
The Use of Caching in DecoupledMultiprocessors with Shared MemoryTim Harris and Nigel TophamUniversity of EdinburghAbstractIn the following we evaluate the costs and bene�ts of using a cachememory with a decoupled architecture supporting shared memory in boththe uniprocessor and multiprocessor cases. Firstly we identify the perform-ance bottleneck of such architectures, which we de�ne as Loss of Decouplingcosts. We show that in both uniprocessors and multiprocessor machineswith high latency such costs can greatly e�ect performance. We then assessthe ability of cache to reduce loss of decoupling costs in both uniprocessorsand multiprocessors. Through use of graphical tools we provide an intu-ition as to the behaviour of such decoupled machines. In multiprocessors wede�ne the target model of shared memory and introduce various coherencyschemes to implement the model. Each coherency scheme is then evaluatedexperimentally. We show that hardware coherence schemes can improvethe performance of such architectures, though the relationship between hitrate and performance is substantially di�erent than in the non-decoupledcase. Our results are based on discrete-event simulations which take asinput address traces from various scienti�c applications.1 IntroductionThough Shared Memory has proven an e�ective programming model for parallelmachines, there are still open questions as to the best way to implement the modele�ciently so that it can be scaled to a large number of processors. Such a machinewill by necessity have memory distributed among the nodes, and we can expectthe latency of memory access to be substantially larger than the amount of time1



required to perform a simple computation. To provide reasonable performancefor such a model both latency reducing and latency tolerating techniques may benecessary.In this paper we focus on the latency tolerating technique of decoupling. Sub-stantial work has previously considered decoupling in various contexts. In [1] aVLSI decoupled architecture was compared to a traditional architecture while al-tering the speed of memory. In [2] a decoupled machine with interleaved memorywas compared with the CRAY-1 architecture. In the related work of [3] decoupledarchitectures were shown to be insensitive to memory latency when performingoptimally. In the recent work of [4] decoupled architectures are compared againsttraditional uniprocessor systems with caches. Although one of the stated goalsof that paper was to consider use of cache in decoupled architecture, very fewsuch results were presented and the authors conclude only that caching has somepotential for such machines.The goals of this paper are to consider indepth the value of caching in decoupledarchitectures, and we present the �rst results to consider multiprocessor decoupledarchitectures which support shared memory. We �rst begin by identifying thesalient features of decoupled performance, namely the Loss of Decoupling eventswhich occur when the latency tolerating ability of the architectures is temporarilycurtailed. We use graphical results from our simulator to develop an intuition ofdecoupled execution and the role such events play. We then quantify the bene�tsthat can be achieved through use of caching in a decoupled uniprocessor for a suiteof applications; also explaining when those bene�ts can be expected to be accrued.We then describe various schemes for maintaining coherency in a multiprocessordecoupled system supporting a weakly coherent model of shared memory, andevaluate the performance of each scheme. Our results show that caching oftenprovides substantial bene�ts in both the uniprocessor and multiprocessor cases,but that the relationship between hit ratio for a caching scheme and subsequentperformance is more involved than in the case of traditional architectures. In thecase of multiprocessors, it is only the more expensive coherency schemes, yieldinghigh hit rates, that are able to achieve substantial performance gains.2 Architectural AssumptionsThe basic idea of a decoupled architecture is to divide the instruction streamproduced by the compiler into two sub-streams; one that is entirely addressing2



and memory fetch instructions and the other that is entirely computations. Thesetwo streams are then executed in parallel by two separate processors, with thememory fetch operations being being pipelined as much as the memory systemarchitecture permits.A simple diagram our assumed architecture is shown in �gure 1. The addressstream is executed by the Address Unit, or AU, while the computation stream isexecuted by the Data Unit or DU. To execute a Load instruction from its streamthe AUwill calculate the load address and then put the request to memory into theLoad Address Queue (LAQ). This request will then be serviced by main memory,with the resulting operand being placed in the Load Data Queue (LDQ). At theinitiation of a program the DU will initially stall until su�cient operands arrivein the Load Data Queue such that the �rst computation may be initiated. In themeantime, the AU will continue to issue requests to memory and ideally operandswill begin to arrive in the LDQ at a steady rate after this initial memory latency.To execute a store the DU places an operand in the Store Data Queue (SDQ),while the AU places the store address in the Store Address Queue, and when bothitems are in their respective queues the request is forwarded to memory.
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Cache MemoryFigure 1: A Decoupled Architecture Model with Cache.Ideal execution in such an architecture occurs when the DU is able to processdata at its maximum rate, then the operands it requires will have been requestedearly enough by the AU that they will already be in the LDQ when required.In this sense the AU can be seen as a form of prefetch engine for the DU, andduring this type of execution the latency of the memory system is fully tolerated[3]. The term decoupled refers to the fact that the time an AU fetches an operandis decoupled from the time that operand is used for a computation in the DU.3



