A High Out-of-Order IssueSymmetric Superpipeline Superscalar MicroprocessorSt�phan Jourdan, Dominique Carri�re, Daniel LitaizeInstitut de Recherche en Informatique de Toulouse118 route de Narbonne, 31062 Toulouse cedex, FRANCEAbstractDue to technology�s evolution, the number of transistorsthat can be integrated in a same chip has become, at thedawn of the 21st century, more than sufficient to imple-ment simple superscalar cores. This excess, nowadaysgenerally used for on-chip caches, can also be utilized toimprove core�s performances, but mainly to increase thecore�s superscalarness degree. Although it now seems thata high degree is not justified, it could become useful in thefuture with progress in compilation.Setting out from this observation, we describe in this pa-per a new superscalar architecture with a high out-of-order issue rate. This architecture implements, in particu-lar, precise interrupt management and multiple branchprediction. Furthermore, the architecture�s specificationhas taken into account the aspect of hardware implemen-tation, and thus, temporal matching of pipeline�s stages.We therefore assist to a finer partitioning of this pipeline,hence the additional superpipeline label.1. IntroductionNowadays, for the most part, two trends summarise pro-cessors architecture objectives: to move the clock ratesfrom low to higher speeds, and to lower the mean cycle perinstruction (CPI) rates [1]. They now have respectively ledto superpipeline and superscalar notions. During the firstyears following the birth of microprocessors, those, knownas CISC, acronym for Complex Instruction-Set Computer,had a high CPI. Indeed, an instruction often required morethan 8 clock cycles to be executed [2]. The main solution tolower the CPI rates, best exploited in RISC, acronym forReduced Instruction-Set Computer, has consisted in over-lapping the different instruction�s executing steps, using atechnique called pipeline [3]. Pipelining exploits paral-lelism among the instructions in a sequential instructionstream. However, this technique suffers from what arecommonly called dependencies, which degrade the opti-mum CPI rate of 1 [4]. Many improvements have nearlyled to such a CPI rate. Successful mechanisms are: by-pathof operands during the execute stage, Harvard architectureand delayed branching [5]. The next step in microproces-sor�s evolution has consisted in going beyond this limit of1 CPI. The unit has hence become the IPC, i.e. the meannumber of instruction per cycle. Such microprocessorshave been called superscalar [6]. On the other hand, thosedependencies lead to a higher degradation of the IPC be-cause of the larger parallelism involved. Consequently,they also limit the issue rate. Objectives are therefore toreduce such degradation. Resource dependencies can besolved through the use of several functional units (FUs).Such an architecture, also based on Tomasulo�s algorithm[7], minimizes data dependencies when no control depen-dency occurs. In such a case, with reservation stations(RSs) associated to each functional unit, the microproces-sor implements an out-of-order issue policy. It then acts asa data-flow machine. An infinite RS number is required forsuch a treatment, but simulations have shown that it can berestricted without many penalties [8]. This kind of micro-processor, however, manages imprecise interrupts. Addinga reorder buffer allows for precise and fast interrupt man-agement [9]. The problem hence lies in control dependen-cies. If the microprocessor stops issuing when a condi-tional branch is decoded, the effective IPC will be low.Branch prediction [8] is a method that improves IPC, de-pending on the authorized number of branches predictedsimultaneously. A reorder buffer, here, allows such animplementation, as shown in section 5. Another importantnotion with control dependencies is branch delay, i.e. thetime required to fetch the branch�s targeted instructions tobe decoded. The use of a branch cache, such as in theMC88110 [10], leads to a 0-cycle branch delay, as de-scribed in section 3. Hence an architecture featuring a re-order buffer and a branch cache, executes the instructionswithout stalls as if almost no control dependency occurred.We describe in this paper, an architecture based on prin-ciples previously outlined. This architecture performs ahigh out-of-order issue rate, labelled N. The sections dealwith a microprocessor based on such an architecture,called S3M, acronym for Symmetric SuperpipelineSuperscalar Microprocessor.The outline of this paper is as follows. Section 2 presentsthe S3M�s internal architecture. Section 3 describes in-structions fetching. Section 4 recalls the operands forward-ing. Multiple branch prediction is introduced in section 5,whilst the superpipeline aspect is dealt with in section 6.Section 7 presents the modelling, and results from simula-tion are discussed in section 8. Conclusions are summa-rized in section 9.

