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AbstractMultithreading is an architectural technique, which allows the interleaved execution of multipleinstruction streams (threads) on a von Neumann-like processor. Multithreaded architecturescombine features from both von Neumann and data
ow architectures, so that the new archi-tecture possesses the simplicity of von Neumann architectures and avoids the complexity andine�ciencies of data
ow architectures. While multithreading is conceptually appealing, littlework has been reported on actual performance evaluation, on the architectural advantagesand the limitations, and on the requirements of the execution model and its correspondinghardware support. The overall goal of this work is to investigate these issues systematically.This investigation is based on the belief that some fundamental changes in von Neumannarchitectures are required to build e�cient multithreaded architectures.The work begins with an investigation of performance aspects of conventional pipelined proces-sors. We use a simple performance model to evaluate di�erent mechanisms used in pipelinedprocessors for reducing the performace lost due to pipeline hazards. Multithreading, also as analternative to conventional pipelining, allows to completely hide pipeline hazards by exploitingparallelism among multiple instruction streams (threads). To understand the potential per-formance advantage of the multithreading technique, the performance issues of multithreadedarchitectures have been investigated. Based on the investigations of di�erent multithreadingstrategies and their performance, a new multithreaded computation model is proposed, calledlatency directed multithreaded execution (LDME). The LDME model separates instructionsinto two di�erent groups: in one group all instructions have a �xed execution latency (suchas arithmetic or logic instructions), and in the other group all instructions have an unpre-dictable or longer execution latency (such as 
oating point operations, remote load or write,synchronization instructions etc.). All instructions with unpredictable or longer latency willbe split with the technique called split phase transaction. We construct all such executionthreads in which the result of an instruction with unpredictable latency will never be usedby another instruction within the same thread. The consequence of this approach is that allthreads are latency free, namely after initiation they are executed until completion withoutany long blocking. Hence, if su�cient parallelism exists in a program, all kinds of latencies(i.e. memory and long execution latency) can be hidden.A corresponding processor architecture for the LDME model is then proposed. The main partof the LDME processor consists of a multithreaded pipeline and a synchronization processingunit. The multithreaded pipeline exploits the advantages of multithreading, while the synchro-nization processing unit executes all latency synchronization threads, which are introduced tosynchronize parallel normal threads. Like other data
ow and multithreaded processors, the



proposed LDME processor can hide long remote latencies in a multiprocessor environment. Toimprove the single-thread performance the LDME processor employs the strategy of extract-ing inter-thread parallelism only when no intra-parallelism exists. The processor also uses themultithreading technique to completely hide e�ects of pipeline hazards between instructionswithin the same thread: the dependency information is integrated in each instruction, so thatthe processor can detect the dependency after the instruction fetch and switches to anotheractive thread if any dependency is detected. Thus, the processor interleaves several activethreads during execution and sustains its peak performance if a limited number of activethreads reside in the processor, without some related hardware mechanisns used for detectingand resolving such pipeline hazards as in conventional pipelined processors.The construct and the evaluation of LDME codes is a further issue of this work. To observethe e�ects of di�erent latencies on the performance of LDME codes, two di�erent cases forstorage of operation data are considered. The simulation results are presented. Finally, someperspectives for further research are outlined.
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Chapter 1IntroductionComputer technology has made enormous progress in the past 40 years. The whole historyof computer development that we have seen in this period was a history of inventions, excite-ments, generations, the best and the largest, high performance etc.. Today, with the rapiddevelopment of VLSI (Very Large Scale Integration) technology, it is possible to build fastsingle-chip processors including high-speed 
oating-point arithmetic. Some hot chips havebeen announced in the past two years, such as DEC's Alpha [DEC 92a], TI's SuperSparc[Bla 92], MIPS's R4000 [Mil 92], HP's PA-RISC 1.1 [Del 92], Motorola's M88110 [Die 92],and so on. All these chips support 64-bit wide data operations and achieve high performanceby integrating large data and instruction caches as well as some 
oating-point functional unitson a single chip, which leads to chips containing more than 1 million transistors.In spite of the enormous progress, more powerful computer systems are always desirable forthe following reasons:� The improvements in hardware technology have led to a repeal of Grosch's law thatthe best price/performance was obtained with the most powerful uniprocessor [Alm 89].This means that parallel processors, which consist of a collection of processing elementsthat can communicate and cooperate to solve large problems, are desirable for morepowerful computer systems.� The improvements of the software technology, such as functional and object-orientedprogramming, require more architectural support. Two novel examples of such machinesare data
ow machines supporting the e�cient execution of functional programs [Arv 86]and the Message Driven processor [Dal 86] supporting the e�cient execution of object-oriented program code.� Applications in scienti�c computing, CAD (Computer Aided Design) VLSI design, database systems, arti�cial intelligence etc. are demanding order-of-magnitude performance



2 1 Introductionenhancements which may not be archieved only through integrating the advanced tech-nology into the traditional von Neumann architecture model. New methods and inno-vative architectures are required to ful�ll such requirements.It has become apparent that computer systems in which a large number of processors work inparallel are strongly desirable. Unfortunately, the lessons we learned in more than 40 years ofdesigning von Neumann uniprocessors do not necessarily carry over to multiprocessors. Twofundamental problems encountered in multiprocessors based on von Neumann uniprocessorshave been pointed out by Arvind [Arv 87]:� the inability to tolerate long latencies from remote memory accesses and� the inability to support e�cient synchronization of parallel activities.As a radical alternative to the von Neumann architecture, various data
ow architectures havebeen investigated intensively in the past 20 years. In a pure data
ow architecture the problemwith memory latencies does not exist because there is no variable in the data
ow execu-tion, therefore, no variable modi�cation is required. Furthermore, data
ow architectures o�ersynchronization at a per-instruction level, i.e. each instance of an instruction is an indepen-dent task with speci�c dependence requirements which must be satis�ed prior to initiation.Through a special hardware mechanism called waiting matching unit all enabled tasks aree�ciently detected without any further overhead.Unfortunately, the experiences with data
ow machines have shown that not all of the distin-guishing characteristics of data
ow architectures contribute towards building more powerfulcomputer systems. As Arvind pointed out [Ian 90]:However, the more we thought about building a fast interpreter1, the more confusedwe became about data
ow computers. Were data
ow graphs merely a convenientformalism for software development, or had they something to say about hardwareorganization as well?The traditional data
ow architectures have shown their limitations in hardware implementa-tions as well as in software development (In the next chapter we will discuss these issues indetail). Hence, Arvind has suggested an architecture formed on the principles of split transac-tion I-Structure [Ian 90] memory references in a von Neumann framework, coupled with data1This interpreter refers here to the software interpreter for the MIT's Tagged-Token Data
ow Architecture(TTDA).



1 Introduction 3driven rescheduling of suspended instructions. This suggestion has led to Iannucci's Disserta-tion about data
ow/von Neumann hybrid architecture [Ian 88]. Several other similar workshave also been reported [Bic 87] [Bue 87][Dai 90].After intensive research on data
ow architectures, it is now generally accepted by most com-puter architects that data
ow and von Neumann architectures represent simply the extremaof an architectural continuum. Many now agree that a hybrid von Neumann and data
owapproach with multiple instruction streams per processor is preferable to both pure data
owas well as to pure von Neumann architectures.The work presented here is a further study to exploit such issues. The technique we will handleis called multithreading, i.e. the interleaved execution of multiple instruction streams (threads)on one processor simultaneously. The corresponding processor architectures are called mul-tithreaded architectures. Multithreaded architectures combine the features from both vonNeumann and data
ow architectures, possess the simplicity of von Neumann architectures,avoid the complexity and ine�ciencies of data
ow architectures, and solve the two funda-mental problems in multiprocessing pointed out by Arvind e�ciently. Thus, multithreadedarchitectures represent a trade-o� between the extrema of the architectural continuum.The recent e�orts to research multithreaded processors have been stimulated in designingmultiprocessor systems, especially in designing data
ow machines. While multithreading isconceptually appealing, little work has been reported on actual performance evaluation, onthe architectural advantages and the limitations, and on the requirements of the executionmodel and its corresponding hardware support. The overall goal of this work is to study theseissues systematically. This investigation is based on the belief that some fundamental changesin von Neumann architectures are required to build e�cient multithreaded architectures. Fur-thermore, a multithreaded architecture should be e�cient not only for multiprocessors butalso for uniprocessors.If we look at the internal structure of modern microprocessors a little deeper, we �nd that theyhave a common feature, i.e. they are too complicated in hardware organization. A large part oftheir chip area is devoted to certain complicated hardware mechanisms used to handle pipelinehazards. Furthermore, the current solutions to pipeline hazards are far from satisfaction ifthe instruction pipeline is deepened in order to further increase the maximal work frequency.For examples, DEC's 21064 (Alpha) has a 7 stage integer pipeline and a 10 stage 
oatingpoint pipeline with a maximum frequency of 150 MHz [DEC 92a]. With a longer pipeline theproblems of pipeline hazards also become more di�cult to solve. By observing that pipelinehazards are di�cult to avoid because of the basic fact that conventional pipelines improvetheir performance by exploiting the parallelism from a single instruction stream, we askourselves:



4 1 IntroductionWhy have we not tried to accept the fact that pipeline hazards in pipelined executionare unavoidable and to �nd an approach to mask these hazards instead of trying toresolve them with complicated hardware mechanisms2.The answer to this question is multithreading! It is astonishing, however, that little attentionhas been paid to handle this issue. In designing uniprocessors, especially modern microproces-sors, architects have been concentrating on developing the complicated hardware mechanismsused to detect and resolve pipeline hazards. Those pipeline hazards have become more dif-�cult to solve in modern microprocessors such as superscalar processors in which more thanone instruction can be issued for execution per clock cycle. This is due to the basic factthat instruction sets of von Neumann machines are traditionally designed with instructionswhose execution time is latency dependent, which leads to the situations such as out-of-order-issue and out-of-order-completion. Therefore, more complicated hardware mechanisms mustbe introduced to handle these issues. On the other hand, in designing multiprocessors, manyresearchers have been concentrating on mechanisms for handling two fundamental problems invon Neumann based multiprocessors and ignored the necessary changes in the pipeline archi-tectures to further improve the processor performance by masking possible pipeline hazardsthrough multithreading.Under this consideration, together with other reasons which will be discussed in the followingchapters, we will �rst discuss some basic issues on pipelining and multithreading. After this,a multithreaded execution model called latency-directed multithreaded execution (LDME) willbe presented, which aims to hide various latencies arising in program execution. At last, thedetailed design of a multithreaded processor, which supports the LDME e�ciently, will bedescribed.This thesis is organized as follows:Chapter 2 �rst reviews some basic terms of computer architecture and parallel processing. Adetailed survey of three di�erent architecture models is then presented, i.e. von Neumannmodel, data
ow model and distributed instruction architecture model, which aims at giving afeeling of the main features as well as the advantages and disadvantages of these architecturemodels.Chapter 3 is devoted to answer the question asked above. First, the features of conventionalpipelined processors are reviewed by using a simple performance model in order to evaluatethe e�ects of pipeline hazards to the processor performance. Further, we also examine someimportant extensions to conventional pipelines, which include Very Long Instruction Word(VLIW), Superscalar and Superpipeline. In comparison to pipelining, the concept of multi-2Actually, the experiences with pipelined processors have shown that the complete avoidance of pipelinehazards is impossible in conventional pipelined processors [McF 86].



1 Introduction 5threading is then introduced. Some important multithreaded processors developed in recentyears are examined.Chapter 4 concentrates on the performance advantages of multithreaded architectures. There-fore, we classify multithreaded architectures into several di�erent groups according to theirstrategies of scheduling an enabled thread for execution. Moreover, a realistic multithreadedprocessor architecture based on a well known RISC processor is constructed at an abstractlevel and simulated in detail. The simulated performance corresponds to the prediction by theanalytical model.Chapter 5 proposes a multithreaded execution model, which is based on the observation thatall unpredictable latencies can degrade processor performance and must be hidden by exploit-ing the inter-thread parallelism, and the intra-thread parallelism is but used to improve singlethread performance. This execution model is hence called latency-directed multithreaded execu-tion (LDME). The basic idea of this model is to separate instructions (operations) betweenthose having a deterministic execution time (latency) and those having an undeterministicexecution time. All instructions with undeterministic execution time are split, and the corre-sponding small threads called latency synchronization threads are used to synchronize otherthreads that will use their results. Some software implementation issues are also examined inorder to give a feeling how a LDME program will be executed on an associated multithreadedprocessor.Chapter 6 presents the detailed design of a multithreaded processor called the LDME pro-cessor, which supports the e�cient execution of LDME programs. A LDME processor canbe used as a uniprocessor. In this case the LDME processor avoids the performance lossdue to pipeline hazards by exploiting the inter-thread parallelism and maintains its singlethread performance by exploiting intra-thread parallelism. A LDME processor can also beused as a processing element in a multiprocessor and avoids two fundamental problems oflatency and synchronization by employing associated mechanisms. The overall structure ofa LDME processor consists of a synchronization processing unit used to execute all latencysynchronization threads and an multithreaded processing unit used to exploit the performanceadvantages of the multithreaded execution. The detailed design of the multithreaded pipe-line is described, and its corresponding operational behavior will be de�ned in the hardwaredescription language VHDL.Chapter 7 demonstrates the bene�ts of the LDME codes in comparison to the conventionalsequential code. To observe the e�ects of di�erent latencies on the performance of LDMEcodes, two di�erent cases for storage of operation data are considered: data in the localmemory and data in the remote memory. Based on this consideration several LDME codesare constructed and simulated. Their performance as well as some novel features of the LDMEcodes will be presented.



6 1 IntroductionChapter 8 is the conclusion of this work. Directions for further activities are also sketched.



Chapter 2Performance and Parallel ProcessingComputer architects have been increasingly convinced of the importance of processor architec-ture in recent years, especially, those who are concerned with the design parallel machines. Itis, therefore, meaningful to examine the concept of processor architecture and its relation toprocessor performance �rst.2.1 Architecture and RequirementsFor a long time the term processor architecture has been viewed as the description ofattributes of a processor, which can be seen by an assembly programmer. This de�nitionrefers essentially to the instruction set plus an execution of the instruction set. This nar-row sense of processor architecture proved to be invaluable for de�ning, for example, thecharacteristics of a family without committing to particular implementation of architecturalcharacteristics and therefore has been extended by many researchers. The most importantextensions of the concept processor architecture contain the internal structure and theworking mode of the processor (endoarchitecture[Das 89]) on one hand, which are neces-sary for the hardware designer, and an abstraction of description of functional and logicalfeatures (exoarchitecture[Das 89]) on the other hand, which are seen by software develop-ers and programmers. The development until now has shown that a well designed processormust consider both hardware technology, software supports and applications. In this sense,we say the processor architecture is a study of combination of hardware structures,their software and the application characteristics to optimize the performance ofthe processor. This means that the task of an architect (computer designer) is not alone tocombine several functional units such as registers, ALU, control unit etc. together to executeinstructions. The skill of the processor design is thus to select a set of functional modules,which may be hardware, software or a mix of both, and combine them together, so thatthis combination as a whole system operates e�ciently and ful�ls the requirements of both



8 2 Performance and Parallel Processinghardware technology, software and application characteristics as much as possible.The �rst requirement on a new processor is surely its performance. The performance of aprocessor often refers to some quantities such as response time or processing speed. Perfor-mance is frequently measured as a rate of some events per second, so that lower time meanshigher performance[Hen 90]. There is a distinction between performance based on elapsedtime called system performance and that based on CPU-time called CPU-performance. Thesystem performance is used to refer to elapsed time on an unloaded system, while CPU per-formance refers to user time the CPU is computing. The latter is more interesting for thearchitect, because the former includes all activities until the completion of a task, which mayconsist of disk access, input/output activities, operating system overhead etc. In the followingdiscussion, we will focus on CPU performance.CPU time for executing a program is often expressed as follows:CPU time = CPU clock cycles for a programClock rate (2.1)If we know the number of instructions executed � the instruction path length � then we cancalculate a useful metric � clock cycles per instruction (CPI):CPI = CPU clock cycles for a programInstruction count (2.2)We can thus rewrite the �rst expression again:CPU time = Instruction count� CPIClock rate (2.3)The second requirement on a new architecture is the implementation cost. As mentioned in[Hen 90], the main job of an architect is to determine which attributes are important for thenew processor, and then to design such a processor which reaches the maximum performanceunder the cost restriction. A good performance/cost ratio actually corresponds to a goodutilization of processor resources during program execution, i.e. processor e�ciency. In otherwords, at the same cost a processor with the higher e�ciency means also higher performancethan those with lower e�ciency.The further requirement on architecture design is to exploit the internal machine parallelism.This means to exploit all internal functional units which can operate potentially in parallel.A well designed processor has many di�erent components near saturation when it reaches itspeak performance, while a poorly designed processor has some single bottleneck when runningat maximun speed, and all other functional units are underutilized. The history of computerdesign has shown us not only the use of fast device in processor design can improve the perfor-



2.2 Algorithms and Parallelism 9mance, but also exploitation of internal machine parallelism. Pipelining and parallel processingare two key techniques used to exploit internal machine parallelism. Pipelining overlaps mul-tiple consecutive instructions in execution simultaneously, while parallel processing performsindependent instructions (operations) by multiple functional units.The above three requirements are specially re
ected in designing multiprocessor systems,which are built by connecting multiple single processors through some interconnection net-work. Arvind pointed out two fundamental issues in multiprocessing: memory latency andsynchronization [Arv 87], which are actually the problem of performance lost due to these twoproblems. This is also the fundamental motivation of this work to study such architecturemodels which can well ful�l the fundamental requirements above.To improve the performance further, the architect must also consider algorithms and paral-lel architecture. Changes to original algorithms, sometimes simple changes, sometimes totalnew approaches, may lead to great simpli�cation of hardware implementation. Parallel archi-tectures, however, provide a way of using the inexpensive device technology at much higherperformance ranges.2.2 Algorithms and ParallelismAfter the speci�cation of a problem, one has to develop an associated algorithm, which isoften represented in a high level programming language and then is mapped to the associatedinstruction set on a physical machine. Some of the terms used in this work are de�ned asfollows:De�nition 2.1:[Gil 81] An algorithm is a quadruple (Z, E, A, f), where Z is aset of interim results, E � Z a set of inputs and A � Z a set of outputs, f: Z ! Za transformation function. The algorithm begins with its initial state �0 and endswith its end state �t. 2The transformation function de�nes a sequence of transformations which must end after �nitenumber of steps. From the view of programmers, an algorithm of a computation de�nes aprocessing run which is organized in form of a program.De�nition 2.2: Parallelism is the opportunity of simultanueous execution oftransformations de�ned in an algorithm. The parallelism rate is the number ofsimultaneous transformations. 2According to the kinds of processing run, an algorithm can fall into one of two classes ofalgorithms: sequential algorithm or parallel algorithm:



10 2 Performance and Parallel ProcessingDe�nition 2.3: A sequential algorithm contains a transformation functionthat de�nes a set of transformations which must be executed sequentially. 2This de�nition explicates the sequential feature of transformations, namely, at any instant,one and only one transformation can be performed. In contrast, the concept of a parallelalgorithm is de�ned as:De�nition 2.4: A parallel algorithm contains a transformation function thatde�nes a partially ordered set of transformations. The partial order is constructedby the dependencies between transformations. 2According to this de�nition, the partial order de�nes a subset of transformations at eachtransformation step, which are independent and therefore can be performed in parallel.An algorithm is represented in the form of a program which is executed on a computer.To distinguish the parallelism existing in an algorithm and the parallelism exploited by theprocessor, we introduce the following de�nitions:De�nition 2.5: Instruction parallelism of a program is a measure of the av-erage number of machine instructions that can be executed simultaneously. Theinstruction parallelism is only determined by dependencies (data and control) be-tween instructions. 2Instruction parallelism is mainly determined by applications, their organisation in algorithmsand their mapping strategies (e.g. compiler) to programs which are executed on physicalprocessors. A scienti�c computation often contains more instruction parallelism than a deeplyrecursive AI program. A well written program may contain more instruction parallelismwhich can be exploited to execute in parallel than a strictly sequential program. Further,instruction parallelism is also determined by the processor architecture, because the processorarchitecture determines the operation latencies of instructions, which in
uences dependenciesbetween instructions. For this purpose we have the following de�nition:De�nition 2.6: Machine parallelism of a processor is a measure of the ability ofthe processor to take advantage of the instruction parallelism. Machine parallelismis often measured by the average number of machine instructions that can befetched and executed simultaneously. 2To achieve high performance, both instruction and machine parallelism must be exploited.Some programs do not have enough instruction parallelism to take advantage of machine



2.3 Architecture Models 11parallelism, and some program do not achieve their potential peak performance because oflimited machine parallelism. A challenge in designing a new processor is to achieve a goodbalance between instruction parallelism and machine parallelism in order to ful�ll the require-ments above.2.3 Architecture ModelsAs mentioned, an algorithm can be organized in form of a program either sequentially or inparallel. Correspondingly, one can distinguish sequential processors and parallel processorswhich execute sequential algorithms and parallel algorithms respectively. Any parallelismexisting in a program can only be exploited by corresponding architectural supports.If we do not consider the details of device technology and hardware structures, the execution ofa program can be described by a set of abstractions that provide to the programmer a simpli�edview of a processor, i.e. a computational model. A computational model describes whichoperations are supported by a processor, when such operations are executed, how data areaccessed, where data and instructions are resident etc. Typically, a model provides abstractionsfor memory, operations and sequencing. Brown listed the following �ve key attributes thatmust be speci�ed by a computational model that includes parallelism [Alm 89]:� The primitive units of computation or basic actions of the computer (the data types andoperations de�ned by the instruction set).� The de�nition of address spaces available to the computation (how data are accessedand stored) (data mechanism).� The scheduling units of computation (rules for partitioning and scheduling the problemfor computation using the primitive units) (control mechanism).� The modes and patterns of communication among computers working in parallel, so thatthey can exchange needed information.� Synchronization mechanisms to ensure that this information arrives at the right time.where the points 4 and 5 are of main interest for building multiprocessors. In the followingwe will discuss three important architecture models.2.3.1 Von Neumann ModelThe best-known computational model is called von-Neumann model. The main principlesof this model were devised by von Neumann and his colleagues in designing the ENIAC
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data and instructionsFigure 2.1. The von Neumann computation model(Electronic Discrete Variable Automatic Computer) in 1946. Figure 2.1 sketches the principleof the von Neumann model.The essential features of the von Neumann model can be described using the attributes listedabove:� A von Neumann processor executes instructions which contain operations such as \addthe contents from two registers and put the result in the third register".� Data and instructions are stored in the samememory. Each cell of the memory is accessedby an unique address. The content of a cell may be modi�ed during the execution ofthe program.� A control scheme fetches one instruction after another from the memory for executionby the processor. The address of the next instruction is given by a central counter, i.e.the program counter. The communication between the processor and the memory isperformed one word at a time.� For uniprocessors the communication among instructions are performed through someshared memory cells such as a register �le, the main memory etc. The communicationbetween the CPU and I/O devices is performed by some mechanisms such as polling,interrupt, DMA etc.� The synchronization is de�ned implicitly in the control scheme. When an instructionis fetched from the memory, this also means that all necessary information is available,because the execution order of instructions must be statically determined.