Most applications also require that the AU and DU periodically synchronize; anevent called a Loss of Decoupling or LOD [5]. A loss of decoupling will take placeat conditional jumps, for example, when the AU will need a result from the DUto determine the next instruction to be executed. Various coherency operationsin multiprocessors will also cause an LOD. After an LOD the DU must again waitfor the full latency of the memory system before executing its next computationand becoming decoupled again. For this reason we de�ne any time that the DU iswaiting for an operand to arrive in the LDQ as an LOD cost, and it is these coststhat are the primary concern of our analysis. In �gure 1 we also show the cachememory we assume in later sections of the paper. When a cache is present the AUwill always attempt to fetch operands directly from the cache and into the LDQ.We assume a write-through and write-allocate scheme.3 The SimulationThe experimental results described in this report have been generated by trace-driven discrete-event simulations. The input for the simulation consist of twotraces of instructions, one of which contains AU instructions such as address cal-culations and memory fetches for given addresses, and the other of which containsDU instructions such as 
oating point operations and memory stores. These traceswere generated by annotating programs such that the annotations compute theinstruction streams which are then written to the trace �le during program exe-cution. The traces we have generated are parallel traces, where each instructionhas a processor number to specify which processor is to execute the instruction.These processor IDs are generated by the annotation in a simple �ne-grain man-ner, typically by using the induction variable of a do loop modulo the number ofprocessors in the machine. The grain of work allocated to a processor is typicallyon the order of a BLAS 1 or BLAS 2 routine.The applications we have used to generate traces are well-known scienti�c codesfrom established benchmarks, all written in Fortran, and all assuming sharedmemory in our formulation. The most well know is the Linpack benchmark, alinear algebra subroutine designed to factor a dense matrix into its lower and uppertriangular components. This is a particularly 
oating point intensive application,though the size of the loops varies from the full width of the matrix down to verysmall inner loops as the target matrix becomes smaller.The other two codes are both parallel versions of codes taken from the Perfect4



Club benchmark suite [6]. The TFRD benchmark is a simulation of the behaviourof two electrons. The most computationally intensive routine, OLDA, performsintegral transformations of four matrices and a transposition. Therefore thereare a fairly large number of memory references per each 
oating point operation.The OCEAN benchmark is a 
uid dynamics application which uses the spectralmethod, and is hence dominated by Fast Fourier Transformation (FFT) opera-tions. This application also has a signi�cant number of instructions which donothing but copy data from one data structure to another.In our simulation we assume an average memory access time of 100 cycles, anda average cache hit time of 5 cycles. We assume a lightly loaded system in thesense that we assume shared memory latency will have little variation, and weneglect contention in the interconnection network in the multiprocessor case.4 Uniprocessor PerformanceTo understand the performance of decoupled multiprocessors one must �rst un-derstand the uniprocessor case. Here we outline what characteristics are typicalof such architectures, and in particular we show quantitative evidence that loss ofdecoupling events play a substantial role in performance.4.1 The Saxe DiagramThe Saxe diagram, introduced in [7], allows one to visualize the behaviour of adecoupled architecture. Below we show the utility of these diagrams, and weaugment the diagrams with more information which helps provide a concise ex-planation of cache performance for such architectures. We now use the diagramto explain normal modes of operation for decoupled architectures.In �gure 2 we see a uniprocessor decoupled architecture with a \fast" DataUnit, i.e. a DU which can consume data as fast as it is produced by the AU.The diagram represents the performance on a small kernel of TFRD code withapproximately 450 operands to be fetched and three Loss of Decoupling events. Inthe diagram the �rst (solid) line represents the rate of the AU requesting operandsfrom the memory system, while the second (dashed) line shows the DU rate ofconsumption for these operands.In this model of a lightly loaded system we expect the memory latency to bea constant 100 cycles. Therefore we can see that the DU must wait 100 cyclesbefore beginning execution, as this is the time until the �rst operands arrive in the5
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Figure 2: Example Saxe Diagram forUniprocessor. 0
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Figure 3: Same example with slowerDU.LDQ. After about 130 operands have been fetched by the AU we see the �rst LODevent. This corresponds to a conditional jump which is based on a result from theDU. The AU must wait until the result is produced by the DU, about 100 cycleslater, and then it can determine the destination of the jump and begin processingagain. However, the DU will need to wait for the full latency of the memorysystem again, as the LDQ will remain empty after an LOD until a request canmake the complete circuit from the AU through the memory system. Thereforethe LOD cost in this case is about 100 cycles. The time when the two lines meetis naturally the time during which the two processors are synchronized.If the DU can not consume data as fast as the AU can fetch it, than the DU willnaturally \decouple", in the sense that the data it uses will have been fetched bythe AU long before it was needed. We refer to this as a \slow" DU, as seen in �gure3. The DU progress may also be slowed down by the nature of the application,ie. if each operand is reused many times than the consumption rate of operandsby the DU will be slower. However, in current architectures memory systems aretypically the bottleneck, rather than 
oating point performance. Given that factwe focus our study in the rest of the paper on the case of a fast DU, in the sensethat we expect the DU to be typically waiting on operands to arrive in the LDQrather than consuming operands at a rate slower than they arrive. The case wherethe DU consumes operands slower than they arrive may be considered the idealcase in the sense that such a machine will usually perform well, independent ofother considerations. 6