2.Presentation of S3M�s internal architectureS3M�s internal architecture, illustrated in figure 2-1, issimilar to that of Motorola�s MC88110 [10], but for futurefiles and a reorder buffer. Reservation stations are associ-ated to each functional units, and the processor thereforeimplements an out-of-order issue policy. Each file is infact a combination of a future file and a register file. Someinstances are generic, integer, floating-point, graphic orstatus. Each being accessed by one or several FUs. Such anorganization is similar to the MC88110�s Special FunctionUnits (SFUs). The reorder buffer�s invalidation policy istotal. Despite it diminishes the microprocessor�s globalperformance, it offers however the possibility to easily im-plement a multiple branch prediction. In section 3 to 5, thepipeline used is simple, as shown in table 2-1. It corre-sponds to a basic partitioning of the processor�s function-ality, without caring for the temporal aspect of the imple-mented algorithms. Section 6 takes this into account, andleads to a finer partitioning.FU 2FU nFILE 2FILE 1FILE k�

FU 1FU 3

�REORDERBUFFER source bus 1source bus 2source bus 2Ndestination bus 1destination bus 2destination bus Mresult bus 1result bus 2result bus P

Figure 2-1. Data PathStageFunctionality

FE(FEtch) Accesses caches and chooses thenext N decoded instructions.

DE(DEcode) Determines the number of issues,decodes and reads operands, and placesinstructions on source buses.

EX(E X e c u t e ) Reads source buses anddestination buses, arbitrate units forconcurring RSs. Executes instructionsandthen arbitrates the destination buses.

WB(Write Back) Writes the results in futurefiles and in the reorder buffer.

RC(Result Commit) Dequeues the reorder buf-fer and updates register files via result buses.

Table 2-1. The pipeline stagesBasic parameters of such an architecture also concernsthe number of common buses : source(2N), destination(M)and result(P). N corresponds to the maximum number ofinstructions issued per cycle. M usually equals P, other-wise, the smallest indicates the maximum number of in-structions completed per cycle.3. Fetching instructions3.1 Instruction cache accessThe fetch stage has to supply when possible the decoderwith N valid instructions. Access to the instruction cachein a superscalar architecture, is problematic due to the pro-cessor�s maximum number of issues (N). By means ofsimplification, we will not consider here any branch in-structions, discussed in the next sub-section. The issuing ofan instruction by the decoder can be omitted if by examplethere is no available reservation stations. Hence, the num-ber of instructions issued is dynamic, and is only availableduring the decode stage, never at the beginning of the cy-cle. Therefore, the address of the last decoded instruction,that is the one preceding the first decoded instruction ofthe next cycle, remains unknown at the beginning of thiscycle. It depends on the number of instruction issued bythe decoder. The cache access is therefore delayed until theaddress is known.One solution, implemented in S3M, is that the fetch stagememorises the N instructions supplied to the decoder dur-ing the previous cycle, and accesses to the cache for thefollowing N instructions. Thus, whatever the number of in-structions issued, N valid instructions from the 2*N con-sidered will be supplied to be decoded in the next cycle, asshown in figure 3-1, for N=4.

FEFEDE new PC valuesupply with N instructionsconsider 2*N instructionsconsider N instructions

Example with N=4These 5 cases are possible:instructionscurrentlydecodedinstructions issuedinstructions suppliedthe next cycleinform the number of instructions issued

Figure 3-1. Fetch and Decode StagesAnother problem lies in the instruction�s alignment withcache blocks. When a superscalar microprocessor is used,the fetch stage needs to access consecutive blocks. If B isthe number of instructions in a block, then the worst casenumber of blocks accessed is given by the equation 3-1.