2.3 Architecture Models 13The features listed above show that a von Neumann processor executes instructions sequen-tially, namely, the processor can not work faster than the speed of information 
ow betweenthe processor and the memory through a bidirectional connection. Further, a large amountof the communication through this connection does not consist of useful information, but ofaddresses or data which are needed to generate such addresses. Because the communication isperformed one word at a time, the processing speed of a processor is limited by this connection,which is called von Neumann bottleneck by J. Backus [Bac 76].Backus pointed out further that this bottleneck has greatly in
uenced the thinking of a pro-grammer: \Thus programming is basically planning and detailing the enormous tra�c of wordsthrough the von Neumann bottleneck, and much of that tra�c concerns not signi�cant dataitself but where to �nd it". All conventional imperative languages (also called von Neumannlanguages by Backus) such as Fortran, Algol, Pascal etc. contain these features of the vonNeumann model. A programmer is forced to think word-at-a-time instead of in terms of largerconceptual units of the task at hand.The main advantages of the von Neumann model are its simplicity and its 
exibility. Thesimplicity leads to cost e�ective implementation which played an important role in early yearswhen the hardware devices were expensive. The 
exibilitymeans that von Neumann processorsare basically applicable and scalable for general purpose problems. This is why von Neumannmachines still maintain their position as general-purpose machines until now.Of cource, most of the current computers have been manifoldly extended from the original vonNeumann principles in order to improve performance. Some important extensions are listedas follows:� separating code and data by introducing di�erent memories (data and instruction mem-ories). Such a processor architecture is often called Harvard Architecture.� introducing memory hierarchy and large word width to reduce the e�ects of the vonNeumann bottleneck.� introducing overlap in executing instructions and operations, i.e instruction pipeliningand operation pipelining.� exploiting data and instruction parallelism such as VLIW (Very Long Instruction Word),superscalar etc..These extensions have improved the original model a great deal. In a multiprocessor consistingof multiple von Neumann processors, however, there are further ine�ciencies caused by longmemory latency and waiting for synchronization events. Latency and synchronization areviewed as two fundamental problems in any von Neumann multiprocessor [Arv 87]. Latency



14 2 Performance and Parallel Processingis the elapsed time between making a request and receiving the associated response. Latencyis larger in a multiprocessor environment than in a uniprocessor environment because of delayand con
icts in communication network. Synchronisation is the time coordination of parallelactivities within a program. Arvind and Iannucci [Arv 87] pointed out:� Most von Neumann processors are likely to \idle" during long memory references, andsuch references are unavoidable in parallel machines.� Waits for synchronization events often require task switching, which is expensive onvon Neumann machines. Therefore, only certain types of parallelism can be exploitede�ciently.Even though many mechanisms have been integrated both in parallel programming models andin parallel processor architectures, most of them could not e�ciently support synchronizationof events, communication of data and naming of global objects, which are essential for e�cientexecution of a parallel computation model. Software is forced to implement such functions,which leads to large overhead during execution. Indeed, contemporary multiprocessors havetask creation and synchronization times in order of hundreds, thousands, and even tens ofthousands of instructions [Pap 91a].2.3.2 Data
ow ModelThe data
ow model is a radical alternative to the von Neumann model and can solve theproblems mentioned above in general. Data
ow architectures use data
ow graphs as theirmachine language, which specify only a partial order on the execution of instructions andexploit therefore directly the instruction parallelism. Since the execution of data
ow graphs isdriven by data values, data
ow architectures provide opportunities for parallel and pipelinedexecution at the instruction level in a very natural manner. For example, the data
ow graphfor the expression (a � b) + (c � d)speci�es only that both multiplications must be executed before addition. The multiplicationscan be executed in any order, even in parallel. This execution model has an obvious advan-tage when the order in which a, b, c, and d are generated may not be known at compiletime, because an operation is scheduled for execution only when associated operands becomeavailable.A general data
ow architecture model can be sketched as in Figure 2.2. We outline theattributes of the data
ow model as follows:
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instruction fetchFigure 2.2. The data
ow computation model� The primitive operations of an activated instruction consists of three parts: receivinginput data, executing operation and sending results.� Values generated by an instruction are transported in form of data tokens consistingof data and destination address, i.e a tag1, to one or more successors. The 
ow ofdata tokens is determined by data dependencies between instructions. There are novariables: old values are absorbed, new values are generated, but no values are modi�ed.This feature is re
ected in the semantic of data
ow programming languages, i.e. thesingle assignment rule.� There is no central control for execution of instructions just like the program counter inthe von Neumann model. An instruction becomes executable only when all its operandsare available, i.e. all input tokens become available on its input arcs in the data
owgraph.� Communication between processors is implicit and determined by the map of data
owgraphs to physical processors. The identity of a processor must be contained in eachdata token.� Each instruction is an individual task, meaning that all synchronizations are performedat the instruction level. This low level synchronzation is realized by the waiting matchingunit (see Figure 2.2.) which dispatches all instructions whose input data are availableto execute.The essential di�erence between the data
ow and the von Neumann model lies in the instruc-tion execution mechanism. Using data
ow graphs as machine language, data
ow architecturesexploit all potential parallelism of an algorithm in a natural manner.1For dynamic data
ow machines tag also contains the identity of a particular �ring of the node



16 2 Performance and Parallel ProcessingThe data
ow model avoids the fundamental problems occuring in multiprocessor environmentsbased on von Neumann processors. In a pure data
ow model, the problem memory latencydoes not exist, because there is no variable in data
ow execution, therefore, no variable mod-i�cation is required. In practice, instruction parallelism of data 
ow graphs can e�cientlyabsorb the communication latency. Synchronization occurs at the individual instruction leveland its name space is limited only by the size of tag, which is intentionally large. Instruc-tion synchronization is performed by the waiting matching unit and requires no additionaloverhead such as context switching.The pure data
ow model su�ers from ine�ciency of array handling by copying whole array ateach array operation. To overcome this ine�ciency of array handling, certain structure mem-ory must be integrated into the data
ow architecture. E�cient implementations of arrays indata
ow systems have been studied intensively [Gau 86]. A well known approach proposedby Arvind [Arv 86] to handle array operations is called I-structure. An I-structure is anarray-like data structure, augmented with the kind of synchronization needed for exploitingproducer-consumer parallelism without risk of read-write races. In a practical I-structure stor-age [Arv 90], each location has extra presence bits, which indicate the states of the location:Present, Absent, or Waiting. The special hardware ensures that Reads to absent locationsare deferred and then resumed after the corresponding Writes are performed. In practice, anI-structure is allocated in the global memory space, thus, accesses to the I-structure result inmemory latency. An e�cient approach to hide such memory latency is called split phasetransaction, which divides an operation into small parts which separately initiate the oper-ation and later synchronize it prior to using the result. Thus, the latency caused by accessingthe structure memory can be hidden by instruction parallelism.Generally, there are two di�erent implementations of the data
ow model until now: staticdata
ow machines and dynamic data
ow machines. In a dynamic data
ow machine datatokens from di�erent invocations of the same code segment are allowed to become available oneach arc of data
ow graphs. An instruction is activated only when all input tokens from thesame invocation are generated. In a static data
ow machine the data
ow graphs are executedaccording to the semantic called one-token-per-arc, i.e. at any instant only one token is allowedto be available on any arc. Two typical examples are Dennis's static data
ow machine [Den 84]and Arvind's dynamic data
ow machine [Arv 90].Unfortunately, there is a large gap between the data
ow model and e�cient hardware sup-ports. Most of the data
ow machines developed so far support �ne grain parallelism at theinstruction level, which leads to many pratical problems both in the implementation and in theapplications. This is why data
ow machines have not been accepted after more than twentyyears of intensive research. The most important reasons can be summarized as follows:



2.3 Architecture Models 17� High hardware cost in the implementation. The performance of a data
ow machinedepends mainly on the size and processing speed of the waiting matching unit whichis actually an associative memory and is very expensive to implement. The waitingmatching unit is, therefore, often called the bottleneck of data
ow machines.� Ine�cient utilization of hardware resources due to a poor mapping of data
ow graphs toprocessor elements, due to locking parallelism in algorithms or due to the limitation ofthe waiting matching unit. A data
ow machine typically is made of a long pipeline (30-40 stages), just like the Manchanster Machine [Veen 86]. To �ll this long pipeline fully,about 50 parallel instructions are required. A multiprocessor consisting of 20 processorelements requires 1000 parallel instructions to use up the available hardware resources.This means that data
ow machines are very ine�cient for applications with limitedparallelism.� The asynchronous execution of each instruction leads to high �ne grain overhead, whichtypically is the same order of magnitude over useful work. The overhead mainly stemsfrom additional instructions for loop unrolling, function calls, termination detection,control and structure handling [Arv 88].� The synchronization of each instruction is unnecessary general, because for a sequentialseries of instructions the static scheduling by the compiler is more e�cient. Moreover,the synchronization at each instruction also leads to high load of the waiting matchingunit and therefore in
uences directly the performance of data
ow machines.� It is di�cult to encode some critical sections and imperative operations by using puredata
ow graphs [Pap 91b]. Such operations are needed to implement functions of theoperating system such as dynamic resource management.� The asynchronous execution of all instructions also means that it is impossible to sched-ule instructions statically by the compiler. Such static scheduling often leads to betterreal time e�ciency by both reducing super
uous operand synchronizations and by usingrapid registers for communication between instructions.These inherent features have limited the success of data
ow machines. To overcome suchlimitation while maintaining the novel features of the data
ow model, many improvementshave been done in recent years.The simplest approach is to enlarge the granularity of the task size in order to reduce synchro-nization frequency. This method is often called macro or large grain data
ow computation.For example, if each task consists of a procedure or a number of sequential instructions, thensynchronization occurs only between such large tasks instead of each instruction, which may



18 2 Performance and Parallel Processingreduce the synchronization frequency dramatically. However, it has been proved that selectinga proper grain size and partitioning a program into multiple tasks at this grain level is verydi�cult, and no convincing algorithms have been developed until now [Arv 90]. Moreover, ane�cient mechanism for context switching is needed, because a larger task results in a morecomplex execution context.The most elegant solution to the waiting matching bottleneck is Papadopoulos and Culler'sETS (Explicit Token Store) model [Cul 91a]. The basic idea of ETS is to introduce a newmodel of storage which allows the operand matching storage for the execution of a functioninvocation to be coalesced into an activation frame which is explicitlymanaged by the compiler,so that the implementation of the waiting matching unit can be realized by using conventional(as opposed to content-addressable) memory technology. Further, the ETS model permits therealization of well-balanced pipelines [Cul 91a].Incorporating data
ow ideas into the von Neumannmodel is another important direction. Ian-nucci proposed a hybrid data
ow/von Neumann architecture [Ian 88], in which the schedulingunit is not each instruction but a sequence of instructions called scheduling quanta (SQ). SQsare the largest units within which the decomposing agent, human or algorithm, has directscheduling control, and the smallest units which the run-time system can manipulate [Ian 88].Therefore, all SQs can be statically determined at compile-time. The main advantages of thehybrid machine over other data
ow machines lie mainly in two aspects: First such architec-tures have a better performance/cost ratio, because the instructions within a SQ are executedsequentially which can be realized on a conventional von Neumann processor; second theycontain all novel features of a data
ow machine for solving two fundamental problems occur-ing in multiprocessor environments. Iannucci's work has shown that his hybrid architecturehas the same processing power as MIT's TTDA [Arv 90] but is more e�cient in the processorarchitecture.2.3.3 Distributed Instruction Set ModelThe Distributed Instruction Set Computer architecture (DISC) is a further proposal for �ne-grain multiprocessing. Using a new parallel instruction set and a distributed control me-chanism, DISC explores �ne-grained parallel processing in a multiple functional unit system[Wang 91].A parallel instruction consists of two parts: operation and execution. The operation part con-tains the normal operation code and operands. The execution part contains the informationon data and control dependencies. A software post compiler is used to generate the executioninformation on data and control dependencies for each instruction. This dependency infor-mation is represented in form of a data tag, which is used to detect and schedule instructions
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ow chart [Wang 91]for execution. DISC allows to issue multiple instructions on each cycle. A distributed controlmechanism coordinates multiple instruction execution. Each functional unit needs to checkthe execution information before it proceeds with the execution. If the execution informationshows a ready status for the operands, the functional unit proceeds with the execution ofthe associated instruction. Otherwise, the functional unit updates the execution informationand tries to execute the instruction in the next cycle. Figure 2.3 shows the control 
ow ofexecuting instructions.DISC can be viewed as a mix of the von Neumann model and the data
ow model. Itsdistributed control mechanism allows for the execution of multiple instructions on every cycle.Further, an instruction becomes actually executable when its operands are available, which isperformed by checking and modifying the execution information. Here we outline only DISC'sthree main features [Wang 91] instead of listing computational attributes as in the last section:� Fast multiple instruction issuing mechanism: No decoding work is needed prior to issuingan instruction. Multiple instructions are fetched from the memory and issued directlyto multiple functional units.� Parallel and/or out-of-order execution. No central control mechanism exists for the syn-chronization of fetched instructions. The data and control dependencies are maintainedin a distributed manner among multiple functional units. This minimizes the inter-unitcommunication and speeds up the overall execution rate.� Post compiling of programs: The execution information of each instruction is generated



20 2 Performance and Parallel Processingstatically by a post compiler. This leads to 
exibility in organizing a program and allowsthe optimal instruction scheduling. The post compiling corresponds to the generationof data tokens by software in the sense of the data
ow model.DISC has actually extended another approach called reservation station proposed by R. Toma-sulo [And 67] by introducing the software contribution in resolving dependencies, while thereservation station resolves the data hazards at run time. We will discuss the reservationstation approach in the context of performance evaluation of pipelined processors in the nextchapter.The distributed instruction set architecture has its inherent problems which are di�cult tosolve. Three main problems are listed:� Busy-waiting: As shown in Figure 2.3, the execution of parallel instructions is dividedinto two phases: transmission and execution. In the transmission phase, multiple in-structions are fetched from the memory and then routed to functional units. If aninstruction is not executable, this instruction must be backwarded to the instructiondispatcher which tries to send it to one functional unit on the next cycle. The sameoccurs also in the execution phase where an instruction can be executed only when allits operands become available. This busy waiting in both the transmission phase andthe execution phase may consume a great deal of processor resources.� Constant operation latency: The execution time of each operation must be predictableby software. Otherwise, it is impossible for the post-compiler to generate the executioninformation for each instruction.� Limited performance improvement: If the number of functional units in the systemgrows, the increase of performance of the processor depends mainly on the ability of thepost compiler to �nd as many parallel instructions as possible. Such an optimal compileris surely di�cult to write, because the instruction parallelism in a single instructionstream is limited. An optimal DISC con�guration contains 8 to 16 functional units[Wang 91] and reaches a performance improvement over conventional processors about3 times. This is due to the fact that the performance improvement is mainly limited bythe exploitable instruction parallelism in applications and the ability of the post compilerto �nd potential parallelism. The performance improvement of DISC therefore is similarto one achieved by other approaches such as superscalar or superpipeline.� Poor hardware utilization: The simulation results in [Wang 91] are not so encouraging.Both memory blocks and functional units are underutilized during program execution.With the optimal con�guration consisting of 4 data memory blocks and 8 functional



2.4 Summary and Remark 21units, the average utilization of the data memories and functional units is below 30%and 50%, respectively.In general, a DISC processor is a uniprocessor just like VLIW, superscalar or superpipelinedprocessors, which all improve the performance of the program execution by exploiting the in-struction parallelism from a single instruction stream. It is not clear whether DISC processorsare more cost e�ective than others. Since DISC processors employ a software mechanism todetermine all possible data and control dependencies, it is expected that DISC's control logicfor detecting and resolving dependencies is simpler than, for example, superscalar processorsin which all such dependencies are determined dynamically at run time.2.4 Summary and RemarkPerformance and costs are always the two most important criterions in developing a new pro-cessor architecture. The rapid development of VLSI technology allows to build multiprocessorswith cost e�ective methods in order to further improve performance. The optimal processorarchitecture design requires a good balance between algorithms, architectual supports andparallel processing. The von Neumann machines dominate the processor architectures un-til now, because they are best known for us and simple to build. Moreover, von Neumannmachines are clearly superior in the execution of long sequential instruction streams. How-ever, the inability to provide cheap, �ne grained synchronization has left doubt whether thevon Neumann architecture is reasonable to become the basis for building parallel machines.The data
ow model as a radical alternative su�ers from the complexity of implementation inhardware and the large execution overhead in software.The recent development of hybrid von Neumann/data
ow architecture has shown a new way tobuild e�cient processors. Many extensions to the von Neumann architecture such as pipeline,VLIW etc. have improved the performance a great deal. If we could extend the von Neumannarchitecture further, so that the new architecture maintains the main features of the vonNeumann machines such as simplicity and 
exibility, but is also able to avoid their weaknesses,especially when the new architecture is used to build multiprocessor, then it is expected thatsuch an architecture may achieve a higher performance than any von Neumann architectureand be more cost e�ective than any conventional data
ow machines or their variations.In this work, we will use a pipelined processor as the base processor and extend it to be aprocessor which can avoid the weaknesses of conventional pipelined processors and ful�ll therequirementsmentioned above. Such an extended pipelined processor supporting the executionof multiple instruction streams is called a multithreaded processor.
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Chapter 3Pipelining and MultithreadingPipelining is an implementation technique to improve the performance of sequential von Neu-mann machines by overlapping execution of multiple consecutive instructions simultaneously.Pipelining has become the key technique used in all high performance processors. In thischapter we will �rst review the basic principles of pipelined processors, the advantages of thistechnique, its problems and related solutions. We will present a performance analysis modelfor conventional pipelined processors and outline the most recent developments (extensions)based on conventional pipelining. The main goal of this review is to give some indication thata more e�cient alternative to conventional pipelined execution is strongly desirable in order tohandle the new problems resulting from the greater requirements on the machine performance.Multithreading is such an alternative. Therefore, the basic principles of multithreading, itsmain advantages and its penalties are the second issue of this chapter.3.1 An Overview of Pipelining PrinciplesThe pipelining technique in a processor is similar to the assembly line which can be seen inmost of modern industry factories. In a computer with pipelining a machine operation (or afunction) is split into smaller pieces and separate hardware, termed a pipeline stage is allocatedto each piece. The pipeline stages are connected one to the next to form a pipe. Instructionsor data 
ow through the stages at a synchronous clock, so that multiple instructions can beoverlapped in execution simultaneously. We call the whole of this proceeding unit a pipeline.The rate at which new entries may be fed to the input of the pipeline depends on many factorswhich will be described in the next section.Figure 3.1 shows the structure of a synchronous pipeline. Let ti denote the time for the logicto compute the suboperation of the stage i, and w the time for the latch to accept results,then the period of the clock is de�ned as:
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Figure 3.1. The basic pipeline stagestp = max(ti) + w; i = 1; :::; n (3.1)Assuming a new entry (instruction) can be fed to the pipeline on each cycle, then the timerequired to perform N instructions is given byTp = ntp + (N � 1)tp (3.2)The �rst term in this expression is the set-up time required for the �rst instruction to propagatethrough the pipeline. The second term is the time required to stream the remaining N � 1instructions through the pipeline.The performance advantage of pipelining over nonpipelining is obvious. The speed-up overthe nonpipelined operation is thenTnpTp = Nntpntp + (N � 1)tp = NnN + n� 1 (3.3)and limN!1 TnpTp = n (3.4)The equations above represent a simpli�cation of pipelined operation. The speed-up overnonpipelined operation can be achieved only under the assumption that a new instruction canbe fed to the pipeline on each cycle. In practice, possible dependencies between instructionswhich will be overlapped in execution prevent new instructions from entering the pipelineon every clock, which degrades the performance of the pipeline. These cases called pipelinehazards are de�ned as:



3.1 An Overview of Pipelining Principles 25De�nition 3.1: A pipeline hazard is a situation that prevents the next instruc-tion in the instruction stream from execution during its designated clock cycle.There are three kinds of pipeline hazards:� Structure hazards arise from resource con
icts when the hardware can-not support all possible combinations of instructions overlapped in executionsimultaneously.� Data hazards arise when an instruction has operands which are results of aprevious instruction being executed in the pipeline.� Control hazards arise from the pipelining of branches and other instructionsthat change the program counter PC. 2As mentioned, pipeline hazards result in discontinuities of proceeding instructions. An in-struction which uses the result of a previous instruction must be delayed until the result ofthe previous instruction has been produced, namely, it is often necessary to stall the pipelineuntil some pipeline hazard has been resolved. We describe this situation through the followingde�nition.De�nition 3.2: The operation latency OL is the time which must be delayeduntil the next instruction in the instruction stream can be issued for execution. Theoperation latency is measured in machine clock cycles. There are three kinds ofoperation latencies which correspond to the three kinds of pipeline hazards� Structure latency Ls is the latency due to structure hazards.� Data latency Ld is the latency due to data hazards.� Control latency Lc is the latency due to control hazards 2In general, a pipeline is capable of evaluating several di�erent kinds of functions, which mayrequire di�erent operation time. This means that it is not necessary that an instruction mustpropagate through all possible pipeline stages. Therefore, a more general pipeline should allowinstructions to propagate through di�erent stages in execution. Under this consideration andthe de�nition 3.2 we can de�ne a pipeline generally to be a directed graph as follows:



26 3 Pipelining and MultithreadingDe�nition 3.3: A pipeline is a triple < Sn;Dp;Ol >, where Sn is a set offunction nodes, each performing an atomic operation of instruction execution; Dpis a set of directed arcs connecting the function nodes in Sn to form the data paths;and Ol is a set of directed arcs connecting function nodes to form the dependentpaths which represent possible operation latencies. 2It is assumed that the exact data path of each instruction (operation) is known. Instructionspropagate through the Dp arcs, whereas Ol arcs determine possible dependencies of instruc-tions in the pipeline with their succesive instruction. All possible dependencies during theexecution can be registered in a global reservation table. Just like in a data 
ow graph, afunction node will be �red only when an instruction enters the input Dp arc of this node anda dependency token is available on its input Ol of this node. After operation, the instructionis forwarded to the next stage along its output Dp arc and a dependency token is backwardedto some previous stages, which actually corresponds to modi�cation of some entry in thereservation table.3.2 A Simple Performance Model for Pipelined Proces-sorsOf the three pipeline hazards, the structure hazards due to resource con
icts are often easilyremoved by duplicating the troublesome resource. To simplify our analysis we eliminate e�ectsof all structure hazards. Further, we assume that our target pipeline has a �xed number ofstages, and all instructions propagate through each stage of the pipeline. Moreover, the pipe-line accepts at most one instruction on each clock cycle. This excludes VLIW or superscalarexecution models which will be described in the next section.As known, on every processor the time taken to complete a program is dominated by threefactors (see the expression 2.3):� the number of instructions required to execute the program,� the average number of processor cycles required per instruction CPI, and� the processor cycle time,namely, CPU-time = number of instructions � CPI � clock cycle time



3.2 A Simple Performance Model for Pipelined Processors 27Processor performance is improved by reducing the time taken, which dictates reducing oneor more of these factors. The �rst factor depends on the processor architecture such asinstruction set, on applications and on compiler technology. The third factor depends on thedevice technology and implementation techniques. Pipelining exploits parallelism among theinstructions in a sequential instruction stream, which reduces the average number of requiredprocessor cycles to execute one instruction, i.e. the second factor CPI. In general, CPI is alsodetermined by many other factors such as the organisation of the pipeline, the instructionset and program structures, all of which contribute to pipeline hazards which increase CPI.Therefore, for pipelined processors CPI is a good performance metric.Pipeline hazards delay the execution of the next instructions in the instruction stream. Inour further analysis, we assume the instruction issue policy in-order-issue with in-order-completion, namely, issue instructions in exact program order and write their results in thesame order. This is consistent with the instruction issue policy used in most RISC processorswith a regular pipeline structure. An instruction can be issued for execution only when nopipeline hazard exists in the pipeline. This also means that only one pipeline hazard mayexist in the pipeline at any time.Let pd and pc be de�ned as:� pd - the probability that an instruction causes a data latency� pc - the probability that an instruction causes a control latency1After the set-up time one instruction will be fetched to execute if no hazard is detected inthe pipeline. For an instruction with operation latency, one subsequential instruction must bedelayed to be issued until the related hazard is resolved. It is obvious that CPI can be givenby CPI = (1 � pd � pc)(1) + pc(Lc + 1) + pd(Ld + 1)= 1 + pcLc + pdLd (3.5)The expression above only represents the performance of a simpli�ed pipeline. Lc and Ldare the maximum control and data latencies respectively. We do not consider some specialsituations such as exception and interrupt. Thus all possible control hazards are generatedonly by branch instructions. For conditional branch instructions control hazards arise onlywhen branches are taken. For all unconditional branch instructions control hazards alwaysarise, because the branch destination (address) is calculated after decoding the instruction.1In the later discussion no structure hazards will be considered.