4.2 LOD CostsWe now show how the in
uence of LOD costs varies from application to applic-ation. In fact, such costs can be used to characterize an applications suitabilityfor decoupling. The suitability of applications for decoupling has previously beenquantitatively assessed in [5], where various compiler techniques were outlined forreducing the frequency of LOD events. Here we have �xed the frequency of suchevents through extraction of the instruction traces as described earlier, and weconsider the in
uence of increasing memory latency on LOD costs for an applica-tion. In �gure 4 below we show the execution time and LOD costs of the TFRDapplication as we increase average memory latency from 20 to 200 cycles. At ahigh latency of 200 cycles per memory access more than half the execution time isattributable to LOD costs. On the other hand, the OCS example of �gure 5 hasvery few LOD events and hence even with high latency memory the percentage ofexecution time attributable to LOD costs is small. We can see this as an indicationthat OCS is an inherently well-suited application for decoupling. TFRD, on theother hand, is an application which has substantial LOD costs and hence withoutcaching is poorly suited for these architectures. Applications such as OCS will runat close to the throughput of the DU, and their performance will not be substan-tially altered by modi�cation of the memory system. The Linpack application,which falls in between these two in terms of its frequency of LODs, is shown in�gure 6.
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hit rate and performance of a decoupled computer is profoundly di�erent thanthat of a traditional architecture, as we now show.Saxe diagrams typically have two lines, one for the AU progress and one forthe DU progress. However, in the case of caching architectures we have found ituseful to augment this with an additional line which represents the arrival time ofan operand in the Load Data Queue. We can expect this line to be close to theAU line if a fetch results in a cache hit, and far from the AU line in the case of acache miss. In the case of a slow DU the two processors will decouple naturallyas the DU spends time computing, but in the time of a fast DU decoupling willonly occur due to LOD costs. In this case the LOD costs experienced by theDU on a particular loop structure (without embedded LODs) will be equal to themaximum latency of any one memory fetch. To have LOD costs for a loop equalto the cache hit time rather than the cache miss time requires that the hit ratiofor that loop is 100 percent. Therefore the overall LOD costs for an applicationwill not be a simple linear function of hit rate as in traditional architectures, butinstead be a threshold function whereby LOD costs are only reduced if some loopstructures execute with all memory accesses being cache hits.
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Figure 7: Saxe diagram for unipro-cessor with cache. 0
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Figure 8: Same as previous �gure butwith lower hit ratio.This explanation is clari�ed by �gures 7 and 8. Figure 7 represents decoupledperformance on a similar small kernel trace, but with a large cache resulting in ahigh hit rate. We see that in the �rst loop the cache is empty and no cache hitsare observed. The decoupling between the AU and DU is the full latency of mainmemory, or 100 cycles. In the second loop there is a higher hit ratio, but stillthere are periodic misses which force the DU to wait a full latency, so the LODcosts remain as with no cache. Only in the third loop do we observe a 100 percenthit rate and hence bene�ts from using a cache. The degree of decoupling between8