1+_{N − 1}^B if mod_{N − 1}^B( ) = 0

2 +_{N − 1}^B if mod_{N − 1}^B( ) ≠ 0

Equation 3-1. Number of Cache Blocks Acceded3.2 Unconditional branchesIf there is a branch, the decoder does not issue followinginstructions, and waits for the fetch stage to supply the tar-geted instructions. It is important here to notice that thenumber of stages preceding the decode stage cannot in-crease as each additional stage would lead to an increase ofinstructions to be considered, hence, an increase of thepossible number of branches. However, delayed branchingcannot be efficient in a superscalar architecture when N isimportant [8] since it is difficult to fill the N slots. WhenN=1, the slot can only be filled 70% of the time [11]. A

better mechanism consists in the use of a branch cache en-abling, in case of a hit, a 0-cycle branch delay. The branchcache is indexed with the same address than that of the in-struction cache. A hit is searched for the N addresses start-ing from the given one. With each valid branch cache entryis associated, along with the index branch instruction ad-dress, the first N instructions starting from the addressspecified by this branch. One must remember here that thebranch instruction involved is being decoded while thecache is accessed. At the fetch stage level, the 2*N instruc-tions coming from the instruction cache, as well as the Ninstructions of the branch cache in case of a hit, are con-sidered. The fetch stage then needs to wait for the numberof issued instructions from the decoder. Indeed, a branchinstruction that is detected in the branch cache can be omit-ted if by example, the preceding instruction is not issued. Itcan then choose one of the sequences, and supply the de-coder with N instructions for the following cycle. On theother hand, the decoder does not issue any instruction aftera branch one. Refer to figure 3-2 for summary.DEDEFE

@number of issueshit

N-instructionssequence chosenbranch cache accessinstruction cache access

Figure 3-2. The Fetch Stage3.3 Branch predictionFurthermore, the branch cache can also be used forconditional branches: it can contain informations aboutpast execution of these branches so as to carry out dynamicpredictions. This leads to the implementation of multipleprediction algorithms, from the N-bits counter [12] to theAdaptive Scheme [13]. A survey of these algorithms ispresented in [14]. A choice however still needs to be madeconcerning default prediction:¥First, it is possible to use any of the static predictionalgorithms. It is to be noted that a branch predicted takenwill lead to a lost cycle due to the miss in the branchcache.¥Then, the choice for the sequence can be defineddynamically through correlation of the predictionsbrought into effect for the last issued K branches.¥Finally, through static-dynamic association, e.g.correlation along with annotation.To sum up, the branch cache described here performs a0-cycle branch delay in case of a hit, as well ascontributing to dynamic prediction of conditionalbranches. It has now become commonly used in recentmicroprocessors, e.g. the MC88110�s Target InstructionCache (TIC) [10]. Similarities with the PPC601�sinstruction buffer can also be noticed [15]. In fact in oursolution, instructions which are not issued, are stored in thefetch unit, in spite of being stored in a specific buffer.4. Operands forwarding4.1 IntroductionS3M, as previously described, implements out-of-orderinitiation/out-of-order completion policies, and a preciseinterrupts management. This is enabled thanks to the useof reservation stations and a reorder buffer. Subsequentsub-sections, states and buses, describe the ways by whichoperands are provided and forwarded.4.2 StatesSuch an architecture implements a kind of data-drivenmechanism to achieve data-flow computations. But unlikeTomasulo�s algorithm, it allows for precise interrupt man-agement through the use of a reorder buffer. As describedin [8] [16], register files maintain the in-order state, usedfor exception recovery. Future files maintain the out-of-order state, required for instruction issuing (register ac-cesses). The reorder buffer contains informations on all is-sued instructions, starting from the oldest uncompleted oneto the last decoded one. Register files are updated by de-queuing the buffer when possible. So as to manage preciseinterrupts, exceptions are only treated when the entry cor-responding to the faulting instruction is dequeued from thereorder buffer.4.3 BusesSource buses transport the issued instruction�s operandsto provide reservation stations. These contain either avalue or a station number for pending values. A controlbus containing the target reservation station number, afunctional unit treatment number and the destination regis-ter number, is associated to a pair of source buses.Destination buses are used by functional units to placetheir results. An arbitration is required because of dispro-portion between the number of buses and the number ofunits. These buses transport the following informationwhich will be subsequently considered by the reorderbuffer: a destination register number, a result value, a pro-duced exception number and the used reservation stationnumber to compute the result, required for forwarding.Result buses provide register files with completed in-struction results, placed by the reorder buffer. The differentfields consist of: the register file number, the number ofthe register to be updated and the value.4.4 reservation stationsDue to the presence of several RSs per functional unit, anarbitration, based on the instruction issuing order, isneeded to issue the instruction�s execution. As shown inthe following section, the reorder buffer maintains this or-der. To each RS is hence associated a field which indicatesthe placement of the corresponding entry in the buffer.