28 3 Pipelining and MultithreadingData hazards are generated by those instructions whose results are used as operands by thesuccessive instructions. If the result of instruction i will be used by instruction i + 2, thestalled cycles, i.e. the data latency, are equal to Ld � 1. Therefore, each data manipulationinstruction contains a data latency in a range between 0 and Ld. In practice, we should takethese situations into account in order to estimate e�ects of pipeline hazards more accurately.For this purpose we introduce further parameters:� pu is the probability that an instruction is a unconditional branch instruction, and� pb is the probability that an instruction is a conditional branch instruction,� ps is the probability that a conditional branch instruction takes branchAssuming that the data latency is uniformly distributed between 0 and Ld, then CPI is givenby CPI = (1 � pd � pb � pu)(1) + pu(Lc + 1) + pb[ps(Lc + 1)+(1 � ps)(1)] + pd LdXi=1 iLd + 1= 1 + (pu + pbps)Lc + pd2 Ld (3.6)If the control latency Lc is equal to the maximum data latency Ld, then the expression abovecan be rewritten CPI = 1 + peL (3.7)where pe = pu+ pbps+ pd2 and L = Ld = Lc. peL can thus be viewed as the pipeline stall clockcycles per instruction, which is caused by the pipeline hazard. We call pe therefore hazardprobability.As shown in the expression above, the maximum performance can be achieved only when nopipeline hazards arise in a program or all hazards are resolved by some hardware mechanism,so that one instruction can be fed into the pipeline on each clock cycle. The hazard probabilitydepends mainly on the application. For example, in scienti�c computations there are oftenmuch exploitable data parallelism, and the instruction stream can be ordered in a way thatthe data dependencies between instructions are avoided by prefetching necessary data sets.Further, control hazards due to branch instructions in such applications can also be minimized,because many branch destinations can be predicted statically. All of these lead to a smallhazard probability. Therefore, pipelined processors are basically e�cient for such tasks. Note
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Figure 3.2: Fraction of maximum performance as a functionof hazard probability and the pipeline latencythat the hazard probability is partially in
uenced by the pipeline structure. For example, theprobability pd grows correspondingly when the length of the pipeline increases. The factor Lrelies mainly on the hardware structure of the pipeline. Many methods or mechanisms wereproposed in the past years in order to reduce the value of L, namely, Ld and Lc. We willdiscuss some of the most important methods in the next sections.The maximumperformance is reached when the hazard penalty becomes zero and one instruc-tion completes every cycle. If we de�ne Mf to be the number of cycles required to completeone instruction at maximum rate divided by the average number of cycles required to executean instruction, i.e. Mf = 11 + peL = 1=CPI (3.8)we get the fraction of maximum performance realized by the pipeline due to the e�ects ofpipeline hazards. Mf can also be interpreted as the hardware utilization of the pipeline. Thismeans that pipeline hazards lead also to ine�cient usage of the hardware resources. Figure3.2 shows the variations of Mf with 5 di�erent latency lengths.ExampleA typical RISC processor such as Hennessy and Patterson's DLX [Hen 90] contains �ve pipelinestages:
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Data manipulation instruction Control instructionTabel 3.1: Distribution of di�erent instruction types (%)1. IF - instruction fetch2. ID - instruction decode and register fetch3. EX- execution and e�ective address calculation4. MEM - memory access5. WB - write backOne typical distribution of executed instructions extracted from the experiments of the DLXarchitecture [Hen 90] is listed in table 3.1. It is assumed that this basic pipeline employs noadditional hardware and software mechanism to reduce the pipeline latency, thus, the e�ectiveaddress of every branch instruction is calculated in the stage MEM. This means that the nextinstruction after branch can only be fetched for execution when this branch instruction isforwarded to the stage WB. Therefore, the control latency is equal to three processor cycles.Except for branch instruction, all other data manipulation instructions can lead to stall theentering of the next instruction into the pipeline due to data latency. Any data latency canbe resolved only when the related instruction has written its result into a register, i.e. afterthe stage WB. Hence, we have L = Ld = Lc = 3. According to experiments in [Hen 90], theaverage percentage that a conditional branch instruction takes a branch lies between 60% and70%. Provided ps = 65%, and pd = 50% + 20% + 7%, then there is a hazard probabilityof 0.56 and a CPI of 2.68. This means also that Mf is equal to 0.37, namely, the processorreaches only 37% of its maximum performance due to pipeline hazards.In a processor with a deeper pipeline the hazard probability will grow correspondingly anda smaller fraction of its maximum performance may be achieved if no other mechanisms areadded to the pipeline structure, just as shown in Figure 3.2. In the following we will presentssome important mechanisms and observe their in
uences on the performance.3.3 Detection and Resolution of Pipeline HazardsIn this section we will discuss some important mechanisms used to detect and resolve pipelinehazards. In the next section we will then outline some more recent extensions to the pipelining



3.3 Detection and Resolution of Pipeline Hazards 31technique.3.3.1 Data HazardsData hazards arise when the order of access to operands is changed due to pipelining instruc-tion execution in comparison to the order required in the sequential execution. We use IN(S)and OUT (S) to denote the set of inputs (operands) and the set of outputs (results) of theinstruction S. In general, data hazards may be classi�ed as one of three types, depending onthe order of read and write in the instructions:De�nition 3.4: Given two instructions Si and Sj, which are fed to the pipelinein the order Sj after Si. Assuming x = Out(Si), and if x 2 In(Sj) but x willbe used by Sj before it is computed by Si, we say Sj has a Read-after-Writehazard to Si (RAW) and Sj is 
ow dependent on Si. Assuming x 2 In(Si),and if x = Out(Sj) but x is computed before it is read by Si, we say Si has aWrite-after-Read hazard (WAR) and Si is anti-dependent on Sj. Assumingx = Out(Si), and if x = Out(Sj) but x will be �rst computed by Sj, we say Sj hasa Write-after-Write hazard (WAW) and Sj is output-dependent on Si. 2Basic pipeliningIn the basic DLX pipeline as described in the last section, no WAR and WAW hazards canarise. The operation read operands occurs early at the stage 2, while the operation write resultoccurs later at the stage 5, therefore this avoids the WAR hazards. Further, the DLX pipelinewrites a register only at the stage 5 (WB) and avoids thus also WAW hazards. Only RAWhazards will arise when the results computed at the stage 3 (EX) are used as operands for thesubsequential instructions before they are written into registers at the stage 5 (WB).In the basic DLX pipeline, such RAW data hazards can be easily resolved by using the tech-nique called forwarding (bypassing). The basic idea of this approach is that results generatedat the stage EX are directly bypassed to the inputs of the ALU. Associated control logic isresponsible for checking whether the forwarded value will be used as operands for the subse-quential instructions. The basic bypassing mechanism for the DLX pipeline consists of twoALU result bu�ers and two multiplexers together with some result bypassing buses. TwoALU result bu�ers are needed to hold ALU results to be stored into the destination registersin the next two WB stages. For a pipeline with a larger number of stages, more result bu�ersare needed. Actually, if EW is the number of stages between the ALU stage and the WBstage, then EW result bu�ers are required to store results temporarily as showed in Figure
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Figure 3.3: The ALU forwarding unit3.3. Because the ALU operates in a single pipeline stage, no pipeline stall is needed for anycombination of ALU instructions if such a bypass mechanism is included.Another source of data hazards in the DLX pipeline (like in many other pipelined processors)is load delay or latency. In the DLX pipeline the data value from the memory is available onlyat the end of the MEM cycle. If the next instruction uses the value of a load instruction as anoperand, the pipeline must be stalled until the fetched value is written into a register. Thisstall can not be eliminated completely by forwarding alone, which reduces, however, the lengthof such latencies. A software solution to this problem is called pipeline scheduling (instructionscheduling), which reorders the load instructions, so that the results of load instructions areprefetched ahead of the use of these results. A load requiring that the following instructiondoes not use its result is often called delayed load, which corresponds to another concept calleddelayed branch for handling branch: the succesive positions in which other instructions can beinserted and do not cause any stall are called branch delayed slots.We consider this situation in our performance evaluation model and assume two further pa-rameters:� pl is the probability that an instruction contains a load,� pld is the probability that a data hazard arises due to a load.The performance form 3.6 can thus be rewritten as followsCPI = 1 + (pu + pbps)Lc + plpldLd (3.9)In this expression only the e�ects of data hazards due to load instructions are included. Allother data hazards are assumed to be resolved by forwarding. Further, the latency of data



3.3 Detection and Resolution of Pipeline Hazards 33hazards due to load instructions is also reduced correspondingly by forwarding. For the DLXpipeline the data latency is reduced to 1 by forwarding instead of 3 in the basic pipeline.ExampleThe experiments with the DLX processor have shown that about 53% of load instructions willcause data hazards [Hen 90]. Assuming that all other data hazards are resolved by forwarding,the probability pd becomes plpld = 0:2 � 0:53 = 0:106. If Ld = 1; Lc = 3; pu = 8%; pb = 15%(from table 3.1) and ps = 65%, then CPI = 1:64, so that Mf = 0:61. Using delayed loadtechnique, the probability pld will be reduced further to about 20%, thus CPI is reduced to1.57, so that Mf becomes 0.64.As seen, the performance improvement achieved by forwarding is obvious. The fraction of themaximum performance increases from 0.37 to 0.64 at the cost of a limited hardware overheadsuch as result bu�ers, multiplexers to ALU inputs, and some logic to control the 
ow ofcomputed results to the ALU. Therefore, this technique is employed in most pipelined RISCprocessors.Advanced pipeliningThe solution above is suitable for pipelines in which the length of data latency is constant anddata latencies can be predicted statically in software. However, in many pipelined processors,the pipelined operations are more complicated due to the following cases:� multiple cycle operations. It is typical that di�erent types of 
oating point operationsrequire a di�erent number of processor cycles to complete their operations. It is notrealistic that all 
oating point operations are completed within one processor cycle,� data dependencies between di�erent functional units. This is common for most recentRISC processors containing multiple functional units,� discontinuities of the data stream due to a cache miss.In our analysis, a pipeline containing the features above is called advanced pipeline and requiresthe approach called dynamic scheduling, whereby the hardware rearranges the instructionexecution to reduce the number of stalls.Overlapping the execution of instructions with di�erent execution time leads to the situationof out-of-order-completion in which an instruction started earlier may complete after otherinstructions started later. In many pipelined processors, subsequential instructions issued aftersome stalled instruction due to pipeline hazards are allowed to pass the stalled instruction,which results in another situation: out-of-order-execution. These two situations lead to twoother data hazards which do not arise in the basic pipeline, i.e. WAR and WAW hazards. Atypical example is as follows:



34 3 Pipelining and MultithreadingR1 : = R1 * R3 (1)R2 : = R1 + 1 (2)R1 : = R3 + 1 (3)R4 : = R1 / R2 (4)In this instruction order the �rst instruction must be completed before the third instruction,otherwise the fourth instruction will use the result of the �rst instruction as operand. Thismeans that the result of the third instruction has an output dependency on the �rst instruction,i.e. there is a potential WAW hazard between these two instructions. Further, the thirdinstruction should not complete before the second instruction begins to execute, otherwisethe third instruction may overwrite the result of the �rst instruction, so that the secondinstruction uses the result of the third instruction instead of the �rst instruction. This meansthat the result of the third instruction has an anti-dependency on the �rst operand of thesecond instruction, i.e. there is a WAR hazard between these two instructions.In theory, all WAR and WAW can be resolved by the technique called renaming. The basicidea of this technique is to introduce additional registers, which are used only to reestablishcorrespondence between registers and values. The additional registers are allocated dynam-ically by hardware. Typically, the processor allocates a new register for every new valueproduced: that is, for every instruction that writes a register. Thus, an instruction identifyingthe original register obtains the value in the newly allocated register instead. With renaming,the example above becomesR1b : = R1a * R3a (1)R2a : = R1b + 1 (2)R1c : = R3a + 1 (3)R4a : = R1c / R2a (4)Two other well known methods to resolve such types of data hazards are the scoreboard used inthe CDC 6600 and Tomasulo's reservation stations used in the IBM 360/91. The scoreboardmethod is based on a data structure where a picture of the data dependencies is constructedand can be modi�ed by the scoreboard on every clock cycle. Besides, the scoreboard alsocontrols whether an instruction can write its result into the destination register. Thus, alldata hazard detection and resolution is centralized in the scoreboard. A typical data structurecontains the following information: instruction status, functional unit status and register resultstatus. The details about the scoreboard can be found in [Hen 90][Tho 64].Di�erently from the scoreboard, Tomasulo's approach to resolve data hazards distributes thesimilar data structure called reservation station to each functional unit instead of a central datastructure. Each reservation station contains the decoded instructions waiting for execution in



3.3 Detection and Resolution of Pipeline Hazards 35this functional unit and other related information similar to that in the scoreboard. When thevalue is produced, it is written to any reservation station entry containing a tag for this result.When this result is written into the reservation stations, it may free one or more waitinginstructions to be issued by providing a needed input. The main advantages of this approachover the scoreboard are the distribution of detection and resolution logic to each function unitand the elimination of stalls of WAR and WAW hazards through internal renaming registersin each reservation station. A further discussion about the reservation station approach canbe found in [Hen 90] [And 67].Remark:All of the factors in
uencing the performance depend mainly on the application and theprocessor architecture. Further, the complexity of hardware implementation of the dynamicscheduling above prevents these approaches, especially reservation station, from being appliedin most of RISC processors. An alternative to the hardware scheduling is to use some softwaretechnique in order to extract as much static information from application programs as possi-ble. One general approach is called software instruction scheduling: a program or a procedureis divided into many basic blocks; all data dependencies within a basic block are statically de-termined. Together with some control dependencies between instructions, a dependency graphcan be constructed and will then be scheduled statically by using some heuristic scheduler.The dependencies across basic blocks can also be partially resolved by using, for example,the trace scheduling technique [Joh 91]. It should also be noted that such software techniqueswould show ine�ciency when a long pipeline or multiple function units are employed. Insome most recent microprocessors long pipelines are employed in order to increase the clockfrequency. For example, MIPS's R4000 contains an integer pipeline with 8 pipeline stages andwith 3 delayed slots [Mil 92]. An e�cient resolution to data hazards is still desired yet.3.3.2 Control HazardsControl hazards are another factor which in
uences the pipeline performance directly. Controlhazards occur when instructions changing the program counter are executed. The address ofthe next instruction after a branch instruction is calculated normally at a later stage. Forexample, for a conditional branch instruction the new address can be determined only afterthe condition comparison and the address calculation, while several undesirable subsequentialinstructions after the branch instruction have been already fetched into the pipeline duringthis time, which can lead to undesirable e�ects to the computation. Many methods andmechanisms have been proposed and applied in the design of pipelined processors to solve thisproblem. The discussion below focuses on three important methods to handle control hazards:delayed branch, branch prediction and branch target bu�er.



36 3 Pipelining and MultithreadingDelayed branchThe delayed branch approach was already used in the �rst generation of RISC processorssuch as Berkeley's RISC-I and RISC-II, Stanford's MIPS and IBM's 801 processors. The basicidea of delayed branch is to �nd one or more instructions which can be reordered after a branchinstruction, so that such instructions are always executed regardless of whether the branch istaken or not.Assuming Lc is the length of the control hazard, let the instruction i be a branch to theinstruction j. Thus, if the branch is taken, the instructions are executed in the sequencei; i+1; :::; i+Lc; j, otherwise the sequence of instructions executed is i; i+1; :::; i+Lc; i+Lc+1.So we have seen that the instructions i; i+ 1; :::; i+ Lc will always be executed regardless ofwhether the branch is taken or not. If we can �nd Lc instructions which are independent ofthe instruction i, then we call these instructions useful instructions. The control hazard isthus resolved by reordering these useful instructions after the branch instruction.As described, the delayed branch is a software technique to handle control hazards. Thecompiler for a processor is responsible for detecting dependencies in the instruction streamand rearranging the code to insert useful instructions after branch instructions. If no suitableuseful instructions could be found, some no-ops must be inserted instead. This is true inprocessors with a length of control hazard more than one instruction. Much work on thistopic was done in the Stanford's MIPS project [Gro 88]. An algorithm developed by Grossand Hennessy can �ll more than 50% of the �rst delay slot after a branch instruction with auseful instruction [Hen 90]. It is more di�cult to �ll the useful instructions for further delayslots.It should be noted that the e�ect of the branch probability like the one in the expression 3.6does not arise here, because the instructions after any branch instruction are always executed.Instead, we must take the e�ects of no-ops into account. Let pnop be the average probabilitythat an arbitrary slot of the Lc delayed slots is �lled with no-ops, then pnop is given bypnop = 1 � p1 + p2 + :::+ pLcLc (3.10)where pi is the probability that the ith delayed slot is �lled with a useful instruction. Thus,the performance expression 3.6 becomesCPI = 1 + (pu + pb)pnopLc + pdLd (3.11)In the expression 3.11 no di�erence of �lling useful instructions after conditional instructionsand unconditional instructions has been considered. Actually, it is easier to �nd useful in-structions to �ll delayed slots after unconditional instructions [Der 87].



3.3 Detection and Resolution of Pipeline Hazards 37ExampleIn the basic DLX pipeline the length of the control hazard equals to three, because the e�ectiveaddress of the branch destination is only calculated at the stage 4 MEM. Assuming that the�rst delayed slot is �lled with a useful instruction 60% of the time, the second slot only 10% ofthe time, and the third slot is never used. Using these values for pi, then pnop = 0:77. Assumingalso that all data hazards of data manipulation instructions are resolved by forwarding, datahazards due to load instructions are reduced by delayed loading, and the length of the controlhazard Lc = 3, then pd = 0:04 and Ld = 1. As shown in table 3.1, pu = 0:08 and pb = 0:15.Then CPI = 1:57, so that Mf = 0:64. To reduce Lc, in the improved DLX pipeline thecalculation of branch destination address is moved up at the stage 2 (ID) by using certainassociated hardware support [Hen 90], Lc becomes 1, therefore pnop = 1� 0:6 = 0:4, and thenCPI = 1:13, so that Mf = 0:88.Remark: As seen, the performance of the delayed branch approach is dramatically e�ectedby the length of the control latency. While it is possible for a load/store machine (RISC) withan instruction format that is simple enough to allow the calculation of the branch destinationaddress at the decode stage like the improved DLX pipeline, it is very di�cult for a machinewith complex data types and addressing modes. For such machines or others with a longerpipeline the length of the control latency may grow correspondingly. This leads to poorperformance by using the delayed branch approach, because �lling useful instructions in thelater delay slots becomes extremely di�cult.Branch predictionA pipeline with branch prediction guesses the outcome of a branch decision before it isdetermined. The pipeline prefetches the instruction stream from the predicted sequence andeliminates, therefore, the control hazard provided the prediction is correct. Otherwise, thepipeline must throw away the prefetched instructions and fetches the destination instructionrenewly. In general, the pipeline can predict the branch path either statically or dynamically.A static prediction is determined by the compiler at the compile time, whereas a dynamicprediction uses the information of executed instructions and determines the branch path atrun time.The simplest form of static prediction assumes that all branches are taken or never taken.The related work showed that more than 50% of all branches are taken in general purposeapplications. This means also that a prediction with taken leads to a better performance thana prediction with never taken. A variation of static prediction is to take di�erent predictionaccording to the types of branches being executed. The pipeline predicts the branch pathaccording to the branch types which can be identi�ed in the related OP-code, namely, thepipeline predicts some branches to be taken and other branches to be never taken. The
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Predict Not TakenFigure 3.4: The two-bit prediction schemeaccuracy of predictions depends on the compiler's ability to prediction decision. The relatedwork [Lil 88] reported that this approach reaches a prediction accuracy of more than 75%.Some further forms of static prediction are also possible. For example, in some processors abit likely/not-likely is de�ned in the branch instruction format, the compiler sets all such bitsat compile time using some information extracted from the program structure, for example, abranch for loop control should be set as likely etc.. During execution the hardware determinesthe branch path according to this bit. McFarling and Hennessy reported that the ratio ofcorrect prediction using their algorithm reached up to 85% [McF 86].Dynamic prediction, however, tries to determine the branch path using some history informa-tion of instructions having been executed at run time. Such history information is normallyregistered in form of a table in which each branch instruction is mapped to an entry. Anentry in the table will be modi�ed when the related branch instruction is executed. Lee andSmith evaluated several di�erent dynamic predictions with stored history bits[SmL 84]. A wellknown two-bit-scheme is shown in Figure 3.4[McF 86], which shows the �nite state machinefor updating the table entry for a branch. As seen, a prediction must miss twice before it ischanged. The average accuracy of prediction with this scheme reaches to about 85%.Regardless of how the prediction is determined, the penalties for the branch prediction aregiven in table 3.2: There are four di�erent combinations of predicted and actual branches;the penalty a is often equal to null, b = c = Lc. d is often not equal to zero, because thedestination address is produced at the execution at a later stage of the pipeline. Even if thedestination address is contained in the instruction, some unused cycles may arise until thedestination instruction is fetched from the memory. In [Hen 90] the penalty a is equal to 1, b= c = 3, and d = 2.In these cases the performance equation for the static prediction with never taken can berewritten as follows:
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a b

c d

Prediction

Not taken

taken

Not taken taken

ActualTable 3.2. Control latencies for the branch predictionCPI = 1 + bpbpv + pdLd (3.12)and for the static prediction with taken:CPI = 1 + cpbpv + dpb(1� pv) + pdLd (3.13)where pv is the probability of a false prediction.ExampleLet the static prediction be taken and the accuracy of prediction be 85% (pv = 0:15) (forexample, with McFarling and Hennessy's algorithm for determining the bit likely/not-likely),c = b = Lc = 3, and d = 2. Using the same data as in table 3.1, we get CPI = 1:367, so thatMf = 0:73.Note that the above example shows only the performance of the static prediction. For dynamicprediction it is di�cult to give an exact prediction accuracy, because the probability that aprediction is false depends mainly on the current state as shown in the state diagram of Figure3.4. This means that the probability pv is a function of four states. To simplify the analysissome further probabilities are introduced as follows:� pvn is the probability of a false prediction by using predict not taken.� pvt is the probability of a false prediction by using predict taken.thus pv = pvn + pvt.Correspondingly, two other probabilities can be de�ned:� pcn is the probability of a correct prediction by using predict not taken.



