Architecture",International Journal of ComputerVision, 2(3):252-282, 1989.5. Martin Herbordt, "PerformanceEvaluation of Massively Parallel ArrayArchitectures," Computer SciencePh.D. Dissertation, University ofMassachusetts, Amherst, MA, August,1994.