Moreover, if the issue rate is high, an old instruction canbecome blocked in a RS. Indeed, if an instruction ahead ofa decoded instruction group cannot be executed because ofdependencies, and another more recent one issued in thesame FU is executed, it is required to wait for this last oneto obtain a destination bus so that the first one be executed.This wait can become important if many instructions arefetched between the two. Here, the reorder buffer hencestops the dequeuing, and following instructions cannot gointo the RC stage : there is cycle losses. An example is theinstruction group described in figure 4-1. In that case, ifthe second and the last add are issued in the same FU, thelast one keeps the FU occupied as long as its results cannotbe placed on result buses : the second add cannot be exe-cuted, and then the instructions between the two adds can-not go into the RC stage. A solution lies in structuring FUsso as to render them non blocking through the adjunctionof an additional field result to each RS. The arbitration ofdestination buses is then executed on these fields.add r4, r2,r0add r6,r4,#10add r12,r10,r0instruction group

Figure 4-1. An instruction group5. Multiple branch prediction5.1 Reorder bufferThe reorder buffer is described in [8] [10]. In summary, itis managed as a FIFO queue. Instruction decoding canproceed as long as entries are available. With the issue ofone instruction is associated one entry at the top of thequeue to receive its execution result. When an entryreaches the bottom of the buffer, it is dequeued if the cor-responding instruction result has been notified. This resultwill then modify the register file the next cycle when in theRC stage. Hence the reorder buffer maintains the look-ahead state, i.e. items about all instructions starting fromthe oldest uncompleted to the last decoded. In fact, the re-order buffer orders the modification of register filesthrough the out-of-order issued instruction execution. Ittherefore establishes an order relation for their issuing, thatis for all instructions being treated. This property has beenpreviously utilized in section 4. The reorder buffer�s mostimportant parameter is its number of entries: it measuresthe level of anticipation that characterises the processor.5.2 Precise interrupt managementWith an architecture implementing out-of-ordercompletion policy, two ways of managing interrupts arepossible: imprecise or precise. With imprecisemanagement, the handler cannot consider themicroprocessor�s correct state at the time of the interrupt,except in the event of a possible rebuilding. However, theinterrupt recovery process is similar to the one for badprediction. Therefore, a branch prediction implementationenables a precise interrupt management for free. Thereorder buffer allows for this. Thus, S3M accomplishesthis precise management. Concerning the reorder buffer,chosen policy is total invalidation. The exceptions are notconsidered immediately, but only when the correspondingentry has to be dequeued. The reorder buffer, the futurefiles and all RSs are then entirely discarded. Storeinstructions are treated by only issuing them when theirentry is dequeued. On the other hand, external interruptsare dealt with immediately. Execution will resume with thefirst uncompleted instruction after resources are discarded.Precise interrupt management does not require anyadditional information in the reorder buffer. Basic fieldsare the same as in destination buses. Moreover, instead ofan additional field to store the instruction address for eachentry, a local PC can be utilized to resume programexecution when interrupts occur. Except for jumps, it isincreased each time an entry is dequeued. In that case, thebranch target address is assigned to the PC. This addresscan be stored in the value field of the buffer entry, sincethis field is not required for a jump instruction.5.3 Multiple branch predictionSo as to check predictions made during the issuing ofbranch prediction, a branch FU is required. When such aninstruction is issued, the decoder sends to this unit theoperands as well as an indication on the prediction made.This can be done through the modification of the op-codeof the instruction (treatment number). The RS number ofthis unit then indicates the number of branches that can besimultaneously checked. In fact, as previously shown, badprediction recovery is identical to that of interrupts. Thus,the result produced by the branch unit is only an interrupt:no interrupt in the case of correct prediction, else aninterrupt labelled incorrect prediction. Furthermore, therecovery process requires in the reorder buffer a newinformation, the not-predicted address. It is to be noticedthat one of the two addresses still is the sequence. Hence,similarly to the jump instruction, the value field alwayscontains the branch target�s address. An extra bit is stillrequired to indicate whether the prediction as been thesequence or the target. Figure 5-1 summarises the recoveryprocess in case of bad prediction.in-order stateout-of-order state