40 3 Pipelining and Multithreading� pct is the probability of a correct prediction by using predict taken.thus pv = 1 � pcn + pct.Therefore, the performance equation of the dynamic prediction can be given as follows:CPI = 1 + pb(apcn + bpvn + cpvt + dpct) + pdLd (3.14)Assume c = b = Lc and pcn = pct, the performance expression above can be rewritten:CPI = 1 + pb2 ((2Lc � d)pv + d) + pdLd (3.15)ExampleLet the accuracy of the dynamic prediction be 90%, Lc = 3 and d = 2. Using the same dataas for the static prediction, we get CPI = 1:22, so that Mf = 0:82.Branch target bu�erAs mentioned above, the control latency d is normally not equal to zero, because the calculationof the destination address and the fetch of the destination instruction lead to some unusedprocessor cycles. The approach called Branch target bu�er (BTB) can eliminate this delayby employing a special cache in which an entry consists of the address of a branch instructionwhich has been executed at least one time and its target instruction itself, together with someprediction bits. While decoding a branch instruction BTB is associatively searched with itsaddress. If the address is in the BTB and the prediction is correct, then the destination (target)instruction will be fetched for execution from the BTB, otherwise the old target instructionmust be thrown away from the BTB, a new target instruction be loaded into the associatedentry, and the prediction bits be modi�ed.So it is easy to get the performance form for the BTB approach as followsCPI = 1 + pbpv(Lc + pmC) + pdLd (3.16)where pm is the miss rate of the BTB cache, and C the time for a cache miss.ExampleLet the probability pv be 0.15, pm 0.20 and C 2 (these values are extracted from the relatedwork in [Hen 90][McF 86]). With the same data for the prediction approach we have CPI =1:12, so that Mf = 0:89.
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Delayed branch (basic)

Delayed branch (improved)

Branch prediction (static)

Branch prediction (dynamic)

Branch target buffer

Mechanisms M f

Forwarding + delayed load

Forwarding

Basic pipeline

CPI

2.68

1.57

1.57

1.13

1.36

1.22

1.12

0.37

0.64

0.64

0.88

0.73

0.82

0.89

1.64 0.61

Table 3.3: A comparison of di�erent pipeline mechanisms3.3.3 Summary and RemarkA summary of the performance for the di�erent methods discussed above is listed in table 3.3.The pipeline assumed here is based on the DLX pipeline.This table gives, however, no obvious detail of hardware costs in implementing those mecha-nisms, which actually in
uence the choice of methods. In an implementation we must considerthe impact of clock cycle and the corresponding hardware costs, because the actual perfor-mance of a pipelined processor is in
uenced by both factors, as mentioned in the beginningof this section. The delayed branch is a pure software technique and requires only little hard-ware support (an additional program counter for the case of interrupt [Hen 90]). The delayedbranch often reaches a satisfying performance for a short pipeline, whereas for a long pipe-line other methods are necessary because of the di�culty in �nding useful instructions fordelayed slots. On the contrary, the BTB does not require any software support, which sim-pli�es the design of a compiler. The hardware overhead of the BTB is, however, very notableand prevents this technique from practical application. For example, a BTB with 256 entriesmay be so large as the rest of the processor in a single-chip implementation [McF 86]. Thebranch prediction has been used in many modern microprocessors. For examples in the newestPA-RISC processor (a superscalar processor) the prediction strategy is: a forward branch ispredicted as not taken, whereas a backward branch is assumed to be taken [Del 92]. Manyother variations of branch mechanisms have also been proposed in recent years such as branchbypass and multiple prefetch, branch folding, early branch resolution etc. [Lil 88].



42 3 Pipelining and MultithreadingThe discussion of this section has shown us two important facts:� all methods only have the goal to reduce the performance loss due to pipeline hazards, butcan not avoid or eliminate pipeline hazards completely, because the conventional pipelineimproves the performance by exploiting limited parallelism from a single instructionstream.� the improvements of performance require either complicated software tools such as aclever compiler or high cost hardware mechanisms.With increasing requirements on processor performance it is desired to build a faster pipeline,which means often also to build a deeper pipeline. This leads, however, to more seriousproblems with pipeline hazards. To reduce the e�ects of such hazards, more software orhardware mechanisms must be introduced. Are there any alternatives to the conventionalpipelined architectures? The answer is yes. We will answer this question in the followingsections.3.4 Extensions to the Conventional Pipeline { VLIW,Superscalar and SuperpipelineBefore we deal with the question of some alternative to the conventional pipelined architec-tures, we will �rst examine the three most important developments based on the conventionalpipeline concepts. The purpose of this section is to understand how much these extensionscan in
uence the performance of processors and what their restrictions are.3.4.1 VLIW - Very Long Instruction WordVLIW takes advantage of the instruction parallelism to reduce the number of instructions,i.e. the �rst factor. In a VLIW processor, multiple concurrent operations are speci�ed in avery long instruction word (e.g. several hundred bit wide), thus multiple operations can beperformed by issuing only one instruction as shown in Figure 3.5.Because a single VLIW instruction can specify multiple operations, VLIW processors reducethe number of instructions in comparison to pipelined processors. However, to obtain thisperformance advantage, the operations speci�ed in a VLIW instruction must be independentof one another. This means that the performance of a VLIW processor is strongly dependenton the associcated software to �nd such independent operations for each VLIW instruction.The more concurrent operations can be packed into every VLIW word on average, the betterthe performance of the processor.
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IF: instruction fetchFigure 3.5. Instruction execution in a VLIW processorTo accomplish this, a software technique called compaction is often used [Joh 91]. The com-paction software searches the concurrent operations from the instruction stream and packsthem together into VLIW words. During compaction, no-ops (null operation �elds) must beinserted into operation �elds if these operations can not be used. In the AP-120B2 of FloatingPoint System [Cha 81], one of the earliest VLIW machines, a well known technique called soft-ware pipelining was �rst introduced in writing the routines for its mathematical library with 64bit microprogram words. Software pipelining reorganizes loops such that each iteration in thesoftware pipelined code is made from instruction sequences chosen from di�erent iterations inthe original code segment, so that a new loop interleaves instructions from di�erent iterationswithout unrolling the loop. Loop unrolling3 is another well known technique used for packingVLIW words. Loop unrolling replicates a loop multiple times. The unrolled loop then containsmore possible concurrent instructions which can be renewly scheduled to pack possible con-current operations into VLIW words. A further method is called trace-scheduling which wasoriginally developed for VLIW processors. Trace scheduling consists of two separate processescalled trace selection and trace compaction for �nding the most likely instruction sequenceof operations to put together and for compacting these instructions into as few VLIW wordinstructions as possible.The main advantage of VLIW processors over pipelined processors is that the number ofinstruction can be dramatically reduced if application programs contain a large amount ofinstruction parallelism just as in many scienti�c computations. As general purpose machines,however, VLIW processors have their inherent limitations:2Di�erently from other VLIW processors developed later, AP-120B is not a complex processor and wasdesigned only as an attached array processor to certain general purpose machines such as PDP-11 and acceptsthe array processing task from the general purpose machine.3Loop unrolling is also used in pipelined processors to enlarge basic blocks, in which more instructionparallelism can be exploited.



44 3 Pipelining and Multithreading� limited parallelism - the parallelism exploited from a single instruction stream is lim-ited. For many general purpose applications there may be not enough parallelism to�ll operation �elds in VLIW words. Provided functional units, memory units, branchunits, 
oating point units etc. will be pipelined, a much larger number of operationscan be executed in parallel. For example, a VLIW processor with 8 functional unitsmay require 20-30 operations in order to keep all functional units busy. The developedVLIW processors are mainly suitable for applications with a large amount of parallelism,such as AP-120B [Cha 81] developed by Floating Point System and iWarp by Intel andCarnegie-Mellon [Coh 89].� hardware cost - the required hardware cost lies not only in duplication of functionalunits such as 
oating point units, but also in a large increase in the memory and registerbandwidth which provides a large amount of data 
ow to the functional units. A typicalcon�guration of memory units contains an integer register �le with 7 read ports and 3write ports, a 
oating point register �le with 5 read ports and 3 write ports and a mainmemory with 2 ports [Hen 90].� code size explosion - the code size of a compacted code may increase rapidly. Two di�er-ent elements will contribute to rapid code increase: �rst, generating enough instructionparallelism requires often ambitiously unrolling loops, which increases the code size; sec-ond, many no-ops must be �lled in operation �elds if no suitable operation can be found,which leads to the waste of instruction encoding.� software compatibility - the most important limitation is that VLIW processors are notsoftware compatible with any general purpose processors, because a VLIW program isspecially reorganized for a particular VLIW processor.It should be noted that the problem with pipeline hazards is not viewed as a critical issuein VLIW processors, because all pipeline hazards must have been statically resolved by thescheduling software at the cost of more no-ops inserted in operation �elds.3.4.2 Superscalar ProcessorWhile VLIW processors improve their performance through exploiting instruction parallelismstatically, Superscalar processors select concurrent instructions to execute dynamically atrun time, which leads to execution of more than one instruction per clock cycle. Therefore,superscalar processors improve their performance by reducing CPI further. The executionprinciple of a superscalar processor is shown in Figure 3.6. The broken line depicts a no-op.By issuing more than one instruction to execute, a superscalar processor may reduce CPIbelow 1. However, the performance of a superscalar processor depends not only on instruction
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Figure 3.6. Instruction execution in a superscalar processorparallelism contained in application programs, but also on hardware supports for exploitingavailable parallelism dynamically and for detecting and resolving the more serious problemwith pipeline hazards. Further, a superscalar processor may have several additional issues:out-of-order-issue of instructions, register renaming, precise or imprecise interrupt, multipleinstruction issue etc. [Joh 91]. A superscalar processor must support enough machine paral-lelism to execute multiple instructions at any time, duplicate resources to avoid structurehazards, support out-of-order-issue to exploit more concurrent instructions, and provide aregister renaming mechanism to detect and resolve anti- and output data dependencies. Sincemore than one instruction may be fetched to execute at any time, the run length of basic blocksis decreased, which increases, however, the problem with control hazards. The techniques de-veloped for control hazards in conventional pipelined processors may not be applied directly,because the superscalar processor can decode more than one branch instruction, may haveto retain a branch instruction several cycles before it is executed, and may also have severalunexecuted branches pending at any given time. Johnson reported in his book that thereare average 2.4 branch instructions pending in a superscalar processor with four instructiondecoders [Joh 91].Because of dynamic issuing of instructions, more hardware and software support are requiredin comparison to VLIW processors. Other features are included as follows:� Decoding of instructions becomes more di�cult, because the decode unit must check allpossible con
icts and dependencies dynamically at run time, while any VLIW instructionhas a �xed format, and software is responsible for detecting and resolving all con
ictsand hazards statically.� If the average instruction parallelism in a program is less than one supported by VLIWprocessors, then superscalar processors have better code density, because superscalar



46 3 Pipelining and Multithreadingprocessors contain only useful instruction bits while a large amount of no-ops must be�lled in VLIW instructions.� Superscalar processors can be object-code compatible with many general purpose proces-sors, while VLIW processors possess their own quite di�erent instruction format, whichis impossible to be compatible with any general purpose processors.Because of hardware and software complexity and of limited instruction parallelism in generalpurpose applications, most of the newest superscalar processors such DEC's Alpha, Motorola'sM88110, Hewlett-Package's superscalar PA-RISC, Intel's i860 etc, therefore support issuinga maximum of two instructions per clock cycle. To issue more instructions, more hardwaremechanisms such as instruction window, result window and their associated control logic arerequired [Joh 91].3.4.3 Superpipelined ProcessorsA superpipelined processor tries to increase the clock frequency by splitting the majorstages of a pipelined processor further into substages. In a superpipelined processor oneinstruction can be fetched to execute on every subclock cycle, therefore, a superpipelinedprocessor improves its performance by reducing the time tp, i.e. the last factor in
uencing theexecution time of a program. The basic operation principle of a superpipelined processor isshown in Figure 3.7. As before, dashed lines represent no-ops.The basic idea of superpipelining has been used in many vector processors. In their work[Jou 89] Jouppi and Wall compared the features of superscalar and superpipelined processorsand declared that superscalar and superpipelined processors with the same degree 4 havebasically the same performance. Superpipelined processors may reach the same performancewith less hardware cost.The performance of a superpipelined processor may be mainly in
uenced by three factors:more pipeline hazards because of its longer pipeline, latch overhead and clock skew5. The lasttwo factors determine the clock cycle time as follows:tp = max(ti) + ts + w (3.17)where ti is the delayed time of the substage i, w the time for a latch to accept a result and ts theclock skew. It should be noted that in a superpipelined processor with high clock frequency,4In superscalar processors, degree is the maximum number of instructions issued per clock cycle, while insuperpipelined processors degree is de�ned to be the number of substages.5A clock skew is de�ned to be the relative timing of the physical clock signals that control various portionsof the processor.
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WBFigure 3.7. Instruction execution in a superpipelined processorthe e�ect of clock skew is very notable. For example, a 100 MHz superpipelined processorwith the degree of 2, a skew of 2 ns represents 20% of the minor cycle time. Superpipeliningis, therefore, an appropriate technique when the cost of resource duplication is high and theability to control skew is good. This means that this techniques is suitable for processorsimplemented in very-high-speed technologies.One of the newest superpipelined processors is MIPS's R4000 which consists of 8 stages andwas developed with the following considerations [Mil 92]:� less hardware overhead is required in comparison to a superscalar implementation withthe same degree, because no duplication of internal functional units is necessary.� the control logic is much simpler, because no logic for issuing multiple instructions anddetecting possible dependencies dynamically is required.� complete binary compatible with available software without any recompilation.� faster clock cycle and shorter design and test time.Note that superpipelined processors inherit all problems from the pipelined processor. More-over, the operation latency grows correspondingly because of their longer pipeline. For exam-ple, the length of control hazards increases to three in R4000 instead of one in R3000, whichleads to 20 - 30% performance loss due to no-ops or pipeline stalls [Mil 92].3.4.4 Summary and RemarksAs described, VLIW, superscalar and superpipelining are three extensions to conventionalpipelining to reduce three factors in
uencing the execution time of a program, respectively. A



48 3 Pipelining and Multithreadinghybrid form of the above methods is possible like some vector processors which can be viewedas a hybrid of superscalar and VLIW, because such processors contain multiple pipelinedfunctional units and execute multiple operations and instructions.The potential performance advantage of these techniques can only be achieved by exploitinginstruction parallelism in a single instruction stream. There are three aspects which must becarefully considered in using these techniques:� instruction scheduling,� pipeline hazards and� memory throughput.An instruction scheduling mechanism should issue as many executable instructions as possibleunder the limitation of the machine parallelism and must not change dependencies of theoriginal instruction sequence. To accomplish this, both hardware and software support arenecessary. Hardware mechanisms such as grouping logic in SuperSparc [Bla 92] as well asinstruction sequencer in M88110 [Die 92], fetch independent instructions for simultaneousexecution. Software support, especially an optimizing compiler, is needed to exploit possibleinstruction parallelism, which can be done at two levels: within basic blocks and across basicblocks. At the �rst level, all dependencies between instructions within a basic block must berepresented by, for example, a dependency graph. A software scheduler assigns instructionsto functional units according to certain algorithm such as list scheduling. At a higher level,the scheduler should minimize e�ects of branches across basic blocks, so that the parallelismbetween basic blocks can be exploited. For this purpose there are three software techniques:trace scheduling, loop unrolling and software pipelining as mentioned in the last section.Because of requirement of more information throughput, memory throughput has becomeanother critical issue which may lead to high hardware cost and therefore should be carefullybalanced with other factors.3.4.5 Restrictions and ProblemsAs seen, pipeline hazards are the most important factor which in
uences directly the perfor-mance of a pipelined processor or its extended processors. To reduce the e�ects of pipelinehazards further, both clever software and more cost e�ective hardware mechanisms are needed.One can see this situation in some of the most recent microprocessors such as M88110, Super-Sparc, Alpha, PA-RISC etc.. For example, M88110 superscalar processor contains ten parallelfunctional units and can issue, however, maximally up to two instructions to these functionalunits. One obvious question is why the utilization of hardware resources is so low? Is such



3.4 Extensions to the Conventional Pipeline 49generous solution to structure hazards cost e�ective? The same question can also go to themechanisms used to detect and resolve the data and control hazards: branch target instructioncache, reservation station, history bu�er etc.. So it is not surprising that these new proces-sors have been implemented in more than 1 million transistors6. Is this a cost-e�ective wayto exploit increasing silicon resource?In almost all newest microprocessors, instructions are issued for execution in exact programorder7. Di�erent operations may have di�erent execution time, which leads to out-of-order-completion and can result then in pipeline-bubbles. The dependencies due to out-of-order-completion can be resolved by using register renaming in theory, but at the cost of an expen-sive and complicated hardware mechanism. Furthermore, the increased instruction and datathroughput may cause more cache misses, which lead to idle time of the processor while newdata or instructions are loaded from memory.To further improve the performance of a computer system, it is strongly desired to build mul-tiprocessor systems consisting of multiple single processors. If we use the above processorswhich operate actually based on the von Neumann principle as processing element, such mul-tiprocessors will su�er from two fundamental issues mentioned by Arvind [Arv 87], i.e. abilityto tolerate memory latency and ability to synchronize shared data without constraining paral-lelism.We now come back to the question of the last section. Why are we falling into a dilemma inwhich we have to pay much but achieve only a little in improving processor performance? Themost important lesson we have learned in the discussion above is that we have been trying tosolve pipeline hazards on the basis of exploiting instruction parallelism from a single instruc-tion stream. It has, however, been proved that the parallelism from a single instruction streamis very limited, and all methods described can only reduce the e�ects of pipeline hazards, some-times at a high hardware cost, but not avoid them completely. A further question is why wedo not accept the fact that pipeline hazards are inevitable and look for some means of maskingthem instead of reducing their e�ects with complicated software or hardware mechanisms. Analternative to conventional pipelined architectures is to maintain multiple instruction streamsinstead of only one instruction stream in the processors and switch among them when someevent (e.g. pipeline hazard) occurs. This is the technique called multithreading, the maintheme in the following sections.6M88110 contains 1.5 million transistors, Alpha 21064 1.7 millions and SuperSparc 3.1 millions.7To the author's knowledge, even the newest superscalar processors support no out-of-order-issue, whichwas discussed in Johnson's book[Joh 91].



50 3 Pipelining and Multithreading3.5 Multithreading - An AlternativeUnfortunately, there is no generally accepted de�nition of the concept of multithreading. Inthis section we will explain its fundamental features and then try to outline a clear concept ofmultithreading. After that, some known multithreaded processors will be sketched brie
y.3.5.1 The Concept of MultithreadingFrom Multiprogramming to MicromultiprogrammingMultiprogramming is a technique which has been used for optimal utilization of the expen-sive hardware resource in many high performance computers for a long time. To get reasonableutilization, the time slice allocated to each process must be large in comparison to the over-head of context switching. Multiprogramming operates therefore at the level of the operatingsystem. If we use the same technique at a lower level such as instruction level, some additionalmechanismsmust be provided to switch the context quickly. Such multiprogramming at the in-struction level is called micromultiprogramming [Top 88]. With micromultiprogramming,multiple instruction streams are interleaved in execution in the instruction pipeline, so thateach process has one, and only one, instruction in a partial state of execution at any instant,which contrasts sharply with conventional instruction pipelines where as many instructionsas possible are kept active for a single instruction stream. One obvious consequence of usingmultiprogramming is that all pipeline hazards disappear now, because instructions overlappedin execution in the pipeline come from di�erent instruction streams and are therefore inde-pendent of each another. It is also clear that a fundamental requirement on such processorsis to provide an e�cient context switching mechanism which should cause no or little timeoverhead. A comparison of micromultiprogramming to conventional pipelining is shown inFigure 3.8.ThreadOn basis of micromultiprogramming we de�ne a thread as follows:De�nition 3.5: A thread is a tuple < T; Te >, where T is a sequential instructionstream and Te all its volatile information called execution environment. 2This de�nition includes not only an instruction stream which is executed sequentially, butalso its execution environment. In practice, the identi�er of a thread and its environment arerepresented by a structure called thread descriptor which refers to the instruction stream
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Figure 3.8. Pipelining vs. micromultiprogrammingand the associated environment. An actual execution environment may be divided into twodi�erent parts: dynamic environment and static environment. The dynamic environmentcontains the information used or modi�ed in execution of each instruction, such as the programcounter, and is therefore stored in the processor; the static is the rest environment consistingof, for example, a register set, a segment of memory (frame) etc.. The static environment isoften much larger and must be referenced by some pointer structure.It should be noted that the meaning of thread may di�er in the di�erent cases. In multi-programming environments, a thread corresponds to an independent instruction stream (alsocalled process) which consists of a complete user program or a system process. The corre-sponding thread descriptor in such systems is often called system status word or task statusword. In multiprocessor environments a program is divided into a set of small tasks whichare executed in parallel and communicate with each other. Each task corresponds to a threadwhich can be as small as a single instruction or as large as a prodecure. A thread is also knownas scheduling quanta in Iannucci's hybrid machine [Ian 90], task in MASA [Hal 88], processin PUMA [VdH 86]; and the thread descriptor as continuation, register speci�er and processdescriptor, respectively.MultithreadingBased on the de�nition 3.5 we de�ne the concept of multithreading as follows:De�nition 3.6: Multithreading is the interleaved execution of multiple threadsand represented by a tuple < Ts; Ss >, where Ts is a set of threads and Ss thescheduling strategy of the controlling context switching among threads. 2
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Figure 3.9. Multithreaded executionThe scheduling strategy Ss in the de�nition determines when and how a thread is switched o�from its execution. The scheduling strategy is often determined by the occurence of some eventsuch as pipeline hazards, cache miss etc. We will discuss several di�erent scheduling strategiesin the next chapter. The simplest form of the scheduling strategy is to switch thread on everyclock cycle. This means a thread can only be switched in to execute after one instruction fromthe same thread has left the instruction pipeline. Thus each stage contains an instructionfrom a di�erent thread (or pipeline bubble), i.e. micromultiprogramming. We call a pipelineaugmented with multithreading mechanisms a multithreaded pipeline. The basic principleof a multithreaded execution is shown in Figure 3.9. The concept of multithreading is similar toother concepts known as instruction interleaving [Sti 91b], virtual-processing [Fly 72],multiple-instruction-stream [Kam 79], context
ow [Top 88], circulating-contexts [Sta 86b], etc.3.5.2 Fundamental Features of Multithreaded ProcessorsThe original motivation in developing multithreaded processors has been e�ciency in usingthe hardware resource, just as the one for multiprogramming. T.C. Chen �rst introducedthe concept of micromultiprogramming and described a mechanism for sharing the hardwareresources of a parallel or pipelined system[Che 90]. Another well known form of micromulti-programming was proposed by Flynn [Fly 72], in which highly pipelined functional units areshared between 32 skeleton processors. Further work was done by Kaminsky and Davidson[Kam 79] who proposed to use micromultiprogramming in the design of single chip proces-sors in order to utilize the chip resource e�ciently, especially, the e�cient use of o�-chipconnections. Recently, Park and his colleagues [Par 91] studied the performance advantages