the AU and DU in this �nal loop can be seen to be very small, corresponding tothe 5 cycle cache hit time assumed. Figure 8 shows the same kernel and cachingscheme, but with a smaller hit rate. We see that, though the hit rate of the thirdloop appears to be higher than either of the two previous loops, i.e. there are morehits shown on the LDQ-arrival-time curve, the LOD costs are still the same as ifthere was no caching as the DU will need to wait the full latency for whatevermisses do occur.Of course, a full application will have a large number of such looping structuresand LOD events. The performance of an application will bene�t anytime duringexecution a loop runs entirely in cache, and in the case of a slower DU frequentlyalso if a loop begins with a substantial number of cache hits before encounteringcache misses (allowing the slow DU to naturally decouple). The saxe diagram of alarger piece of an application will again show the characteristic stair step behaviourof loop structures and LODs, and the slope of this line will directly re
ect theperformance of the machine. In �gures 9 and 10 we show such a diagram for traceof about 8000 operations and show how successful caching techniques result insteeper progress gradients.
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Figure 9: Caching characteristics withslightly larger trace. 0
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Figure 10: Slope comparison for cacheand no cache.In �gure 9 we see that approximately two out of three loop structures end uprunning totally within cache and how performance improves as a result. Figure10 shows clearly how reduced LOD costs result in steeper slope curves in the Saxediagram and hence better execution time. In particular we observe that with cachethis excerpt completes in roughly 8000 cycles, while without cache it requires over14000 cycles. 9



6 Uniprocessor Results
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Figure 11: The E�ect of Caching on a Uniprocessor Executing the TFRD Applic-ation.We now brie
y present the result of using caching as described in the threeapplications we are considering. Of course, the best bene�ts we can hope for areto reduce the LOD costs of an application to near zero, so applications with littleLOD delays in the non-cache case will clearly not perform substantially betterthan the non-caching case. In �gure 11 we see the e�ects of using caching on anapplication with large LOD costs as we vary the number of 4-word lines in thecache, and again assuming 100 cycle average memory access time. The constantline is the execution time of the TFRD application with no caching, and thebottom dotted line is the LOD costs of the application while using caching. Wesee that with very small cache sizes the extra overhead of loading cache linesand overwriting them frequently actually increases execution time. However, withcache sizes of 500 lines are larger we see substantial bene�ts from cache use. Wesee that with a 4K-line cache the LOD cost is reduced to less than 50,000 cycles,a substantial reduction from the near 200,000 costs shown in �gure 4 above.Our other two applications are naturally less bound by LOD costs, but stillsee performance improvements through the use of cache, as show in �gures 12 and13. However, in each case we see that the majority of the LOD costs which wasshow to exist previously without cache is eliminated.10
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Figure 12: Linpack with Cache. 111000
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Figure 13: OCEAN with Cache.7 Multiprocessor CachingIn caching for multiprocessors the primary concern becomes how to maintain co-herency given the multiple copies of each line which can potentially exist in variouscaches. We now outline the three coherency schemes we evaluate, as well as de-scribing the speci�c model of shared memory we assume. For a comparison ofvarious coherency schemes in the context of non-decoupled multiprocessors see[8].7.1 Memory ModelWe assume a weakly coherent memory model, based on that supported by theDEC Alpha [9]. The Alpha Model allows for instruction reordering and memorybu�ering, which provides substantial potential for memory system performanceimprovements. To enforce strong ordering the scheme provides the Memory Bar-rier or MB. An MB insures that all instructions preceding the MB will be stronglyordered with regard to all those following the MB. It therefore becomes an im-portant characteristic of our coherency schemes that we provide implementationsfor the Memory Barrier instruction, as well as ensuring that our implementationsof cache coherency ful�l the assumptions of the model. Its important to note thatin a decoupled architecture an MB also is a form of Loss of Decoupling, as it re-quires synchronization between the AU and DU. For a comparison of other weakconsistency models see [10]. 11