not predicted pathlook ahead pathexecuted path bad prediction

WAITINVALIDATIONFigure 5-1. Recovery from Mispredicted Branch

6. The superpipeline aspectThe superpipeline notion first consisted in the partitioningof each pipeline�s stages in m independent sub-stages, buthas now derived to all processors featuring a deep pipeline.The temporal dismatching of the S3M pipeline, mainlycomes from 3 stages, we are hence going to split them up :¥The FE stage first, because the cache access usuallyconstitutes a stage by itself, besides, it often is the slow-est one. It then sets the clock frequency.¥Then the DE stage, that must determine the number ofissued instructions before decoding them.¥Last, the EX stage, which operates 2 arbitrations on topof the execution.First concerning the FE and DE stages, it is important tominimize as indicated in section 3, the number of stagesbetween the one operating the cache access and the onecomputing the number of issued instructions: none whenpossible. Furthermore, the choice of the instruction groupcannot be made outside of the FE stage, as it must befetched in the instruction cache the following cycle. It istherefore not possible to split up this stage. The DE stage,however, can be divided meaning a new stage called NI.Table 6-1 shows the functionalities of each of the 3 stages.StageFunctionality

FE(FEtch) Accesses to the caches and choosesthe next N decoded instructions.

NI(Number of Issues) Determines the numberof issues.

DE(DEcode) Reads operands, inserts in thebuffer the corresponding entries. Placesinstructions on source buses.

RA(Read and Arbitrate) Reads source anddestination buses to modify RSs. Arbitratesavailable FUs between the different RSs.

EX(EXecute) Executes instructions and placestheir results in the RSs. Arbitrates to obtainthe destination buses.

WB(Write Back) Writes the results in futurefiles and in the reorder buffer.

RC(Result Commit) Dequeues the reorder buf-fer and updates register files via result buses.