3.5 Multithreading - An Alternative 53of multithreading in designing modern microprocessors and observed: \in a modern parallelenvironment, multithreaded processors provide a cost-e�ective way to exploit increasing siliconresource to achieve higher performance."Multithreading is also a solution to pipeline hazards in a pipelined processor. As men-tioned, using the scheduling strategy switch on every cycle instructions in all pipeline stagescome from di�erent threads, therefore no pipeline hazards may arise, because the instructionsoverlapped in execution are independent. If enough threads are available, then the multith-readed pipeline achieves its maximum performance, i.e. one instruction per cycle. Because nohardware mechanism is required for detecting and resolving pipeline hazards, this allows tobuild a faster pipeline. We see here that an obvious problem with the multithreaded pipelinebased on switch on every cycle is its poor single thread performance, because each thread usesonly a part of the pipeline resource during execution. If not enough threads are available, no-ops must be inserted in the pipeline stages. There are several alternatives to this schedulingstrategy, which are described in detail in the next chapter.In a multiprocessor environment, multithreading is a technique to hide long memory la-tency. As mentioned, in multiprocessing parallel threads must communicate and synchronizeeach other in order to obey the desirable computation order. Such communication or synchro-nization is realized either through some shared variables in a shared memory system or throughmessage passing in a distributed system. The delay or latency between issuing a request andreceiving a related response is often very long and unpredictable due to network distance andcon
icts. Multithreading can hide such long latency as follows: when an operation causinglong latency is encountered, the processor suspends the running thread and switches to anotheractive thread. After receiving the response from either a remote memory or a processor, theprocessor makes the suspended thread executable again. If there are enough parallel threadsin the processor, the memory latency can be masked completely.A further feature of multithreading is to support asynchronous MIMD (Multiple In-struction Multiple Data) computation directly on a single processor. If a multithreadedprocessor is augmented with mechanisms for synchronization, this multithreaded processoris itself a multiprocessing processor. The main advantage is that such processors can exploitboth intra-thread parallelism just like conventional pipelined processors as well as inter-threadparallelism, i.e. the parallelism from multiple instruction streams. Therefore, a multithreadeduniprocessor can exploit more parallelism than any other processors such as VLIW, super-scalar, and superpipelined processors. The only limitation of extractable parallelism on amultithreaded processor is its machine parallelism. Moreover, the data 
ow activities havestrongly in
uenced the research in multithreaded architectures because of their ability to tol-erate long latency, their cost e�ective implementation and their software compatibility withexisting systems.
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Figure 3.10. The architecture of HEP3.6 Some Examples of Multithreaded ProcessorsSeveral multithreaded processor designs have been proposed or implemented in recent years.The common properties of these processors are their ability to improve the hardware resourceutilization and to avoid the two fundamental problems mentioned by Arvind. In this section,we will outline some important multithreaded processors.3.6.1 Heterogeneous Element Processor (HEP)One of the best examples of multithreaded processors to date is the Denelcor HeterogeneousElement Processor, which was �rst described by B. Smith in 1978 [Smi 78] and was producedseveral years later. The architecture of HEP is illustrated in Figure 3.10. HEP is a sharedmemory multiprocessor consisting of up to 16 process execution modules (PEMs). Each PEMis a multithreaded processor, in which the scheduling of instructions is based on the strategyswitch on every cycle. The processor module supports up to 64 processes (threads) andcontains an execution pipeline with 8 stages. Furthermore, a large general purpose register�le (2048 words) and a large constant register �le (4096 words) are used to maintain multipleprocesses in the processor in order to support quick context switching on every clock cycle.Two novel features of HEP are its ability to tolerate the memory latency through multithrea-



3.6 Some Examples of Multithreaded Processors 55ding and its low level synchronization mechanisms in the form of presence-bits in registers andthe main memory. All accesses to the memory will not be issued to the execution pipeline butare enqueued into the memory reference pipeline in the SFU (Storage Function Unit), whichthen routes them further to the memory. Thus, these operations do not block the execution ofinstructions from other processes. After a successful access to the memory, i.e. after receivingthe response from the memory, the process waiting in the SFU bu�er is then activated andinserted into the execution pipeline again. If an access has failed, for example, because certaindata is not available in the memory, this access will be routed to the memory again in thenext turn. The presence-bits allow synchronization at the data level. This synchronizationmechanism or its variations such as the I-structure proposed by Arvind have been widely usedin many data 
ow machines or other multiprocessors.Two critical points of HEP are the limit of 64 processes in each processor, which has beenviewed as a serious impediment to the software development on HEP, and its busy-waitingstrategy of handling failed remote accesses, which can consume much hardware resource,especially network resource, if there is a large amount of such failed accesses during execution.Further limitation is that each process can only issue one remote access to the memory, whichmay limit possible parallelism in programs. Because of the scheduling strategy of switchingon every clock, HEP su�ers also from a poor single thread performance.3.6.2 Parallel RISC (P-RISC)P-RISC was proposed by Nikhil and Arvind as an alternative to data
ow processors. Asmentioned in their paper, the goal of P-RISC is to synthesize the features of von Neumannand data
ow machines, so that the new processor \can be viewed as a data
ow machinethat can achieve complete software compatibility with conventional von Neumann machines"[Nik 89].P-RISC is built on the basis of a RISC machine by introducing additional hardware supportsfor multithreading and by applying the concept of split-phase transaction to every remoteaccess. The schematic architecture of P-RISC is illustrated in Figure 3.11, where tokenscorrespond to thread descriptors, and each thread is executed in its own frame - a segment inthe local memory.Two simple instructions, Fork IPt and Join x, are introduced for initializing a new threadand for synchronizing parallel threads respectively. These are two simple instructions { notoperating system calls { that are executed entirely within the normal processor pipeline. Oneof the novel properties of P-RISC is its synchronization instruction Join x which realizessynchronization between parallel threads by modifying an entry count in their frame. Thusthe thread synchronization is performed explicitly without any presence-bits in registers or
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ow programs and conventional imperativeprograms. Such a multiprocessor system should have a better performance/cost ratio thanthat of data
ow machines, because the processor element is based on a familiar von-Neumannprocessor, and the realization complexity of data
ow machines is thus avoided. P-RISC wasonly proposed as a new architecture model and not built. Its successor *T is being developedby Arvind's group at MIT [Nik 92].3.6.3 APRILAPRIL is a further multithreaded processor developed as processing element in MIT's largescale multiprocessor system ALEWIFE [Aga 90]. APRIL was designed with the goal thatprocessors in large scale multiprocessors must be able to tolerate large communication andsynchronization latencies and contain an e�cient context switching strategy. APRIL supportsdirectly the programming language Mul-T, an extended version of Scheme.The design of APRIL is strongly in
uenced by Halstead's multithreaded processor MASA[Hal 88]. To improve the single thread performance, APRIL rejected the switching on everycycle strategy and introduced a so called coarse-grain multithreadingmechanism: the processorcontinues executing a single thread until a memory operation involving a remote request (oran unsuccessful synchronization attempt) is encountered. The processor switches to anotherthread while the request is serviced. Unlike other multithreaded processors such as HEP orP-RISC, the processor must spend several additional cycles to switch a thread, because theprocessor uses a trap handler to realize context switching. Some further features of APRIL
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waiting bufferFigure 3.12. The logic architecture of PUMAinclude support of the future concept - an mechanism to initiate parallel tasks in Multilisp[Hal 88], and lazy task creation - a method used to optimize the execution time by avoidinggeneration of many unnecessary parallel threads [Aga 90].An implementation based on a Sparc processor is available. Eight register windows of the Sparcprocessor are reorganized into four task frames, each consists of an user window and a trapwindow. The overhead for a context switching is 11 processor cycles. Because the processorsupports coarse multithreading, a few threads are required to hide the memory latency (4in this implementation). It is not clear how much the overhead for context switching willin
uence the performance of the whole system. Loading and unloading threads are expensiveoperations, there is yet no special hardware mechanism for this purpose. The experimentalresults reported in [Aga 90] were extracted only from a simulation environment which excludedmany issues.3.6.4 Bu�er Machine (PUMA)PUMA (Pu�er Maschine in german) is another multithreaded processor which in
uences theauthor's work directly[VdH 86]. PUMA is basically an object-oriented and fault identi�ableprocessor proposed by von der Heide, and was also implemented by a team at the Forschungsin-stitut f�ur Funk und Mathematik (FFM). PUMA was designed with the goal of a high reliabilityof hardware and software. Here we will only outline the multithreaded features of PUMA.The logic architecture of PUMA is shown in Figure 3.12.A thread is called process in PUMA, which is identi�ed by a process descriptor in which thenecessary references to code and data as well as some bits for fault identi�cation are included.The logic architecture of PUMA consists of 7 pipeline stages, together with a programmable



58 3 Pipelining and Multithreadingbu�er - process descriptor bu�er (PDB) in which all active process descriptors are resident- building a ring of instruction execution. The process scheduling is based on switching onevery cycle. The instruction execution begins with fetching a process descriptor from thePDB and ends with writing the process descriptor into the PDB again or into the waitingbu�er if the process is ended or must wait for some synchronization conditions. All codes anddata are organized in form of objects which can be accessed only through the correspondingobject descriptors. Indeed, the PDB and the waiting bu�er are objects and not built in specialhardware. The PDB may be exchanged by one instruction with the e�ect of activating anddeactivating groups of processes.3.6.5 Summary and RemarkMultithreading as an alternative to conventional pipelined processors has gained great atten-tion in recent years. Modern microprocessors such as superscalar and superpipelined processorsachieve their high performance by introducing two important techniques at the architecturallevel: integrating multiple functional units on the chip and scheduling multiple instructionson every cycle. Two new side e�ects of these techniques are that more hardware and soft-ware mechanisms are required to reduce the e�ects of pipeline hazards and poor utilizationof hardware resources due to limited parallelism extracted from a single instruction stream.Multithreading can mask all such problems by exploiting inter-thread parallelism. A multith-readed processor such as APRIL can also exploit intra-thread parallelism in order to improvesingle thread performance. Therefore, a multithreaded processor is expected to have a betterperformance/cost ratio than superscalar or superpipelind processors by exploiting all possibleparallelism both at inter-thread and at intra-thread level.Another important feature of multithreading is its ability to tolerate long and unpredica-ble latency in a multiprocessor environment. A multithreaded processor contains the basicproperties of a von Neumann processor, at the same time it can easily be extended to ex-ecute data
ow programs just like P-RISC, without any complexity of conventional data
owmachines, and possesses the ability to handle the two fundamental issues of latency and syn-chronization. Multithreaded processors can also be viewed as a tradeo� or a synthesis oftwo di�erent architectural models. Burton Smith, the chief architect of the Denelcor HEPexpressed in his speech \The End of Architecture" [Smi 90] - Many of us now agree that ahybrid von Neumann-data 
ow approach, with multiple instruction streams per processor, ispreferable to pure data 
ow, but we disagree on the details of the stream architecture.



Chapter 4Performance Evaluation ofMultithreaded ExecutionWhile the multithreading technique is conceptually appealing, little work on actual perfor-mance evaluation of multithreaded execution has been reported. In order to understand thepotential gains o�ered by this approach and its limitations, we will discuss the issues of actualperformance of multithreaded execution. In this chapter, a classi�cation of di�erent multith-reading models will be �rst outlined according to the strategies of thread switching (contextswitching) in order to extract the common properties of proposed multithreading models. Af-ter this, several basic parameters are extracted from those properties and used to express theperformance of di�erent multithreaded execution strategies. Subsequently, some simulationresults based on one more realistic architecture will be presented. The analysis in this chapterin
uences directly the work presented in the next two chapters.4.1 A Classi�cation Scheme of Multithreading ModelsAll multithreaded processors maintain the state of several instruction streams (threads) andswitch among them based on some event. Two important properties of multithreaded pro-cessors are, therefore, the associated cost caused by context switching, and the number ofthreads residing in the processor. These two properties are mainly in
uenced by when andhow often thread switching is performed. Hence, it is meaningful to classify possible multith-reading models according to their di�erent thread switching strategies. Figure 4.1 shows sucha classi�cation based on this consideration.4.1.1 Multithreaded Uniprocessors1. Switch on every cycle (SOEC)
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SOEC SOB SOD MSOEC SORL SON SOEI

SOEC - switch on every cycle

SOB - switch on branch

SOD - switch on discontinuities

MSOEC - switch on every cycle (in a multiprocessor env.)

SORL - switch on remote load

SOEI - switch on explicit instruction

Multithreaded processors

Multithreaded uniprocessors Multithreaded multiprocessors

SON - switch on necessityFigure 4.1. A classi�cation of multithreading modelsSOEC or cycle-by-cycle (CBC) is the oldest model of multithreaded execution (also known asmicromultiprogramming) and was �rst proposed to improve the hardware utilization of someexpensive hardware resources. Recently, SOEC was also used to mask the pipeline hazards indeeply pipelined processors [McC 91]. HEP might be the �rst processor which uses SOEC totolerate the memory latency [Jor 85] { a problem which must be e�ciently handled in buildingscalable multiprocessor systems. With SOEC the processor switches to another active threadon every clock cycle. At any time, each thread has one, and only one, instruction in a partialstate of execution (i.e. in the instruction pipeline). All instructions which are executed inthe pipeline belong to di�erent threads and are therefore independent from each other. Thisallows to build a faster execution pipeline, because no special hardware for detecting andresolving pipeline hazards is required, which leads to simple logic between pipeline stages.The throughput of such a switching model would clearly be proportional to the number ofconcurrent threads, up to a maximum of the number of pipeline stages. Unfortunately, thismodel has a poor single thread performance, because each thread uses only 1=n part of theprocessor resource, where n is the number of the pipeline stages.2. Switch on branch (SOB)With this approach the processor switches to another active thread only when some branchoperation is encountered. SOB can thus be viewed as an alternative to resolve the branchproblem which belongs to the essential problems in pipelined processors. In comparison toSOEC, SOB has a better single thread performance, because the processor continues executinginstructions from the same thread until the next branch instruction is encountered. The switch



4.1 A classi�cation scheme of multithreading models 61distance is, therefore, equal to the length of basic blocks. One obvious disadvantage of thismodel is that other kinds of pipeline hazards such as data hazards and structure hazards mustalso be handled. Some hardware mechanisms or pipeline bubbles are needed to resolve suchhazards. This model is, hence, suitable for processors with a small number of pipeline stages,where the mentioned pipeline hazards arise relatively rare, or can be easily resolved. Iannucci'shybrid processor employs this scheme to avoid the branch problem [Ian 90].3. Switch on discontinuities (SOD)A direct extention to SOB is obvious, i.e. the processor switches to another active thread whenany pipeline discontinuity (hazard) is detected. Di�erently from SOEC, the processor mustcontain some mechanisms to detect all possible pipeline hazards. The Resource reservationtable as in M88110 can be used to detect all resource con
icts [Die 92], i.e structure hazards.Data hazards can be detected by scoreboard etc.. The hardware requirements for SOD shouldbe greater than those for SOEC and less than for SOB, because no hardware mechanismsare required to resolve those hazards. Moreover, in many application programs, most hazardinformation can be statically extracted. If a clever compiler can order the instructions withinone thread according to the related pipeline structure, then many hazards can be eliminatedstatically. Provided that the static information on hazards is integrated in the instruction for-mat, then only simple hardware support is required. The multithreaded processor architectureproposed in chapter 6 employs this strategy.4.1.2 Multithreaded Multiprocessors1. Switch on every cycle (MSOEC)1The model MSOEC in multiprocessor environments is mainly used to tolerate the long com-munication latency which is unavoidable in any von Neumann processor based multiprocessorsystems. In comparison to pipeline hazards, such memory latency is usually larger (e.g. morethan 100 machine cycles), unpredictable, and grows when the system is enlarged. Therefore,more parallel threads are required to sustain the performance. The best example of this kindof multiprocessor systems is the Denelcor HEP which contains two pipelines (see Figure 3.11).In a con�guration with four processing elements 20 - 30 threads (processes in HEP's term) areneeded to mask all possible latencies [Jor 85] (both pipeline latency as well as remote memorylatency). Other proposed machines with this kind of switching model are Halstead's MASA[Hal 88], Nikhil's P RISC [Nik 89], Papadopoulos's Monsoon [Pap 91a], TERA [Alv 90] etc.2. Switch on remote load (SORL)1We use MSOEC to distinguish this model from SOEC in uniprocessor environments.



62 4 Performance Evaluation of Multithreaded ExecutionAs mentioned, in a multiprocessor environment multithreading is a technique used to maskthe long and unpredictable latency due to remote accesses. It is, however, unneccessary toswitch context on every cycle. A context switching is actually neccessary when some operationcausing a long latency is encountered. For example, a remote load instruction should causea context switching, because the successive instructions which use the data from the remoteshared memory can only be scheduled for execution when the load operation has completed2.The main advantage of this model over MSOEC lies in the better single thread performance,because a thread continues to execute until a remote load instruction is encountered. Thus,fewer threads are needed to cover the long latency, which leads also to fewer hardware contextsrequired to be integrated in the processor. APRIL employs SORL to improve the singlethread performance and to reduce the number of hardware contexts needed to cover thememory latency[Aga 90]. To improve the performance further, SOD can also be introducedfor hiding the operation latency at the pipeline level. We call this extended model SORLD(SORL+SOD).3. Switch on necessity (SON)To improve the performance of a multithreaded processor, it is important to reduce the fre-quency of context switching. With SON, a context switching occurs only, when the dataneccessary to execute the next instruction is not available. This means that context switchestake place on the use instructions rather than on the load instructions. SON allows a threadto hide some of its memory latency by prefetching data. If a compiler can order a remoteload instruction so early that its response is available several cycles before this value is used,no context switching is neccessary for this remote access. Therefore, an obvious bene�t ofSON is that the frequency of context switching could be reduced, provided that a compileroptimally schedules the execution order of instructions. Another advantage is that severalload instructions can be grouped together so that only one use instruction needs to wait forthe completion of all load instructions of this group together rather than individually [Boo 92].The cost of this model is that a use instruction should be explicitly inserted before instructionswhich use some data from the remote memory.4. Switch on explicit instruction (SOEI)An alternative to SON is to introduce an explicit context switch instruction between the loadsand their subsequent uses. The experiments in [Boo 92] have shown that this model caneliminate from 50% - 80% of context switches which are otherwise performed using SORL.Obviously, the performance achieved by SOEI is strongly dependent on the compiler analysis,which reorganizes the remote load instructions and inserts a context switch instruction after2It is worthwhile noting that remote shared stores which do not require acknowledge do not wait for theircompletion. Therefore, they will not cause context switching.



4.2 A general multithreaded architecture model 63each group of remote load instructions. The more load instructions are grouped together,the less context switch instructions are required. One of the penalties is that each switchinstruction takes a cycle that might have otherwise been used for computation. Further, thecode reorganization can lead to some extra overhead (2 - 11 % in [Boo 92]). The work reportedin [Boo 92] is, however, encouraging.4.1.3 SummaryIn uniprocessor environmentsmultithreading is mainly used to avoid the problem with pipelinehazards, while in multiprocessor environments this technique is applied especially for maskingthe long latencies as well as pipeline hazards. For multithreaded machines we prefer to have asmall multithreading level, i.e. few threads, because it can reduce hardware cost for integratinghardware contexts (multiple register sets in MASA) in the processor as well as software over-head in managing the activities of threads. Furthermore, a small multithreading level allowsto solve problems with little parallelism more e�ciently. The classi�cation above also showedthe evolution of multithreading models in this direction. The most recent data 
ow researchsuggested short threads with explicit switching [Cul 91a]. Short threads execute until theircompletion at which point some explicit instruction causes a context switch to another activethread. The main advantage of this execution model is that most of the results achieved byexperience with data
ow machine can be directly applied to the new model [Cul 91a]. A clevercompiler is, however, required to extract the sequential instructions from a data 
ow programand translate it to threads in which the instructions are executed sequentially by using thefamiliar von Neumann model, while the scheduling of threads for execution is performed withthe data
ow model.4.2 A General Multithreaded Architecture ModelThe classi�cation scheme above shows that the di�erences between the proposed multithrea-ding models lie in their context switching strategies. The following de�nition is introduced inorder to simplify the expression of a program which is executed in multithreading.De�nition 4.1: A scheduling block (SB) is a sequence of instructions whichare sequentially executed without performing any context switching. The numberof instructions executed within a scheduling block is called run-length of thisscheduling block. 2



64 4 Performance Evaluation of Multithreaded ExecutionIn operation, a SB can be initiated when no dependencies to any instruction within the SBexist. This means that once a SB is initiated, it continues execution until its completionwithout any discontinuity due to any dependency.A thread may contain one or several scheduling blocks. Scheduling blocks are then the smallestunits which the context switching mechanism of a multithreaded processor can manipulate. ASB may be as small as a single instruction (e.g. with the SOEC multithreading model). Therun length of a SB depends on the applied context switching strategy.Another essential parameter for multithreading is latency caused by every instruction whichprevents the successive instruction from executing. We extend the de�nition of latency formultiprocessor environments presented in [Ian 90]:De�nition 4.2: Latency is the time required to complete an operation until itsresult is available for use as an operand in a subsequent instruction. There arethree kinds of latencies:� operation latency OL which is caused by pipeline hazards in the pipelinedexecution model,� communication latencyCL which is caused by accesses to the remote mem-ory or a remote processor, and� synchronisation latency SL which is caused by synchronizing the sharedvariables for parallel threads. 2It should be noted that the communication latency is not just the communication networkdelay, it should also contain the time required to proceed the request and return the responsejust like rload handler and rstore handler in [Nik 92]. So our de�nition extends the knownassumption of the communication latency only as physical network delay. The same appliesto the synchronization latency.The de�nitions above allow us to de�ne a general multithreaded architecture.De�nition 4.3: AMultithreaded architecture is a 5-tuple < P;L;E;Os; S >,where� P = < Ps; OL > is an instruction pipeline which is shared by threads runningon the architecture, where Ps is the pipeline structure de�ned in de�nition3.3,



4.2 A general multithreaded architecture model 65� L = < fSLg; fCL; SLg > consists of synchronization latency, or communica-tion and synchronization latencies,� E is the environment of multiple thread execution and consists mainly of aset of hardware contexts,� Os is the overhead of context switching and typically measured in machinecycles, and� S: Ti ! (Ti(1); :::; Ti(ni)), is the scheduling strategy which determines thescheduling blocks Ti(j) of the thread Ti. 2This de�nition includes the general properties of di�erent multithreaded architectures. Ac-tually, a multithreaded architecture is an extension of a conventional pipelined processor byintroducing the four additional parameters. This is consistent with all multithreading modelswe mentioned in the last section. The de�nition is also suitable for multithreaded uniprocessorsas well as for multithreaded multiprocessor architectures. For example, in a uniprocessor en-vironment the synchronization latency (but without network delay) should also be consideredif multithreading is applied to MIMD computation in which synchronizations are performedthrough certain shared variables. In a multiprocessor environment the synchronization latencyalso contains the delay caused by the network, so that some synchronization latencies may belarger than the communication latency. In recent work on the performance analysis of mul-tithreading models [Saa 91], the performance loss due to pipeline hazards is ignored, becausethe remote latencies are assumed to be much larger than the operation latencies caused by thepipeline hazards. But we insist that operation latencies are an important factor in
uencing theperformance of a multithreaded pipeline, especially if the length of a multithreaded pipelineincreases. A multithreaded processor system which only masks the long memory latency cannot achieve its optimal performance, because each local processor may su�er from pipelinehazards in the pipelined execution similar to any conventional pipelined processor.In this architecture model we view a thread as a stream of scheduling blocks. At any time,each thread is in one of four states depicted in Figure 4.2a. A thread continues to executeuntil some operation causing context switching is encountered. The context switching mayoccur implicitly (by some hardware mechanism ) or explicitly (by some context switchinginstruction).Di�erently, a multithreaded processor is in one of three states (see Figure 4.2b). The contextswitching may result in extra overhead. In this case, we assume that the execution and thecontext switching are not overlapped, so that another thread can only begin to execute whenthe running thread is switched o� completely. If there is no active thread, the processor entersthe idle state until some thread is activated again.
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(b) State diagram of a multithreaded processorFigure 4.2. States in multithreaded execution4.3 A Performance Model for Multithreaded Execution4.3.1 Pipeline Utilization as Performance MetricAs discussed in chapter 3, the objective of pipelining is to improve the execution time of asequential program, i.e. improve the performance by exploiting the instruction parallelismfrom single thread (program). The main objective of multithreading is, however, to enhancethe machine throughput by exploiting the inter-thread parallelism as well. A good measureof system performance is the socalled system power, which is the product of the number ofprocessors and the average processor utilization [Aga 90]. In our architecture model a mul-tithreaded architecture consists mainly of a shared pipeline, together with other mechanismsfor supporting multithreaded execution. The processor maintains multiple threads and in-terleaves them based on some event in order to avoid as many bubbles in the pipeline aspossible. Therefore, the pipeline utilization can accurately express the processor utilizationin a multithreaded environment. Provided that the pipeline utilization takes into account thedeleterious e�ects of factors which in
uence the e�ciency of multithreaded execution, thenthe pipeline utilization is itself also a good performance measure which re
ects the throughputof the machine. In the following discussion we use pipeline utilization U(n) as the measure of



4.3 A Performance Model for Multithreaded Execution 67performance evaluation, where n is the number of active threads.Another important measure for performance evalution of a multithreaded architecture is calledthe saturation point de�ned as follows:De�nition 4.4: The saturation point Nsp of a multithreaded processor is theminimum number of active threads required to achieve the peak performance ofthe processor. 2Obviously, when the number of threads is below the saturation point, there may be no readythread after a context switch, so the processor will experience idle cycles. A number of threadsbeyond the saturation point can not lead to any performance improvement, on the contrary,it could degrade the performance due to more possible network con
icts and increased cacheinterference in a processor con�gurated with cache memory [Aga 90].4.3.2 Latencies and SynchronizationThe latencies occuring in a general multithreaded architecture can be divided into three cat-egories: OL; CL; SL (see the de�nition 4.3). In a pipelined processor with static scheduling,the operation latency OL can be determined statically at compile time, so it is reasonable inour analysis to assume that this latency is constant3. The communication latency is mainlydependent on the distance between processors or between processors and memory blocks.Provided that a processor communicates with memory blocks or other processors throughsome regular interconnection network such as a multistage network and network con
icts areneglected, then such distances are nearly equal and also predictable. The synchronizationlatency is, however, in general unpredictable, because the synchronization latency is not justan architectural property, it also depends on other factors like scheduling, the computationtime of associated threads, program structure, etc.This study focuses on such application programs in which parallel threads are explicitly ini-tiated and terminated, and programs have a �xed set of threads during the main executionperiod. This is typical for applications written in extended C or Fortran [Jor 85]. Althoughsynchronization is needed at many points, such synchronization is often explicitly de�ned withsome primitives, and programmers know when and where the synchronization is needed. Thus,we can assume that the synchronization latency has an e�ect which is only a small fraction ofthe total computation. We assume further that all programs have a single fork phase and join3Obviously, the operation latency might be variable in a pipelined processor with dynamic scheduling inwhich the pipeline will do out-of-order execution. In the following analysis, we will not consider this situation.