7.2 Hardware CoherencyIn a typical hardware coherency scheme there will be state bits associated witheach line in cache and also with each line in main memory. The bits are modi�eddynamically to ensure coherency during updates of cache lines. We assume awrite-invalidate scheme, where if a processor chooses to write to a cache line itmust �rst broadcast an invalidation request to all other processors holding a copyof that line, as well as changing the status of the line in main memory to noteexclusive access. Within our weak model there is no need to wait for invalidationrequests to be acknowledged before modifying a cache line. We assume a directorybased and hence scalable scheme, and use a write-through policy, and allocate newcache lines on writes as well as reads.The MB instruction is implemented in the following way. When a processorexecutes an MB it will broadcast that MB to all processors and stall until it hasreceived acknowledgment from each processor. The processors will only acknow-ledge the outstanding MB once all the memory requests which have been routed totheir memory have been serviced. In routing through our network we also need toensure that such MB instructions will not pass any previously issued invalidationrequests, thereby ensuring that all such requests will have arrived at their destin-ation by the time processors attempt to acknowledge an MB. After the issuingprocessor has received acknowledgment from all processors it may proceed withthe next instruction.7.3 Software CoherencyInstead of altering state bits at run-time, a software scheme depends on staticcompile-time analysis to enforce coherency. Firstly it is necessary to identifycomputational units, or epochs, within an application, which typically consist ofnested do-loops. A decision is then made for each epoch what data is cachableand what data can be read and written to only in main memory.In our software scheme we attempt to allow all data to be cached, but theninvalidate data at the end of each epoch when necessary. We consider two variants,the �rst of which is a simple scheme where all cached data is invalidated at theend of an epoch. Secondly we consider a scheme were compile time analysislets us determine whether data is shared or private for an epoch, and we onlyinvalidate shared data. We again use a write-through write-allocate scheme. TheMB implementation outlined above is also used. However, an important attribute12



of the assumed memory model in the context of software schemes is that an epochis naturally de�ned by Memory Barrier operations, so we also use the advent ofan MB to initiate the cache invalidations required in the scheme. Though falsesharing is also a hazard in software coherency, we assume small page sizes andtherefore don't focus on this problem in our study.8 Multiprocessor Results
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Figure 15: TFRD on a Multiprocessor.In our multiprocessor simulations we assume an 8 processor system, where eachAU-DU pair has its own cache, and where all processors share a common mainmemory subsystem. Some of the �nal results of the study are shown in �gures 14and 15. In �gure 14 we show the cache hit rates for the three schemes we havedescribed: hardware, software with global invalidation and software with selectiveinvalidation. Global invalidation clearly is too simplistic a scheme, as the reuseof cached items can only occur within an epoch; no cross-epoch sharing can takeplace. The selective invalidation scheme does much better, resulting in hit ratesof over 70 percent for a cache size of 4K lines. However, it is only the hardwarescheme that allows hit rates to reach 90 percent and above for these cache sizes.Perhaps more importantly, we observe in �gure 15 that hit rates have a non-linear relationship with execution time, unlike traditional architectures. As shownearlier with Saxe diagrams for uniprocessor decoupled machines, the only way toreduce LOD costs is to have high enough hit rates such that at least some loopstructures will observe localized 100 percent hit rates. This will only be possiblein applications with signi�cant data reuse, and even then we observe that onlythe best performing (and hence most expensive) coherency schemes will succeed.13



Despite the large di�erence in hit rate between the two software schemes, neitherof them can improve performance beyond that of the no-cache case.
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Figure 16: Linpack on Multiprocessor. 20400

20600

20800

21000

21200

21400

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

T
im

e 
in

 C
yc

le
s

Cache Size in Lines

Hardware Scheme
Software Scheme

Figure 17: OCEAN on Multiprocessor.The other two applications show similar behaviour. We now show only theselective-invalidation case of software coherency, as the two software schemes al-ways result in near identical curves for the reasons we have explained. In bothOCEAN and Linpack the hardware scheme results in some speedups, while thesoftware schemes only manage to approach the performance of the non-cachingcase.9 ConclusionsWe have shown how decoupled performance depends on the frequency of Loss ofDecoupling events, and have described the relationship between the latency tol-erating nature of the architecture and this frequency. Through the use of SaxeDiagrams we have shown that in decoupled architectures with fast Data Unitscache only succeeds in improving performance if a very high hit rate is achieved.Applications that result in cache misses being unevenly distrubuted can be expec-ted to gain more from the use of cache, as they will have a higher likelihood ofepochs having no cache misses than will applications where the misses are evenlyspread throughout the code. Multiprocessor caching will naturally result in lowerhit rates due to coherency operations, and hence gains will be more limited than inthe uniprocessor case. However, the hardware coherency scheme we have describestill achieves at least small gains for all three applications we considered, whereasthe software schemes do not. 14
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