Table 6-1. The pipeline stagesConcerning the EX stage, the problem lies in the fact thatit is not possible to split it up in m stages without operandforwarding for each. We hence divide it in just two sub-stages, forwarding of the second stage being still takencare of by the destination buses. There is no forwardingbetween the two. One can notice that the execution and thearbitration on destination buses can be parallelized in an-ticipation of the arbitration. We therefore regroup themwithin the same stage: the new EX stage. Reading busesand the first arbitration hence constitutes a single stage la-belled RA.7. ExperimentsThe results presented in this paper are for nine loops fromthe Livermore Loops (1 3 5 7 9 10 11 12 and 24), whichare FORTRAN loops from production codes run atLawrence Livermore National Laboratory, and they repre-sent the type of computation kernel typically found inlarge-scale scientific computing [17]. These loops weretranslated into C, and then were compiled for the M88000instruction set, using the gcc 2.4.5 compiler with all opti-mizations turned off.FU typeLatencyInstructionsFiles

Integer1INT add and logic OPsI

FP Add3/1*FP add and comparison*FP/I

Multiply3INT and FP multiplicationFP/I

Divide18/26INT and FP divisionFP/I

Load / Store1Memory accessesFP/I

Branch1Prediction checkingI

Bit Field1Shift, and bit testingI

Table 7-1. FU Types and LatenciesTable 7-1 shows functional unit types and the latencies ofinstructions belonging to these types. Each type is listedwith a description of the instructions that belong to it, andthe register file on which it accesses. The selected latenciesare the MC88110 ones [10]. Each FU is fully pipelined andmutually independent, except the divide FU.The simulated machine FU configuration is listed in table7-2. The Instruction and Data caches are assumed to be in-finite, while the Branch cache features 32 fully-associativeentries. The reorder buffer size is variable.FU typeNumberRS per unit

Integervar.var.

FP Add14

Multiply14

Divide14

Load/Store1var.

Branch14

Bit Field14

Table 7-2. Functional Unit ConfigurationThe modelling of S3M has laid to a simulator which issource-driven. The simulator was written in C, and it simu-lates all parts of the microprocessor. The simulation pro-cess works as follows : First of all, benchmarks have to becompiled into assembly code using gcc. Our S3M simula-tor then reads in a configuration file which describes theinternal architecture to be simulated and begins processingthe assembly code instruction stream produced by gcc.The simulator performs a cycle by cycle simulation, in thesame manner as a real microprocessor does. Our simulatormakes no simplifying assumption except the infinite size

of the data and instruction caches : they are not modelled.There are several key parameters that define the internalarchitecture being simulated :¥The superscalarness degree¥Number of destination and result buses¥The reorder buffer size¥FUs configuration and the number of associated RSs8. Simulation Results8.1 IntroductionFor a given processor configuration, the measurementsare presented as the average of the nine benchmarks com-puted using the harmonic mean. Therefore, each with aperformance value of Ki, the harmonic mean of all valuesis given by the equation 8-1.

harmonic mean = 9× 1Kii=19∑ − 1

Equation 8-1. Harmonic meanThe use of the harmonic mean lowers results, but it re-flects more accurately an hypothetical reality. Therefore,the IPC of the best S3M configuration is 2.88 (with theharmonic mean), while computed with the arithmeticmean, the IPC would be 3.19. Table 8-1 lists the best IPCvalue for each of the nine benchmarks.NameIPCNameIPCNameIPC

loop 13.943loop 73.736loop 112.051 loop 34.57loop 93.347loop 122.261 loop 52.613loop 101.884loop 244.373