68 4 Performance Evaluation of Multithreaded Executionphase during which all parallel threads are initiated and terminated. We exclude thus anywork done outside these phases, because as problem sizes are increased, these overheads be-come a smaller fraction in the total computation time. These assumptions are consistent withthe HEP's program structure with the consideration that multiple processes should be forkedas near to the beginning and joined as near to the end of the program as possible [Jor 85]. Inother multithreading research, similar assumptions were also used [Web 89].Summarized, two simpli�cations are introduced in our following discussion:� If a synchronization occurs in the local processor, no extra synchronization latency willoccur, i.e. SL = 0 and� if a synchronization occurs in a remote memory block or a remote processor, the syn-chronization latency is equal to the communication latency, i.e. CL = SL.4.3.3 Performance of Multithreaded UniprocessorsUnder the assumptions above we can construct a multithreaded uniprocessor model accordingto de�nition 4.3 (see Figure 4.3) There is an instruction pipeline consisting of n stages. Thescheduling strategy S is de�ned in the control unit. A thread pool contains the executionenvironment E where all active threads are resident. The wait bu�er is used to store suspendedthreads. The control unit modi�es the states of suspended threads on every cycle and fetchesthreads from the thread pool for further execution if the related hazards are resolved. Providedthat the thread pool is large enough to hold all active threads, i.e., the environment E is largeenough, and synchronization e�ects can be eliminated as mentioned, then the processor modelcan be described as a triple < P;Os; S >.The program execution on this model begins with selecting an active thread from the threadpool by the control unit. A thread continues execution until some event is detected by thecontrol unit as de�ned by the scheduling strategy. The running thread is then switched o� andtransfered to the wait bu�er with an overhead of Os machine cycles. Subsequently, anotherthread will be loaded to the instruction pipeline. The control unit monitors the executionstatus in the pipeline and registers the status of all suspended threads in the wait bu�er. Ifany thread in the wait bu�er is ready for execution, this thread will be fetched from the waitbu�er, routed to the thread pool, and wait for its next turn to execute.A critical operation in this model is to determine whether an assumed event has occured. Suchan event can often be detected after the fetched instruction has been decoded or its operationhas been performed. If such an event can only be detected at the pipeline stage i, then the
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Figure 4.3. Architecture model of a multithreaded uniprocessorother i�1 subsequent instructions from the same thread must be ignored. This delay is calleddecode latency, which can be viewed as a fraction of the context switch overhead. But wemust notice the essential di�erence in scheduling strategies between a conventional pipelinedprocessor and a multithreaded processor. In a multithreaded processor, a new thread willbe scheduled for execution immediately after an event (for example, a pipeline hazard ) isdetected, whereas in a pipelined processor a next instruction can be issued for execution onlywhen the previous hazard is resolved. We shall present a possible solution to avoid the decodelatency in our proposed architecture in chapter 6.Performance of SOECWith SOEC the processor fetches only one instruction from a thread (say thread i) andswitches to another thread j with the overhead of Os cycles4. The switched thread i is enabledagain after Pl� 1�Os cycles, where Pl is the length of the pipeline, namely, once the runninginstruction leaves the last stage of the instruction pipeline. Assuming that each thread has Ninstructions, thus for n threads being executed on the processor in parallel, the utilization ofthe pipeline is as follows: U(n) = NnPl � 1 +N(n(1 +Os) + I) (4.1)where Pl� 1 is the setup time for the �rst instruction of the �rst thread entering the pipeline,and I the idle time occuring if not enough parallel threads are available to hide the operation4With SOEC the overhead Os is the distance between two consecutive threads entering the pipeline, there-fore, Os � Pl � 1. Os may be zero, i.e. there is no overhead for context switching.
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4.3 A Performance Model for Multithreaded Execution 71U(n) = ( 1 if n � PlnPl otherwise (4.5)with the saturation point Nsp = Pl.Performance of SODAs mentioned, with SOD a thread continues execution until a certain hazard is detected. Inthis case the successively fetched instructions must be eliminated, which leads to so-called de-code latency. To simplify the discussion, we assume that all threads have the same instructiondistribution.6 Further, all hazards lead to equal operation latency. Without considering thestructure hazards, the average run length of a thread isR = 1pc + pd (4.6)where pd und pc have the same meaning as in section 3.2. This means that the processorswitches to another thread after the execution of R instructions. Therefore, it is easy to getthe utilization for n active threadsU(n) = NnPl � 1 +N=R(n(R +Os) + I) (4.7)= NnPl � 1 +N(n(1 +Os=R) + I=R)where the idle time I is determined as followsI = maxf0; OL � n(R+Os) + 1g (4.8)where OL is the length of the operation latency. Provided that the total length of threads Nis much larger than the other parameters, the above expression can be further simpli�ed toU(n) = ( 11+Os=R if n(R +Os)� 1 � OLRn1+OL otherwise (4.9)with the saturation point Nsp = OL + 1R +Os (4.10)6Actually, this assumption can be improved with the more realistic assumption of the run length behavingas some stochastic process which has a certain distribution as in [Saa 91].
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4.3 A Performance Model for Multithreaded Execution 73As expected, the saturated performance depends only on the proportion of Os and R. Figure4.5. shows the relationship between these parameters. The larger the overhead of contextswitching is, the less threads are required to hide operation latency, but also the less peakperformance. To improve the throughput of the machine, it is desirable to reduce or completelyeliminate the context switch overhead. Another in
uence on the performance is the lengthof operation latency which can be improved with a small hardware cost, for example, byintegrating bypass ways between functional units.The decode latency may be the main source of context switch overhead, because most ofthe discontinuities in pipeline operations can only be determined after the fetched instructionhas been decoded, and successive instructions will be executed only after the correspondinghazard has been resolved. A direct solution to the decode latency is to save all fetchedinstructions from the same thread in the stages where they are and make them executableafter the previous hazard is resolved. For the discontinuities caused by branch instructions, thefetched instructions must often be thrown away if the actual branch direction is outside theseinstructions. We will present a simple solution to this problem in our proposed multithreadedarchitecture in chapter 6.Further, the average run length of a thread R in
uences the performance greatly. R dependson the application as well as the hardware structure. In a deeply pipelined processor R couldbecome small (e.g. less than two) if the application does not contain much regular datastructure and parallelism.4.3.4 Performance of Multithreaded MultiprocessorsFigure 4.6 shows the execution model of a multithreaded multiprocessor con�guration. Dif-ferently from the model for a multithreaded uniprocessor (see Figure 4.3), the second latency,i.e. communication latency due to accesses to the remote memory blocks or other processors,must be considered. To handle such remote accesses, the following will be performed: whena remote access is encountered, the multithreaded pipeline builds a message (request) whichincludes, for example, a function �eld (read/write), a memory address, an identi�er of theissuing thread etc., sends it to the network, and then suspends the running thread into thewait bu�er. After receiving the response, the synchronization unit activates the correspondingthread and routes it to the thread pool again.Performance of MSOECA remote access results in a longer latency compared to normal pipeline hazards. The moreremote accesses there are in a program, the more parallel threads are required to �ll theinstruction pipeline fully. In the following discussion, let Rr be the average distance (i.e. the
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4.3 A Performance Model for Multithreaded Execution 75number of successive instructions) between two remote accesses from a single thread. Assumethat pr is the probability of executing one instruction that will trigger a remote access, thenRr = 1=pr.If a multithreaded processor is applied as the processing element in a multiprocessor environ-ment, �rst of all it is necessary to mask the long communication latency by exploiting programparallelism in order to reduce or completely avoid the associated loss in performance. MSOECmasks both communication latency and pipeline hazards, provided that enough parallelismexists in the program.In the case of a single thread, the performance loss with MSOEC is obvious. Rr � 1 out of Rrinstructions are recirculated in the instruction pipeline directly after execution, and the lastone will trigger a remote access which is routed to the network. This results in performance:U(1) = Rr(Rr � 1)Pl + Pl + CL = 1Pl + CL=Rr (4.11)In the case of multiple threads, however, an exact computing of U(n) becomes more compli-cated, because at any time some threads are suspended while their requests of remote accessesare 
owing in the network, and others are executed in the pipeline. Further, the numberof threads (both active and suspended) are dynamically changed in the whole execution pe-riod. The processor reaches its saturation point only when both communication and operationlatencies are hidden.A simpli�cation of the behaviour of thread execution is as follows: at the saturation pointthe processor reaches a stable state in which the number of active threads na and suspendedthreads ns are constant. For each active thread the duration until the next remote access isthus na(1+Os)Rr, where na(1+Os) is the duration until the execution of the next instruction(not remote instruction) from the same thread. Therefore, we can assume that the averagedistance between two remote accesses to the network is:Dr = (1 +Os)Rr (4.12)The saturation point with the associated U(n) then is:Nsp = N ;sp + CLDr = RrPl + CLRr(1 +Os) (4.13)where N ;sp is the same as the expression 4.4 for SOEC, which is required to hide local latency,and CLDr the number of issued requests to the network, which are required to mask the longcommunication latency.



76 4 Performance Evaluation of Multithreaded ExecutionFor U(n) under the saturation point the behaviour of thread execution is more complicated,because the duration between two successively executed instructions from the same threaddepends on the number of active threads, which relies further on other factors. For example,the history of each active thread, the rate of triggering remote accesses to the network, andthe rate of the responses returning from the network, etc. Therefore, the number of activethreads might vary at each execution cycle. We will present some simulation results in thenext section.Performance of SORL (Switch on Remote Load)With SORL the processor continues executing a single thread until a remote load instructionis encountered. The controller of the processor switches to another active thread, while thepipeline serves the remote request. In most of those processors the instruction pipeline is builton basis of conventional pipelined processors like in [Aga 90], hence the pipeline hazards mustbe handled in such processors. Provided that all pipeline hazards are covered by the samenumber of bubbles bp, the distance between two remote loads to the network is thenDr = Rr + RrR bp +Os; (4.14)where R is the distance (i.e. the number of instructions) between two successive pipelinehazards. Therefore, at its saturation point the pipeline utilization U(n) isU(Nsp) = 11 + bp=R +Os=Rr (4.15)at Nsp = CL + PlDr = (CL + Pl)RRRr +Rrbp +ROs : (4.16)where CL + Pl is the total latency for a remote load.SORLD: an Extension of SORL through SODIf the SOD is introduced into the SORL execution model, all pipeline hazards can be com-pletely masked, i.e. multithreading is applied at two levels: intra-thread and inter-thread, tomask pipeline hazards as well as communication latencies, respectively. We distinguish herebetween the overheads for the thread switching Op due to pipeline hazards and the threadswitching Or due to remote accesses. The reason is that di�erent operations are performed forthese two context switches. Thus, actual implementations may result in di�erent overheads.The distance between two remote loads becomes



4.3 A Performance Model for Multithreaded Execution 77Dr = Rr(R +Op)=R +Or (4.17)and U(Nsp) = 11 +Op=R +Or=Rr (4.18)at the saturation pointNsp = N ;sp + CLDr = OL + 1R +Op + CLRRr(R+Op) +OrR: (4.19)The improved execution model SORLD has an obvious advantage over SORL, especially fora deep pipeline where the operation latencies are also correspondingly larger. The meaning ofthe SORLD model is that it is easier to reduce the overhead for context switching or overcomeit completely than to reduce or overcome the pipeline hazards in a deep pipeline. One penaltyof the SORLD model is that it requires more active threads than SORL to �ll the pipelinefully, but achieves a better peak performance.AnalysisThe performance expressions above contain several parameters which can be used to de�nedi�erent architecture con�gurations. One realistic con�guration extracted from several publi-cations is as follows:< Pl = 8; OL = 7; bp = 2; R = 3; Op = 0; Rr = 12; Or = f0 � 4g; CL = 64 >For example, in [Cul 91a] it was reported that the average distance between two split-phaseoperations lies between 10 and 15 instructions, this corresponds here to Rr = 12: The com-munication latency CL = 64 cycles is suitable for a multithreaded multiprocessor with amedium number of processing elements. In a larger con�guration the communication latencywill be enlarged correspondingly (e.g. several hundred cycles as assumed in [Boo 92]). Opmight be equal to 0 in a processor with several duplicated hardware contexts, while Or is theoverhead for constructing a remote request, switching out a suspended thread and switchinganother active thread in the pipeline. As in [Aga 90] we assume Or lies between 0 and 4. Orbecomes zero only when the above task is performed by some special hardware mechanism ora special processor [Nik 92].Moreover, it should be noted that both OL and bp belong to the operation latency due to pipe-line hazards. However, there is an obvious di�erence between OL and bp in our analysis. OLis the time required between switching the running thread and making this thread executable
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4.3 A Performance Model for Multithreaded Execution 79again. OL is 7 machine cycles, because we assume that a suspended thread will become exe-cutable after the instruction causing context switching leaves the last stage of the instructionpipeline. This means that no hardware mechanism is assumed to reduce the operation latencyfor a pure multithreaded processor. On the other hand, we treat bp as the average numberof bubbles required to be inserted to resolve pipeline hazards. Because most multithreadedprocessors with SORL employ both software and hardware mechanisms to reduce the e�ects ofpipeline hazards, the actual value of bp is often small, for example, the improved DLX integerpipeline has a value bp of one machine cycle [Hen 90].Figure 4.7 shows the analytical performance of di�erent multithreaded execution models onthis con�guration. As seen, MSOEC has a poor performance if not enough parallelism existsto hide pipeline hazards as well as the long communication latency. SORL requires a smallnumber of threads to achieve its peak performance, which is equal to 0.6 even if no overheadfor context switching is encountered (Figure 4.7b). A better tradeo� can be achieved if thepipeline hazards are also hidden using multithreading, i.e. SORLD. We see that SORLDreaches the same peak performance as MSOEC, but with fewer threads (provided Or is alsoequal to 0 as in MSOEC). The performance of SORLD could be further improved if the runlength of threads could be enlarged. This is actually the goal of proposing other multithreadingmodels such as SON and SOEI. We can get the associated performance for SON and SOEI byenlarging the distance of successive remote accesses, because the main e�ects of these modelsare the reduction the frequency of context switching by prefetching data and eliminating someunnecessary remote accesses. An exact estimation of the performance for these models is onlypossible if some optimal scheduling strategy for corresponding compilers is available. How toconstruct such a compiler and to evaluate its e�ects are, however, beyond the scope of thiswork.A simulation modelThe analytical expressions for the performance of di�erent multithreaded execution modelshave been achieved by simplifying the thread execution behaviour and by introducing somestatic parameters. In practice, the performance behaviour would be more complicated ina multithreaded multiprocessor environment. As mentioned, the exact behaviour of threadexecution under the saturation point is di�cult or impossible to describe by some simplemathematical equation.In order to observe the actual behaviour of thread execution, a simulation program was writtenin C on a Sun-SPARC workstation according to the execution model shown in Figure 4.6. Thesimulated processor may have any architecture con�guration de�ned with the parametersabove. The simulator allows to vary all parameters and simulates the process of threadexecution in machine cycles. Some important statistics are collected: U(n), the dynamicnumber of active threads, and the distribution of remote requests.



80 4 Performance Evaluation of Multithreaded ExecutionFor comparison with the analytical results above, the simulation was performed with thefollowing constant parameters:< Ps = 8; OL = 7; bp = 2; Op = 0; Or = 0 >.To obtain more accurate execution statistics, we assume that the parameter R is uniformlydistributed between 2 and 4 (with an average value of 3) during the whole execution time. Forthe parameter Rr we chose two average values 12 and 24 in order to observe the associatede�ects, because this can re
ect the in
uence generated by other improved execution modelssuch as SOD and SOEI. Similar to R, we assume that Rr is uniformly distributed between8 and 16 or between 20 and 28 (with the average values of 12 and 24, respectively). Nodynamical e�ects such as synchronization between parallel threads are considered.Each con�guration was simulated for 10,000 machine cycles, after a startup period of 200cycles. The skip of this startup period is necessary due to the long memory latency. Further,the execution data of each thread was independently generated according to the assumptionsabove (i.e. R;Rr, and CL), and no synchronization between di�erent threads was assumed.Note that the pipeline utilization re
ects the e�ciency of the simulated processor con�gurationfor the whole execution phase and therefore is computed through the useful cycles in thepipeline divided by the whole required machine cycles. The main results are shown in theFigure 4.8 and 4.9.The performance in Figure 4.8 shows the variation due to enlarging the communication latency,while Figure 4.9 shows the performance variation due to enlarging the remote access distance.A longer run length results in fewer threads required to �ll the instruction pipeline.The experiments above show that a well designed multithreaded processor should exploit bothintra-thread and inter-thread parallelism to tolerate latencies at two di�erent levels, respec-tively. Furthermore, to reduce the number of parallel threads, the inter-thread parallelismshould only be extracted when no intra-thread parallelism exists. However, a multithreadedprocessor based on the conventional pipelined architecture could reintroduce the complexityof conventional pipelined processors and require high hardware cost. As proposed in the lastsection, the SORLD model is an e�ective trade-o� between MSOEC and SORL models. Oneof the requirements for processors based on SORLD is that some hardware mechanisms mustbe provided to switch the running threads out at certain pipeline stages whenever a certaindiscontinuity at those stages is detected. A simple but e�ective mechanism is employed in theprocessor presented in chapter 6.
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4.4 A realistic multithreaded processor 834.4 A Realistic Multithreaded ProcessorAs the next experiment to evaluate performance of multithreaded execution and di�erentscheduling strategies, we construct a multithreaded architecture model based on a well knownRISC processor { DLX [Hen 90]. It is often cost e�ective to construct a multithreaded pro-cessor based on a well known processor like DLX. Such multithreaded processors cover mostof the proposed architectures like APRIL, P RISC, MASA etc. Moreover, this experimentprovides the performance estimation of possible multithreading strategies. Such estimation isimportant for designing our multithreaded processor presented in chapter 6.4.4.1 Architecture ModelAs with any multithreaded processor architectures, there must be certain mechanisms to main-tain several threads in the processors and schedule executable threads according to schedulingstrategies. According to our multithreaded architecture model de�ned in section 4.2, we ex-tended the basic DLX pipeline to a multithreaded processor by introducing the followingmechanisms: an extra stage thread select and a thread pool (see Figure 4.10). The extendedmultithreaded pipeline then consists of at least six stages. The main extensions of the DLX-pipeline are included: (1) the stage IF does also partial decode of the just fetched instructionand sends related control signals to the stage TS for the purpose of context switching; (2)in multiprocessor environments the stage WE forms the communication message for remoteaccesses. The purpose of introducing the partial decode for the fetched instruction is to elim-inate the decode latency mentioned in the last section, i.e. to detect the event causing contextswitching through such simple partial decode. The multithreaded pipeline would be length-ened if a complex ALU were included. The conceptual pipeline structure is shown in Figure4.10. The arcs from the pipeline stages to the thread pool mean that the TD (thread descrip-tor) of some suspended thread is inserted into the thread pool again after the execution ofthis stage. Here we only are interested in the logic behaviour of the thread pool. In practice,such a thread pool may be a memory unit with maximum four write ports and one read port.As in the last section, we de�ne a thread to be an instruction stream consisting of a collectionof scheduling blocks (SBs). In our architecture model, scheduling blocks are dynamicallydetermined by the stage thread select TS according to certain scheduling strategies. Theinstructions within one scheduling block are executed sequentially in the pipeline. The stagethread select schedules an enabled thread for execution when a context switch occurs. Eachthread is characterized by a thread descriptor (TD) which contains the necessary informationfor thread execution, e.g. instruction pointer, frame base address etc.. The thread pool holdsall thread descriptors of executable threads.
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address calculationFigure 4.10. Architecture model of a realistic multithreaded processorSince the multithreading technique interleaves the execution of di�erent threads to avoidpipeline hazards and other latencies instead of using some complex hardware mechanism,no special hardware supports for resolving pipeline hazards are assumed for our architecturemodel. We assume also that there is no overhead for context switching. This is true for manymultithreaded processors such as HEP, MASA, etc., but in con
ict with other machines suchas APRIL, which assume a cost of several cycles for cleaning the processor pipeline7.Multithreaded architectures maintain the state of several threads and switch among thembased on some event. If we do not consider the e�ects of cache misses and exceptions, we cansimplify the thread scheduling in our architecture model: the processor switches among severalexecutable threads based on the execution of certain instruction, e.g. the context switchingoccurs when an instruction causing some hazard is detected. Therefore, here we de�ne severaldi�erent scheduling strategies according to the execution of di�erent instructions. This is alsoconsistent with most of the proposed multithreaded processors.For our experiment, we used the same instruction distribution as in table 3.1, but we donot account for some special instructions for thread initiation and synchronization whosee�ects are a small fraction of the total computation and therefore can be neglected. Fourpossible scheduling mechanisms (also called dispatching mechanisms) for the multithreadeduniprocessor are examined:� Switch on every cycle (SOEC): with this mechanism only one instruction of each enabledthread is allowed to be executed at any time; each stage of the pipeline contains an7Each APRIL processor contains a cache to reduce remote memory accesses. Context switching occurswhen a cache miss is detected. This occurs at the late stage of the instruction pipeline, therefore, some cyclesare needed to eliminate the fetched instructions in the pipeline.



4.4 A realistic multithreaded processor 85instruction from a di�erent thread.� Maximum pipeline delay (MPD): in this case, we consider the worst inter-instructiondelay required for correct execution; maximumdelay cycles are inserted after each controland data-manipulation instruction.� Static pipeline delay (SPD): here the compiler generates the static information of datadependencies for ALU and Store instructions. This delay information is coded in eachALU and Store instruction.� Control and load delay (CLD): here we assume that all data dependencies of ALU andStore instructions are avoided in hardware by fully internal forwarding, hence, onlycontrol and load dependencies are considered.It should be noted that only CLD requires extra hardware support for detecting hazards andforwarding results directly. Further, load dependencies are not included in SPD, since theyare similar to control dependencies which can not completely be eliminated with some simplehardware mechanism. In this analysis, we focus on the di�erent scheduling mechanisms forour extented multithreaded architecture and ignore other issues such as cache misses, variableoperation latencies etc.4.4.2 Simulation ResultsA simulation program at the instruction level was written to evaluate its performance issues.Two important time intervals are used in simulating the di�erent scheduling mechanisms:control latency and data latency (see de�nition 3.2). Without branch prediction the controllatency is six cycles in the extended multithreaded pipeline with eight stages (three executionstages), because each jump destination is computed at the stage MEM. Without internalforwarding the maximum data latency is equal to �ve cycles in the same pipeline.The simulation has been performed to illustrate the di�erent performance of four possiblemechanisms under the following assumptions:1. The execution stage EX consists of three substages EX1, EX2, EX3, so the instructionpipeline has 8 stages all together. Results for a multithreaded processor based on thebasic DLX pipeline (6 pipeline stages) were reported in [Fan 92b].2. Enabled threads are chosen at random for scheduling.3. The distribution of executed instructions is derived from several general-purpose codesas shown in table 3.1.
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4.5 Summary and Remark 87the performance issues in multiprocessor environments. The further assumptions are:� Context switching occurs also when a remote load instruction is decoded.� The frequency of executed remote load instructions is 10%, which is derived from theexperiments in [Cul 91a].� The remote latency is predictable. Therefore, no synchronizing loads are considered,which lead to unpredictable latencies.Again, for each con�guration 10,000 machine cycles were simulated in multiprocessor envi-ronments. Figure 4.12 shows the performance of four di�erent scheduling strategies in amultithreaded environment with a remote latency of 64 cycles. The careful reader will noticethat the performance curves depicted in Figure 4.12 are more pessimistic than those shownin Figure 4.7. The main reason for degraded performance compared to the analytical resultlies in choice of simulation parameters which are extracted mainly from several complex mul-tithreaded processors, in which some hardware as well as some optimal scheduling policies areexploited. For example, we chose the distance of two pipeline hazards R = 3. It is realistic foran application provided the compiler can make some data dependency analysis and reorder thesequence of instruction so that some hazards can be eliminated by, for example, prefetchingrelated operands. If we examine the four possible scheduling strategies on the DLX basedmultithreaded pipeline again, we can see that this architecture model represents more realisticfeatures of a simple RISC based multithreaded processor. A RISC processor can typically notcompletely eliminate the pipeline hazards due to control and load dependencies. Instead ofassuming some hardware or software mechanisms to reduce the e�ects of pipeline hazards, weassume only that all of those hazards are hidden by multithreading in order to observe thegain o�ered by the multithreaded execution. Therefore, the average distance of two pipelinehazards is typically less than three. With the most e�cient scheduling strategy CLD, we havean average distance R = 1=(0:2 + 0:15 + 0:08) � 2:3, which is directly concluded from table3.1.4.5 Summary and RemarkThis chapter has described the main issues concerning the performance of typical multith-readed processors. Through a classi�cation of di�erent multithreading models, some commonproperties of those models have been extracted and then a general multithreaded architecturalmodel has been de�ned, which was used as basis for the further analysis. The analytical andsimulation results presented the essential performance characteristics of multithreaded execu-tion. The requirements for a fast uniprocessor and for an e�cient multiprocessor led to some
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Figure 4.12. Simulated performance of a realistic multithreaded processor(2)new problems which can not be e�ciently solved with conventional methods. Our analysis inthis chapter has shown that multithreading as a technique to handle such problems both foruniprocessors and for multiprocessors is attractive and cost e�ective.The limitation of our performance analysis for multithreaded processors may be the neglectof performance e�ects due to synchronization latency between threads. This is a complicatedissue, because synchronization latency is a dynamic factor which depends on many otherfactors as mentioned in section 4.3.2. An exact estimation of synchronization e�ects on per-formance can be achieved only by simulating program execution on a concrete multithreadedarchitecture. Further, such results may be strongly dependent on the scheduling strategy,compiler's ability to eliminate unnecessary synchronization points, and so on. The e�ects ofsynchronization latency on processor performance is also an issue which will be pursued in thefuture.



Chapter 5Fundamentals of the Latency-directedMultithreaded Execution (LDME)In the last chapter, the features and performance advantages of multithreading have beendiscussed. To exploit such advantages e�ciently, a proper execution model is necessary. Inthis chapter, some fundamental requirements on such a model will be outlined. After this, amultithreaded execution model will be presented, which contains these fundamental features.Its architectural support and associated hardware implementation will be described in the nextchapter. As this work focuses on the performance and architecture issues of multithreading,no software issues such as language semantics or compiler support will be dealed with in detail.But the proposed model contains the primitives which are fundamental for the implementationof a concrete language.5.1 Requirements on Multithreaded Execution ModelsBased on observations on performance advantages of multithreading presented so far and onvarious studies of multithreaded architectures, the following conclusions on requirements ofan e�cient multithreaded execution model are drawn:� A multithreaded execution model should be a MIMD model with a dynamic modelof storage. With the MIMD model a program is expressed as a partial ordering ofinstructions, which allows to exploit parallelism both within an instruction thread andbetween instruction threads. A dynamic model of storage is necessary for a generalMIMD model, because the execution of tasks (code blocks) form a tree, and the form ofthis tree cannot be determined statically [Cul 91a] [Pap 91a].� Means for expressing both implicit and explicit synchronization must be provided. Theimplicit synchronization is based on the program counter and e�cient to exploit in-



90 5 Fundamentals of the LDMEstruction parallelism from a single thread, whereas the explicit synchronization namessynchronization participants explicitly and is necessary to provide an e�cient synchro-nization mechanism to exploit parallelism among multiple threads.� Context switching must be fast. A multithreaded processor maintains multiple instruc-tion streams (threads) and switches from one thread to another enabled thread basedon certain events. Furthermore, such context switching occurs much more often in amultithreaded processor than in a conventional von Neumann processor. Therefore, thecontext switching is a primitive operation in any multithreaded processor and must befast.� Thread initialization and synchronization should be cheap and integrated into the in-struction set. This means, thread initialization and synchronization should be performeddirectly with normal instructions instead of calling operating system routines. Fur-ther, because each pending synchronization requires a unique name, the synchronizationnamespace should be large. A small synchronization namespace may lead to additionaloverhead for managing it at run time.� The main goal of the multithreading is to tolerate various latencies which lead to per-formance loss in conventional von Neumann machines. Therefore, the choice of threadsize should take this consideration into account and avoid the e�ects caused by variouslatency-sensitive operations, such as remote loads or synchronizing loads due to accesssome shared objects, as much as possible.Thus, a multithreaded execution model should combine the von Neumann with the data 
owmodel and therefore take advantages of executing long sequential threads and of toleratingvarious latencies while providing e�cient synchronization support for the parallel exection ofa program. The remainder of this chapter is devoted to the de�nition of a multithreadedexecution model and associated issues.5.2 Basic Issues of the LDME5.2.1 Program RepresentationFrom the previous studies of data 
ow machines[Ian 90], it has become clear that a DATAFLOW PROGRAM GRAPH (DFPG) is a powerful and elegant representation for parallelprograms because of its ability to express the partial ordering of instructions, its independenceof architectures and its precise semantics. However, direct interpretation of a DFPG-derivedgraph as in a data
ow machine implies that all synchronization should be dynamic at the



5.2 Basic issues of the LDME 91instruction level. It has been proved that this leads to poor performance on sequential codesections and to complex hardware requirements [Ian 90]. Multithreaded execution combinessuch sequential instruction sections into large scheduling units, i.e threads, thus, schedulingand synchronization occurs only at the thread level.Before we go into details of the proposed multithreaded execution model, we �rst distinguishbetween two di�erent types of latencies which should be hidden by multithreading.De�nition 5.1. An instruction is said to contain a static latency when itsoperation latency can be statically determined at compile time. 2All instructions having a constant execution time such as simple arithmetic instructions orbranch instructions contain static latency. On the contrary, there are some other instructionswhose execution time is unpredictable at compile time, thus we have furtherDe�nition 5.2: An instruction is said to contain a dynamic latency when itsoperation latency can not be statically determined at compile time. 2In general, the remote load instructions and synchronizing loads contain dynamic latency,because their execution time depends mainly on factors such as network delay, network con
ict,scheduling or computation time for other instructions. Moreover, some complex instructionssuch as integer/
oating point multiplication, integer/
oating point division, or some systeminstructions also contain dynamic latency, because the execution time of such instructions mayvary from time to time.Like other data
ow models, a multithreaded execution model should exploit the locality ofprogram execution, i.e. cluster activities (threads) which are logically closely related into codeblocks, which are scheduled and executed on one processing element. Hence, a program isrepresented by a collection of code blocks. Together with the de�nitions above, a code blockin our multithreaded execution model is de�ned as follows:De�nition 5.3: A code block is a digraph G = (T;L;D;R); where ti 2 T is athread consisting of a sequence of instructions in which the result of an instructionwith a dynamic latency must not be used by any instruction in the same thread,dij = (i; j) 2 D; i; j 2 T;L, implies the dependency of i on j, and lk 2 L isa latency synchronization thread used to synchronize any latency sensitiveoperations, ri 2 R is a split transaction arc that is either directed towards li (ri



92 5 Fundamentals of the LDMEhas either no source vertex or a source vertex tj 2 T ) or directed away from ti 2 T(ri has no destination vertex). Further, the digraph G satis�es:� G is acyclic, or it can be proved that no thread within G will be initiatedmore than once simultaneously.� G is self-cleaning. When all results have been generated it must be the casethat no threads within the code block will be executed afterwards, and� synchronizing any threads containing dynamic latencies must be performedthrough latency synchronization threads in L. 2The �rst requirement guarantees that code blocks are reentrant, i.e. the instruction text canbe shared among any number of simultaneous invocations. This is similar to the one-token-per-arc rule in static data
ow machines. The self-cleaning requirement permits the invoker ofa code block to reclaim the execution context after it receives all the results. The third re-quirement separates instructions with static latencies from instructions with dynamic latenciessuch as remote loads or synchronizing loads, etc. Within a code block, latency synchronizationthreads may be used to synchronize threads containing instructions with dynamic latencies,whereas between code blocks latency synchronization threads are used to build an interfaceto other code blocks or to remote memory blocks, which allows powerful synchronization ande�cient hardware implementation. For the synchronization between code blocks or with re-mote memory, latency synchronization threads are similar to inlets in Culler's TAM executionmodel [Cul 91a]. Recognition of latency sensitive threads within a code block caused by anyinstructions except for accessing remote memory or remote processors is a major di�erence ofour model from other proposed models and allows to achieve a more e�cient implementation inmultithreaded pipelines. We call our execution model Latency-Directed MultithreadedExecution (LDME).The structure of a code block may be as shown in Figure 5.1, where the dashed lines representsplit transaction arcs, and R0 is the split request generated by an instruction with dynamiclatency in the node T3. R1 and R2 are two remote access requests which are received by nodeL2 and L3, respectively. As seen, the nodes L1, L2 and L3 are three latency synchronizationthreads.To simplify the understanding of our multithreaded execution model, in the following we willdescribe program execution by terms used frequently in the literature.Each code block may be invoked several times during execution. Each invocation of a codeblock is called an activation. Associated with each activation is a set of memory locations
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Figure 5.1. Structure of a LDME code blockused as local working environment called frame or context of the activation. An executingcode block may invoke several code blocks concurrently, and the caller is not suspended asin a sequential language. Therefore, the set of frames at any time forms an activation treerather than a stack. This parallel call scenario is often refered to as fully parallel execution[Pap 91a]. Further, to allow greater parallelism and to support languages with non-strictfunction call semantics, the arguments to a code-block may be delivered asynchronously; eachwill initiate a latency synchronization thread within the code block. An activation is said to beenabled whenever at least one thread in the activation is enabled. If an enabled activation isloaded into the processor for execution, we say that the activation is resident. Two activationsmay be resident on a processor1. A resident activation has access to all processor resourceand remains executing until no enabled thread exists in the activation. Then, the activationis either terminated when all threads are terminated or suspended when there is at leastone thread in the activation which is not enabled. A suspended activation may be unloadedfrom the processor and become enabled again when at least one remaining thread becomesenabled.A thread becomes enabled if all data values for execution of the thread are available. Syn-chronization can be classi�ed as latency sensitive and non-latency sensitive depending onwhether a thread receives its operands from threads involving latency-sensitive instructions orfrom threads involving no latency sensitive instructions. Note that all external synchroniza-tions due to remote loads, synchronizing loads or the resource manager are viewed as latencysensitive synchronization. For any non latency sensitive threads, synchronization is performedby detecting their synchronization count which records available operands. Only when1This is only restricted by the current implementation which will be described in the next chapter. Anextension to allow that more activations may be resident is possible by integrating more hardware contexts,which is an issue that will be pursued further.



94 5 Fundamentals of the LDMEthe synchronization count becomes zero, the associated thread becomes enabled. An enabledthread is said to be ready when its associated activation becomes resident. A ready threadwaits for the processor resource which includes a set of process registers such as programcounter and the base registers. Once a thread acquires a free resource, it becomes executingor active and executes until completion.Instructions within a thread are executed sequentially. Since latencies between instructionswithin a thread are predictable, for example latencies due to static data hazards or due tocontrol hazards, the multithreaded pipeline can avoid all such inter-instruction latencies byinterleaving multiple executing threads. The details are presented in the next chapter.LDME provides four levels of synchronization: simple sequencing of instructions within athread, scheduling of latency synchronization threads, scheduling of non latency synchroniza-tion threads and scheduling of enabled activations. As other hybrid von Neumann and data
ow models, we let the compiler control thread-to-thread and activation-to-activation tran-sitions as much as possible in order to use the least expensive form of synchronization. Thecompiler will produce all synchronization counts and latency synchronization threads explic-itly.5.2.2 Choice of the Thread SizeThere are many strategies proposed for choosing the grain size, i.e for partitioning a programinto smaller tasks. Most of these strategies combine a sequence of instructions into a largescheduling unit under the consideration of their logic relation and avoidance of dead locks. Inhis Large-Grain Data
ow model Dai chooses basic block [Dai 88] as his operation node, whileIannucci partitions code blocks into SQ's by clustering sequences of sequential instructionsbased on the �ne grain data
ow program graph. Iannucci proposed some general issues ofconcern for optimal partitioning [Ian 90]:� maximization of exploitable parallelism� maximization of run length of tasks� minimization of explicit synchronization� deadlock avoidance� maximization of machine utilizationIt is not the focus of this work to develop the optimal partitioning strategy, but rather,to demonstrate the performance advantages of multithreaded architectures. For the LDME



5.2 Basic issues of the LDME 95model we choose the partitioning technique which is driven by latency instructions in orderto take advantages of multithreaded architectures.De�nition 5.4.: A latency free thread is a sequence of sequential instructionsin which no instruction uses the results produced by any instruction with dynamiclatency within the same thread. 2As seen in de�nition 5.1. all threads (including latency synchronization threads) in the LDMEare latency free. This choice is based on the following considerations:� A thread constructed in this way will reduce the synchronization frequency, becauseonce a thread is initiated, it continues executing until completion without any furtherinter-thread synchronization. Hence, the execution time of each enabled thread is deter-ministic.� Static latencies within a thread (predictable operation latencies) due to data hazardsor control hazards can be easily avoided by interleaving a small number of executingthreads as discussed in 4.3.3. Thus, a small number of hardware contexts are requiredto achieve high pipeline utilization.� Any instruction with dynamic latency can be re-phrased as split transaction and besynchronized later by latency synchronization threads. Hence, no complex hardwaremechanism for synchronizing operations with undeterministic latencies is needed.� Together with latency synchronization threads, latency free threads allow the compilerto take advantages of static information in a program and let the compiler control threador activation transitions as much as possible in order to use the least expensive form ofsynchronization.� More important, threads with deterministic execution time permit e�cient resourceutilization, which is actually the purpose of using multithreading, because unboundedexecution time of threads may force unloading some suspended threads due to limitedhardware contexts, for example, in the case when all executing threads are suspended.However, such suspension and resumption are typically expensive due to storing andrestoring the associated contexts.As mentioned before, a code block will be assigned to a single processing element (here amultithreaded uniprocessor) due to locality of processing as in most data
ow machines. Thismeans that at any instant there is one or only a small number of threads executing. Therefore,�ne grain thread size as in many other models becomes meaningless for threads belonging to



96 5 Fundamentals of the LDMEthe same activation. In contrast, �ne grain threads lead to a large amount of synchronizationbetween threads which are pure overhead. Hence, the LDME allows to exploit parallelism atsome coarse level in order to achieve optimal overall performance. The compiler takes theresponsibility for controlling the size of threads under the consideration of certain propertiesof a multithreaded architecture such as the length of the associated multithreaded pipeline.In the following a simple example is used to demonstrate the synchronization principle of theLDME by using latency synchronization threads and to show the di�erence to other typicalmultithreaded execution models. A rload-rload-subtract (A�B) computation may be realizedon P-RISC [Nik 89] as follows:fork M1L1: vA = rload pA -- (A)jump NM1: vB = rload pB -- (B)jump NN: join 2 J -- synchronization of responsesC = vA - vBThe instruction fork initiates a new thread at label M1 to exploit �ne grain parallelism. Theparent thread continues at L1 and issues the remote load (A), which then suspends to awaitthe response. The just forked thread executes at M1 and issues also the remote load (B), andthen awaits the response. When the response arrives, the corresponding thread is resumed andcompletes the remote load instruction by storing the arriving value into vA or vB. Join 2 J isthe synchronization instruction and will be executed twice, once by each thread. J is initializedto 0 and increased by each execution. If J < 2, the thread dies, otherwise it continues.It is clear that two remote load instructions have dynamic latency, which blocks the furtherexecution of threads. The suspended threads possess however all necessary processor resourcefor resumption of the thread. But this is an obvious waste of processor resource. With theLDME, we split all instructions with dynamic latencies into two parts: an initiate instructionand a latency synchronization threads like this as follows:fork M1L1: rload pA:Sa -- initiate remote load (A)M1: rload pB:Sb -- initiate remote load (B)Sa: vA = store (V) -- store incoming value (A)start N -- synchronizing N



5.2 Basic issues of the LDME 97Sb: vB = store (V) -- store incoming value (B)start N -- synchronizing NN(2): C = vA - vBThe instruction rload pA:Sa initiates the remote load on the address pA, and the responsewill initiate the latency synchronization thread Sa. When the response (say A) arrives, thelatency synchronization thread Sa is initiated, which stores the incoming value into vA. Theinstruction start N then tries to synchronize another thread Sb, where the number 2 in N(2)is the synchronization count, i.e. the number of required incoming data values to initiate thethread N. If the two instructions start N of both Sa and Sb are completed, then the thread Nis initiated.The di�erence of these two execution models is obvious. Comparing the two programs abovealone, two main features of the LDME programs can be drawn:� All threads are non-blocking, i.e. there is no suspension for any thread. Once a threadis initiated, it continues executing until completion. Only threads in execution possessthe processor resource.� All instructions with dynamic latencies are rephrased as split phase transactions, the as-sociated continuation, i.e. a completion speci�cation of the thread awaiting for response,contains only the identity (thread number) of its latency synchronization thread insteadof the complete context of the suspended thread like the execution model on P-RISC.This can reduce the amount of information carried on message to the network.5.2.3 Construction of LDME programsThe construction of a directed graph for a code block consists of two steps: partitioning acode block into threads (T and L) and connecting the resulting threads with directed arcs(D and R). The problem of exploiting a reasonable parallelism within a code block is morecomplicated and can only be solved through data 
ow analysis under the consideration of cer-tain architecture properties. In the following, we will demonstrate the construction of LDMEprograms through a typical example DAXPY, which is also used to show the multithreadedmodel of *T machine[Nik 92]. The reader is encouraged to compare the following programswith the programs for *T.An example: DAXPYDAXPY is the inner loop of the Linpack benchmark [Nik 92]



98 5 Fundamentals of the LDMEfor (i=0; i<N; i++)Y[i] = a*X[i] + Y[i];We assume that the basic associated execution context (frame) contains the following data,which is accessed relative to its base-frame-pointer BFP:...N: Loop constanti: Loop variableXP: Pointer to X[0]YP: Pointer to Y[0]A: constantMtmp: temporary variable...Further, we assume that the execution time of multiplication is multiple cycles, therefore, itis reasonable to view multiplication as an operation with dynamic latency in a multithreadedpipeline with deterministic pipeline stages.1. Uniprocessor codeFor a uniprocessor, the unique issue of concern for constructing a LDME program is based oninstructions with dynamic latencies. Note that there is only local memory in a uniprocessor,which contains the arrays X and Y, hence, no memory latency will occur. The uniprocessorcode for DAXPY is shown in Figure 5.2, where the names with \R" are the general purposeregisters of the allocated register set2 , the names with \( )" the memory locations in alocal or remote memory, the solid lines represent dependent arcs, and the dashed lines splittransaction arcs.As shown, there are four threads in the code above. Note that the multiplication instructionRXI*Ra is split. Synt is the corresponding latency synchronization thread which is initiatedautomatically when the multiplication completes. Synt stores the result into the frame andthen initiates another thread A1 for further computing. stop explicitly terminates a thread,otherwise a thread is implicitly terminated after the execution of its last instruction. Notethat the crossed circle represents the merge relation of two input arcs.Here we see another accompanying consequence of the LDME, which can degrade the perfor-mance, i.e. each thread must perform many loads and stores. The reason of using such loadsand stores is that there is no implicit saving or restoring of registers which are released aftertermination. Thus, it is forced to load and store the values in registers repeatedly. More-over, the thread A1 is directly initiated by the latency synchronization thread Synt and does2Assuming that a multithreaded processor contains multiple register sets in order to maintain multipleexecuting threads, which are necessary for masking possible latencies due to hazards.
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fork loop

loop:

begin: RN := (N)

Ryp := (YP)
RYI := (Ryp)
Rtemp := (Mtemp)
RYI := RYI + Rtemp

Ryp := Ryp + 1
(YP) := Ryp
fork loop

(Mtemp) := V ;  X[i] * a
fork A1

A1

Synt :

Ra := A

RN := RN - 1

Rxp := Rxp + 1

Rxp := (XP)

RL := RN < 1

(XP) := Rxp

Out : 

.

.

.