Table 8-1. Best IPCOur studies have been performed accordingly with 4 axis :¥The reorder buffer size¥The number of destination buses¥The number of RSs associated to the Load/Store FU¥The number of integer FUs.Lastly, each of the figures plots performances for a super-scalarness degree through 1 to 16.8.2 AnalysisThe reorder bufferFigures 8-1 plots the performance, given in IPC, for a re-order buffer size varying from 1 to 128. The number ofinteger FUs is fixed to 4, with each 4 RSs. 16 Load RSsand 16 Store RSs are associated to the Load/Store FU.First of all, one can see that the best IPC peaks at 2.88.This seems to be the maximum instruction-level paral-lelism we can reach for these benchmarks with no opti-mization. The best of them is loop 3 with a 4.57 IPC, whileloop 10 is the worst with a 1.88 IPC. Furthermore, there islittle improvement with a superscalarness degree higherthan 4, and no one with any higher than 8. This proves thelimitation of the current compiling processes, which is notadequate for producing better instruction-level parallelism.In the same manner, due to this limitation, there is no im-provement in performance with a reorder buffer sizehigher than 64. One must remember here that the reorderbuffer holds all kind of instructions which have not modifyregister files yet. Thus, this size characterises the out-of-order level of anticipation. Therefore, it seems that a re-order buffer of 64 entries gives the best results with a 4-is-sues S3M. Lowering the size below 64 affects perceptiblythe IPC. A 32 entries reorder buffer is a good compromisewith a 2-issues S3M. Figure 8-2 and 8-3 show the averageutilization of the reorder buffer capacity. The best ratio is32 entries for a 4-issues S3M, but 64 entries gives a goodaverage fill rate of 73%.There is two other important things to note in figure 8-3.First, the curve rapidly decreases when the size is higherthan 32. Indeed, the issuing depends on two factors : thereorder buffer size and the number of RSs. The issuinglimitation comes from this last factor when the size grows,and then lowers the reorder buffer capacity utilized.However, increasing this number of RSs does not improvethe processor performance, in IPC, because this perfor-mance is limited by the poor instruction-level parallelism.Last, the utilized capacity decreases when the size is be-low 32, while one can wait for a nearly 100% use with areorder buffer size of 1. In fact, when an instruction is is-sued (stage NI), the corresponding entry in the buffer is notallocated (it will be in the DE stage). Between two succes-sive instructions, the buffer is therefore empty during onecycle : in general, it represents one cycle out of 5, i.e. 80%.Indeed, the ratio is lower due to invalidations.Destination busesFigures 8-4 through 8-6 give the same results as figures8-1 through 8-3 but in function of the number of destina-tion buses instead of the reorder buffer number of entries.FU configuration is the same than in the previous sub-sec-tion, except for the reorder buffer size which was fixed to64. Figure 8-4 shows same IPC results when the number ofbuses is higher than 7. Therefore, seven destination busesseems to be the minimum number for a performingoperand forwarding. A loss of 2.5% is made when thebuses number lowers to 5, and another 2% to 4, whichseems to be the optimum number for a 4(or more)-issuesS3M. Therefore, number of buses higher than 4 givesslightly better results, due to the register writing back se-rialization in the reorder buffer. One can consider here theimplementation of only 3 destination buses, but at the costof a 10% loss. In term of fraction of bus capacity utilized,the use of 4 buses gives a 64% result while 3 buses 79%.Load/Store Reservation StationsFigure 8-7 shows the importance of the number of RS inthe Load/Store Unit. As a matter of fact, it affects for agreat part, the S3M capacity of anticipation by blocking

the issuing. A number of RSs greater than 16 shows nobenefit, and there is only a 6% loss with 8 RSs for eachLoad and Store instructions.Integer Functional UnitsFigure 8-8 plots the performance for a number of integerFUs varying from 8 to 1. Integer FUs does not affect per-formance as much as Load/Store RSs, but there is a 19%loss in performance between 4 and 2 integer FUs.9. ConclusionsIn this paper, we have ended at the specification and themodelling of a superscalar and superpipeline monoproces-sor architecture, featuring a high out-of-order issue rate.This elaboration has been developed in order to make theIPC as close as the superscalarness degree. This work hasalso taken into account temporal aspects of each of the al-gorithms characterizing the pipeline stages. Moreover,through out the paper, we have highlighted the difficultiesencountered with a high issue rate implementation. Theproposed solutions have led to the utilization of:¥a branch cache performing a 0-cycle branch delay aswell as the possibility of implementing any dynamicprediction algorithms.¥reservation stations, especially in the FU’s output, in or-der to implement out-of-order issue/out-of-order com-pletion policies.¥a reorder buffer which has a variety of uses. It allowsprecise interrupt management, multiple branch predic-tion and it supplies a strict order relation required to thedifferent arbitrations.All along the study which lead to this document, we havedesigned and adapted a simulator of this architecture,which can be programmed for different configurations.Experimentations on this tool have guided us to certainchoices as for given solutions, e.g. the new RS’s resultfield, problem which has been raised for an N=16 configu-ration. Subsequently, this problem also lies whatever theissue rate.Nevertheless, the limits concerning IPC which wasshown by the simulator on large-scale scientific comput-ing, indicates the unsuitability of recent compilators. Atthe present time, a 4-issues superscalar microprocessor fea-turing a 64-entries reorder buffer is sufficient to take intoaccount the instruction-level parallelism produced. Similarremarks was made in [8] concerning general-purpose ap-plications.This study has been conducted jointly to the serially mul-tiported shared-memory multiprocessor project labelledM3S [18]. Its aim is to characterize an utilization’spossibility of a larger processor-memory bandwidth at themicroprocessor level. We have therefore noticed thispossibility in the utilization of the anticipation mechanismsupported by multiple branch prediction, this with a highissue rate.10. AcknowledgementsWe like to thank P. Magnaud, A. Mzoughi, P. Sainrat andC. Rochange, for their contribution to our research work aswell as F. Vialet for his help in drawing up this paper.11. References[1]Hwang, K. Advanced Computer Architecture:Parallelism, Scalability, Programmability. MacGraw-Hill, 1993[2]Motorola Semiconductors. Advance Informa-tion.ADI-814R2, Motorola Inc., 1981[3]Kogge, P. M. The Architecture of Pipelined Computers.Mac Graw-Hill, 1981[4]Stone, H. S. High-Performance Computer Architecture.Addison-Wesley, 1990[5]Hennessy, J. L. and Patterson, D. A. ComputerArchitecture A Quantitative Approach. MorganKaufmann Publishers, 1990[6]Agerwala, T. and Cocke, J. High Performance ReducedInstruction Set Processors. Technical ReportRC12434 (#55845). Yorktown, NY: IBM ThomasJ. Watson Research Center, 1987[7]Tomasulo, R. M. An Efficient Algorithm for ExploitingMultiple Arithmetic Units. IBM Journal, Vol. 11,1967[8]Johnson, M. Superscalar Microprocessor Design.Prentice-Hall, 1991[9]Smith, J. E. and Pletzkun, A. R. Implementation ofPrecise Interrupts in Pipelined Processors.Proceedings of the 12th Annual InternationalSymposium on Computer Architecture, 1985[10]Motorola. MC88110 Second Generation RISC Micro-processor User�s Manual. Motorola Inc., 1991[11]McFarling, S. and Hennessy, J. L. Reducing the Costof Branches. Proceedings of the 13th AnnualInternational Symposium on ComputerArchitecture, 1986[12]Smith, J. E. A Study of Branch Prediction Strategies.Proceedings of the 8th Annual InternationalSymposium on Computer Architecture, 1981[13]Yeh, T. and Patt, Y. N. A Comparison of DynamicBranch Predictors that use Two Levels of BranchHistory. Proceedings of the 20th AnnualInternational Symposium on ComputerArchitecture, 1993[14]Stjernfeldt, C. O., Czeck, E. W. and Kaeli, D. R.Survey of Branch Prediction Strategies. TechnicalReport CE-TR-93-05, 1993[15]IBM, POWER, POWER PC, IBM F 465, 1993[16]Jourdan, S. Les Microprocesseurs Super-scalaires :Prospectives, DEA report, 1993[17]Feo, J.T. An Analysis of the computational and parallelcomplexity of the Livermore Loops, ParallelComputing 7, 1988[18]Litaize, D., Mzoughi, A., Rochange, C. and Sainrat, P.Towards a Shared-Memory Massively ParallelMultiprocessor. Proceedings of the 19th AnnualInternational Symposium on ComputerArchitecture, 1992