(i) := RN

  RN := (i)

(i) := RN
RXI := (Rxp) 
RXI * Ra    -- split

if RL = true then stop
if RL = true then fork Out

(Ryp) := RYIFigure 5.2. The directed graph of the uniprocessor DAXPY codenot require any synchronization with other threads, hence, two threads Synt and A1 can bemerged together to avoid some super
uous instructions.To solve the �rst problem we de�ne some global registers for each activation, which allow shar-ing of data across threads. Global registers will be released only when the resident activationis terminated or unloaded from the processor. Thus, global registers for each activation allowthe compiler to control the use of such registers in order to reduce loads and stores acrossthreads. Now, the improved uniprocessor assembly code can be rewritten below:load Gxp, XP -- load pointer to Xload Gyp, YP -- load pointer to Yload Ga, A -- load constant aload GN, N -- load loop constantltp RL, GN, 1 -- if GN < 1tfork RL, Out -- zero-trip loop if lesstjump RL, End -- stop if lessfork Loop -- initiate LoopEnd: stop -- stopLoop: load RXI, Gxp -- X[i] into RXIfmul (Ra, RXI):Synt -- split multiplication



100 5 Fundamentals of the LDMEadd Gxp, Gxp, 1 -- increase GxpSynt: mload Rtmp, V -- load result of mult. into Rtmpload RYI, Gyp -- Y[i] into RYIadd Rtmp, Rtmp,RYI -- a*X[i]+Y[i]store Gyp, Rtmp -- store Y[i]add Gyp, Gyp, 1 -- increase Gypsub GN, GN, 1 -- decrease Ngtp RL, GN, 0 -- if CN >= 1tfork RL, Loop -- initiate LoopOut: ...Note that the names with \G" are global registers of the resident activation. As seen, theloop consists of two threads now. Di�erent from the methods for resolving dynamic latencyin chapter 3 (scoreboard, reservation station etc.), multithreading is used here by splittinginstructions with dynamic latencies, and an associated latency synchronization thread will beactivated automatically when corresponding operations are �nished.2. Multiprocessor codeFor multiprocessor code we have to consider another issue of concern in constructing LDMEprograms, i.e. latencies due to remote accesses which may be either remote loads or remotesynchronizing loads. Because such latencies are often long and unpredictable, more threadsare required to mask such latencies.Suppose X[I] and Y[I] are stored on remote memories (or nodes) in a multiprocessor. Therefore,all loads of fetching array elements have to be split, thus, the processor can be freed to doother work during accesses. Once a response arrives at the processor, an associated latencysynchronization will be initiated, which tries to join (synchronize) with the other responsesusing a synchronization count. If the synchronization succeeds, the thread for using the datais initiated. After execution, a rstore instruction stores the result in the remote memory.Meanwhile, the rstore acknowledges all arriving data at the processor, which is introduced toguarantee self-clearing of programs just like in other data
ow models.The multiprocessor code is also organized in a single code block, and its extended frame layoutis shown below: ...N: Loop constantXP: Pointer to X[0]YP: Pointer to Y[0]Xa: Copy of a*X[i]YI: Copy of Y[i]A: constant...
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rload Gyp -- split
rload Gxp -- split

Loop:

to the remote memory blocks

Synt1:

Ga * RXI -- split
Gxp := Gxp + 1

(Xa) := X[i] * a
fork EX

Synt2

fork EX
(YI) := Y[i]

Synt3

Gxp := (XP)
Gyp := (YP)
Ga := A

RYI := (YI)

Rtemp := Rxa + RYI
rstore (Gyp) := Rtemp -- split
Gyp := Gyp + 1
GN := GN - 1
RL := GN >= 0
if RL true then fork Loop

GYn := GYn - 1
RL := GYn > 0
if RL true then fork Out

Ack:

EX :

fork Loop

RL := GN < 1
GYn := GN

begin:

if RL true then fork Out

from the remote memory block

from the remote memory block

Out
.
.
.

GN := (N)

RXI := (Gxp) 

Rxa := Xa

if RL true then stop

Figure 5.3. The directed graph of the multiprocessor DAXPY codeFigure 5.3 shows the directed graph of the code block. The corresponding assembly code isgiven below. load Gxp, XP -- load pointer to Xload Gyp, YP -- load pointer to Yload Ga, A -- load constant aload GYn, N -- load loop trip used for ack.load GN, N -- load loop tripltp RL, GN, 1 -- if GN < 1tfork RL, Out -- zero-trip loop if lesstjump RL, End -- stop if lessfork Loop -- initiate LoopEnd: stop -- terminateLoop: rload Gxp:Synt1 -- initiate load X[i]rload Gyp:Synt3 -- initiate load Y[i]Synt1: mload RXI, V -- load the arriving X[i] into RXIfmul (Ra, RXI):Synt2 -- split multiplicationadd Gxp, Gxp, 1 -- increase GxpSynt2: store Xa, V -- store the arriving a*X[i] into Xafork EX -- synchronizing with Y[i]



102 5 Fundamentals of the LDMESynt3: store YI, V -- store the arriving Y[i] into YIfork EX -- synchronizing with a*X[i]Ack: sub GYn, GYn, 1 -- record the completed rstoreseqp RL, GYn, 0 -- if GYn = 0tfork RL, Out -- initiate Out if trueEX: load RYI, YI -- load copy of Y[i]load Rxa, Xa -- load copy of a*X[i]add Rtmp, RYI, RXa -- a*X[i] + Y[i]rstore Gyp:Ack -- rstore the resultadd Gyp, Gyp, 1 -- increase Gypsub GN, GN, 1 -- decrease Ngtp RL, GN, 0 -- if CN >= 1tfork RL, Loop -- if true then initiate LoopOut: ...Synt1, Synt2, Synt3 and Ack are four latency synchronization threads used to synchronizethe remote accesses and multiplication. As seen, the code above is constructed under theconsideration of splitting all instructions with dynamic latencies. If enough parallelism isavailable, the code may consist of many small threads which are asynchronously initiated andsynchronized. Because of cheap thread initiation and thread synchronization, such parallelthreads will be used to mask all dynamic latencies.5.2.4 Some Characteristics of the LDME ModelThe above example shows the following main characteristics of the LDME, which are of im-portance for its e�cient implementation:� Instead of complex hardware synchronization mechanism such as frame memory withpresence-bits, latency synchronization threads are used to synchronize split operationsand to schedule threads. Latency synchronization threads are usually short and shouldbe a small fraction in comparison with normal sequential threads.� Split phase transaction is the key technique to mask all possible unpredicatable latencies.This also allows to avoid complex hardware mechanism to resolve the hazards due tounpredictable computation time such as multiplication in the above example.� By separating normal sequential threads from latency synchronization threads, the pro-posed approach permits e�cient hardware implemention, because latency synchroniza-tion threads are usually short and can be executed on a special coprocessor, while all



5.3 Implementation Issues 103normal threads are executed on a multithreaded processor which is optimized for execu-tion of sequential threads and mask inter-instruction hazards by interleaving a smallnumber of threads.� By accessing the same frame, no actual data 
ows between threads take place. Byintroducing some global registers for each resident activation, this approach allows morecompiler interference by managing registers in order to reduce the number of used loadsand stores.5.3 Implementation IssuesSo far, the LDME should be viewed as a logical model for a multithreaded processor (uni-or multiprocessor). In this section, we deal with some details of implementation issues of theLDME. Some important aspects of implementation will be presented, which include represen-tation of threads, storage hierarchy, synchronization and scheduling etc. The implementationpresented here has been directly in
uenced by von der Heide's PUMA [VdH 86] and theauthor's previous multithreaded machine MTMA [Fan 91][Fan 92a][Fan 92b]. These imple-mentation issues have also been coordinated with its actual hardware architecture support. Amultithreaded processor supporting the LDME will be presented in detail in the next chapter.5.3.1 ThreadA thread t 2 T of a code block G (see de�nition 5.3) is characterized by a triple consisting of< IP; Lg; Sc >where IP is the instruction pointer, Lg the length of the thread and Sc the synchronizationcount. Each thread is a sequence of sequential instructions and contains no loop, therefore, Lgis also equal to the number of executed instructions within the thread. A loop will be treatedas a code block (see the next section). We integrate the synchronization count into the abovetriple only due to hardware implementation considerations. Logically, the synchronizationcount Sc is equal to the entry count in [Nik 89]. A thread with Sc > 0 is called a synchronizingthread which will be initiated by more than one other thread, whereas a thread with Sc = 0requires no synchronization and is therefore called nonsynchronizing thread. Because all threeterms in the triple can be determined statically, the above triple is also called static threaddescriptor.As mentioned, a thread is executed only when its corresponding activation is resident. At thebeginning all static thread descriptors reside in a special high speed memory called descriptormemory. Static thread descriptors are modi�ed during program execution. A static thread



104 5 Fundamentals of the LDMEdescriptor will be extracted from the descriptor memory and stored into a thread queue whenthe corresponding thread becomes enabled.An enabled thread becomes executing when it gets a free resource. A thread is executed underthe environment of its corresponding activation and is then characterized by< Fp;Dp;Rg; IP; Lg >where Fp is the data frame pointer of its activation, Dp the descriptor frame pointer and Rgthe register set pointer. Likewise, the above tuple is called dynamic thread descriptor whichis constructed at run time.The choice of the above representation of a thread is based on the following considerations:� All terms in the static thread descriptors can be determined at compile time. It is notnecessary to generate thread descriptors at run time, which may require more hardwaresupport.� Saving all static thread descriptors in a seperate memory (descriptor memory) allows toperform synchronization and initiation of a thread with a single machine instruction inthe actual implementation (see the next chapter).� As mentioned, only two activations are resident (i.e. executing) at any time. However,several other enabled activations may exist in the processor. It is possible that an enabledactivation may accumulate several enabled threads (for example, some arguments aresupplied), i.e. their thread descriptors must be saved in the corresponding thread queue.Again, separating the descriptor memory from the data frame allows writing such threaddescriptors in their thread queues with a single instruction.� The descriptor memory is much smaller than the instruction memory, which allowsreferencing threads with short address and leads to e�cient encoding of instructions.When a code block is invoked, a descriptor frame must be allocated for the activation, whichalso includes initiation of the allocated descriptor frame. The overhead here is thus to copy allstatic thread descriptors into the descriptor frame. Similar overhead also occurs in using entrycounts in the data frame and involves initiating all entry counts before any execution[Cul 91a].However, all threads li 2 L (i.e. latency synchronization threads) are treated di�erently. Likeother execution models [Nik 92], the thread descriptors of latency synchronization threads areformed when arriving responses of split operations become available. The reason for di�erenttreatment of latency synchronization threads is given below.
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.  .  .  Figure 5.4. An activation environment5.3.2 ActivationLike in other data
ow and multithreaded machines [Arv 86][Cul 91a], we call each invocationof a code block an activation. Because an executing code block may invoke several code blocksconcurrently, it is necessary that each activation has its own executing environment, which isallocated by the run time manager at the time of its invocation3. For the LDME model suchan activation environment consists of a descriptor frame and a data frame and is referenced byan activation descriptor which consists of the pointer to the descriptor frame and the pointerto the data frame < Dsp;Dfp >, as shown in Figure 5.4.The descriptor frame contains a queue descriptor (QD) and all static thread descriptors (TDs)as shown in Figure 5.5. The queue descriptor references to the thread queue holding threaddescriptors of enabled threads in the data frame.queue descriptorthread descriptor 1thread descriptor 2...thread descriptor nFigure 5.5 Structure of a descriptor frameThe data frame is shown in Figure 5.6. Argument slots contain all input arguments fromits parent activation and results from its child activations. An activation descriptor and asynchronization thread pointer for its parent activation and several activation descriptors and3It should be noted that the dynamic resource allocation for each activation has been researched intensivelyby data
ow researchers and almost become the standard technique used in many data
ow or multithreadedmachines. For the LDME model this technique is also necessary to exploit su�cient parallelism in a programin order to hide various latencies.



106 5 Fundamentals of the LDMEsynchronization thread pointers for its child activations are generated by the resource managerwhen the code block is invoked. They are used to transfer arguments and results between callerand callee and to reference latency synchronization threads in a separate synchronizationprocessing unit (see the next chapter). Local slots are the working space for the activation.At last, the thread queue slots are used to save thread descriptors of all enabled threads.The size of the thread queue will not over
ow at any time, because the maximum number ofthreads within an activation can be determined statically at compile time.activation descriptor for parentsynchronization thread pointer for parentactivation descriptor for child 1synchronization thread pointer for child 1...activation descriptor for child msynchronization thread pointer for child margument 1...argument nlocal slot 1...local slot kthread queue element 1...thread queue element sFigure 5.6. Structure of a data frameNote that both descriptor frame and data frame are generated statically by the compiler. Byinvoking a code block, a descriptor frame and a data frame are allocated. Further, initiation ofthe descriptor frame and the data frame must also be performed by the resource manager priorto executing the activation. The relation between descriptor frame, data frame and programcode of code blocks as well as the basic structure of storage resource are depicted in Figure5.7.The following features of the storage structure of the LDME deserve some more comments:� No presence-bits in each location of the data memory and no synchronization countsfor synchronization are required, because synchronization between threads is performedthrough the synchronization count in static thread descriptor, which simpli�es the im-plementation of local memory.� Because the length of a thread is statically determined at compile time, no explicitinstruction stop is required. The hardware checks the length of threads and starts exe-cuting another enabled thread whenever the length of the executing thread has decreasedto zero.
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Figure 5.7. Basic storage structure of the LDME� Data structures are not allocated directly in the local data frame, but in a seperateheap. The data frame only holds their descriptors (see the DAXPY example in the lastsection). An e�cient access to data structures through descriptors is performed by splitphase transaction. We assume here that the heap is equipped with I-structure semantics[Arv 86].� We treat all latency synchronization threads di�erently from the non-latency synchro-nization threads. Latency synchronization threads are initiated by responses of splitoperations and are usually small. Moreover, latency synchronization threads belong-ing to di�erent activations (resident and nonresident) may be initiated simultaneously,for example, in transfering arguments to callees or returning results to callers. In thiscase, latency synchronization threads belonging to a nonresident activation must alsobe executed without suspension, wheareas non latency synchronization threads can bescheduled for execution only when their corresponding activation becomes resident.� The initiation and termination of activations are done dynamically. Therefore, logicallyall enabled activations form an activation tree instead of an activation stack as in se-quential execution. This activation tree may be mapped to multiple processing elementsand is executed in parallel.5.3.3 Synchronization and SchedulingIn the LDME there are four levels of synchronization during program execution: simple se-quencing of instructions within a thread through IP, scheduling of latency synchronization
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Descriptor MemoryFigure 5.8. Extended queue structurethreads through responses of split latency sensitive operations, scheduling of non-latency syn-chronization threads through explicit instructions and scheduling of enabled activations orresumed activations. We proposed queue-based primitives to perform the two latter schedul-ing [Fan 91], i.e. scheduling of non-latency synchronization threads and scheduling of acti-vations. The queue-based primitives are based directly on bu�er-objects and the associatedevent-driven control mechanism in PUMA [VdH 86].Queue-structureUsually, a queue is a linear structure for which access is performed in FIFO manner. Here,the conventional queue concept has been extended: to each queue two exception handlers areassigned, which can be programmed freely. These two handlers are used to handle two excep-tional events: QueueOver
ow and QueueUnder
ow. So a complete queue is representedby < q;O(q); U(q) >where q is a circular array, O(q) its over
ow handler and U(q) its under
ow handler. Thesetwo handlers can also be viewed as two threads, whose thread descriptors as well as queueelements are constructed together as a data structure stored in the data memory. A queueis accessed through its queue descriptor stored in the descriptor memory. Accesses to thedescriptor memory are atomic and involve reading the queue descriptor, modifying it andstoring it back into the descriptor memory.
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Figure 5.9. Two level schedulingA mechanism called event-driven control is used to perform the following operations wheneveran exceptional event is detected:� The thread descriptor of the executing thread is stored in its context temporarily, i.e.suspending the executing thread. All instructions belonging to the suspended threadin the multithreaded pipeline are eliminated, i.e. the pipeline must be cleaned up afterexception.� One of the thread descriptors (O(q) or U(q)) is loaded from the queue structure andactivated immediately.Thus, the event driven control mechanism will trigger the corresponding handler if an excep-tional event occurs during queue access. The handler performs the desirable action.Two level schedulingAs noted previously, only two activations are scheduled for execution at any time, while otherenabled activations must wait for free resources. Using queue-based primitives, a two levelscheduling can be implemented e�ciently (Figure 5.9).At the �rst level each activation has its own thread queue where the descriptors of enabledthreads are stored. For nonresident activation the descriptor of an enabled thread is insertedinto its thread queue when the thread becomes enabled. This is performed by a latency syn-chronization thread. For resident activation the descriptor of an enabled thread will be insertedinto its thread queue only when all processor resources have been allocated. Otherwise this



110 5 Fundamentals of the LDMEenabled thread gets a processor resource and starts execution immediately, and its descriptorwill then not be inserted into the thread queue. During execution the next thread descriptorwill automatically be read from the thread queue of one of the resident activation when oneexecuting thread terminates. In our actual implementation, we distinguish the exceptionalevents of access to thread queues for resident activation and for nonresident activations. Forresident activation, some threads are being executed, while other enabled threads which havenot got processor resources for execution remain in their thread queue. The access to thethread queue of resident activation is implicitly performed by hardware, i.e. a thread de-scriptor is read from its queue whenever a processor resource for executing another enabledthread is available. Therefore, an exceptional event QueueUnder
ow occurs when the threadqueue is empty and no threads are in execution, i.e. all enabled threads of this activationare terminated. For a nonresident activation, all enabled threads reside in their thread queue,which is accessed (read) explicitly by queue read instructions of the resource manager whenthis activation becomes resident. If no descriptor exists in the queue (i.e. there is no enabledthread in the activation), the handler U(q) switches the activation and inserts its activationdescriptor into the system queue again, otherwise the activation becomes resident.At the higher level another queue called system queue is used to save activation descriptors ofenabled activations or suspended activations. An activation descriptor is read from the systemqueue whenever the resident activation is terminated or suspended. If the system queue isempty or full, its associated handler delivers the information to the global resource managerwhether the processing element is idle or overloaded, which should help load balancing in taskdistribution.In the current LDME model the queue-based mechanism is used only to schedule threads andactivations. However, the queue is a useful data structure for many algorithms. In PUMA, thequeue is one of the primitive objects supported by the hardware and has shown its advantagesand its 
exibility in constructing the execution pipeline, the storage management routines[Vogt 90] etc. In a previous multithreaded machine proposed by the author, queue-basedprimitives were used to perform communication and synchronization, to implement severalimportant operations which are frequently used in parallel programming etc. [Fan 91].5.4 Parallelism in the LDMEFour scheduling levels supported by the LDME allow to exploit parallelism at di�erent levels.It is worth reviewing how the various forms of parallelism can be exploited with correspondingarchitectural support:



5.4 Parallelism in the LDME 111� Intra-thread parallelism is the basic form of parallelism for keeping the pipeline full,as in a conventional pipelined processor. Unlike conventional pipelined processors, nocomplex mechanisms for detecting and resolving various forms of pipeline hazards areemployed. Instead, all such hazards and operation latencies are masked by parallelismbetween threads.� Inter-thread parallelism within a code block is the most important form of parallelismfor hiding various latencies, due to pipeline hazards, due to long operation latencies anddue to long remote access latencies which degrade performance of multiprocessors basedon von Neumann machines. Fast context switching between threads is required to maskthese low level latencies. The use of multiple register sets, one for each executing thread,keeps the cost of context switching very low.� Inner-loop parallelism is supported by representing each loop as a code block and pro-viding e�cient means for sending data between codeblocks. This requires fast allocationand deallocation of contexts and fast argument/result transfer. Moreover, latency syn-chronization threads can be used to support nonstrict invocations, i.e. invoke a codeblock before all its arguments are generated. At the same level lies the procedure callparallelism which can be exploited with the same mechanism.� Outer-loop inter-iteration parallelism is supported by representing the storage for aniteration explicitly, and allowing multiple storage areas to be named and addressed asin [Ian 90]. It is also possible to unravel outer-loop at run time by executing someprimitives like init loop and init iter in [Dai 88].The question related to the exploitation of loop parallelism and procedure call parallelism arebeyond the scope of the present work. It is claimed that solutions applicable to machines suchas Iannucci's hybrid machine [Ian 90] or Dai's Large-Grain-Data
ow Machine [Dai 88] are alsoequally applicable here, because of the following relevant similarities:� A program is organized as a collection of code blocks which can be initiated and termi-nated dynamically. Demand for context-speci�c storage is not only bounded, but alsois known a priori. Each code block carries with it a record of descriptor frame and arecord of data frame which are determined at compile time.� Nonstrict invocation of loops and procedures, which allows to exploit parallelism e�-ciently.� Similar data frame structure of invoked code block (activation), which supports fastargument/result transfer between activations. Data structure will not be allocated in a



112 5 Fundamentals of the LDMElocal data frame, but in a separate heap which possesses I-structure-like semantics tosupport parallelism and synchronization at data element level.Likewise, we claim that solutions to handle �nite resources while exploiting parallelism forother machines are also applicable here.5.5 Summary and RemarkIn data
ow computation, synchronization occurs on each instruction, and each synchronizationevent requires a unique name, therefore, a large synchronization name space is necessary,which is restricted actually by the size of the waiting matching unit. If we form a sequenceof sequential instructions as a large scheduling unit (thread), synchronization occurs thusonly between threads. Therefore, the associated synchronization name space is dramaticallyreduced. In the LDME model, we integrate the synchronization name space into threaddescriptors by recognizing that synchronization events and basic thread characterization can bestatically determined at compile time and integrating synchronization information into threaddescriptors allows fast context switching (thread switching) in hardware implementation (seethe next chapter), because no access to the activation frame (data frame) must be performedbefore thread scheduling. This is important for a multithreaded pipeline where access to thedata memory is performed at a late stage.The LDME model is based on various related research such as Iannucci's hybrid machine[Ian 90], Culler's TAM [Cul 91a], Arvind and Nikhil's P-RISC [Nik 89] and *T [Nik 92], anddistinguished from them not only by providing mechanism to support tolerance of latenciesand synchronization, but also by trying to improve the performance of multithreaded pipeline,which has been payed little attention in multithreaded research. In the next chapter, we willpresent a design of such a multithreaded pipeline.



Chapter 6Design of a LDME ProcessorSo far the latency-directed multithreaded execution model (LDME) has been described. Asmentioned in the last chapter, the LDME takes into account some potential hardware imple-mentation advantages. For example the synchronization count for synchronization threads aredirectly integrated into their thread descriptors instead of reserving a location in their localdata frame as in some other data
ow or multithreaded processors [Pap 91a][Ian 90]. In thischapter, we will present a concrete design of a LDME processor, which includes the detailedimplementation considerations of the overall machine organization, the processing element,the instruction set architecture and the detailed design of a multithreaded pipeline.6.1 Overview of a LDME ProcessorThe LDME is a model of MIMD computation. A LDME processor should be applied eitheras a uniprocessor or as a multiprocessor which comprises a collection of processing elements(PE's), connected to each other via a suitable interconnection network and to a set of mem-ory modules which are constructed together as a global data structure storage containingI-structure semantics. The overall machine organization of a LDME multiprocessor can besketched conceptually as in Figure 6.1.I-structure storage has been discussed manifoldly and applied in many data
ow machines[Arv 86][Arv 90]. Hence, its structure will not be reiterated here. It is su�cient to assumethat the storage units collectively implement a single global address space. Each unit ac-cepts requests to remote LOADs and STOREs, performs synchronization and responses in apipelined fashion. Communication between processing elements or accesses to the I-structurestorage are performed through split phase transaction, and the corresponding responses canreturn in any order.The network's internal structure is of little concern here, because the di�erences of networks
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6.2 Architecture 115can be reasonably distinguished by their di�erent transit latency through the network. Forexample, a multistage packet switch network has a transit latency of log(n), where n is thenumber of inputs. Further, we assume that messages can be accepted in a pipelined fashion,and that the acceptance/delivery rate matches both the processor and the structure memory.A fundamental issue in a multiprocessor concerns the mapping of a computation onto a set ofphysical processing elements. For a LDME multiprocessor, this corresponds to the mappingof codes, descriptor frames and data frames across processing elements. To take advantage oflocality, we employ the strategy in which the code, the descriptor frame and the data frame,which belong to the same activation, are allocated to a single processing element. This strategyhas also been employed in many data
ow machines such as MIT's TTDA and Papadopoulos'sMonsoon [Pap 91a].By insisting that frame references are local to a processing element, we do not support loadbalancing algorithms that move activations, once allocated, among processors. Instead, loadbalancing could be considered when a new activation is initiated. In the previous chapter, weproposed a two level scheduling strategy. A system queue holds all enabled activations in theassociated processing element. A just initiated activation can be allocated under the consid-eration of load situation of such system queues across processing elements. There are manystrategies proposed for other multiprocessor systems. Grafe and Hoch proposed an interest-ing multistage packet switched network called load balancing network for their EPSILON-2data
ow multiprocessor [Gra 91]: this extended multistage packet switched network is alsoresponsible for load balancing by distributing activation frame requests across processing ele-ments. The basic idea of the load balancing network is to route the activation frame requestsintelligently to the least loaded processing element in the system and then to allocate anactivation frame there. The routing of the activation frame requests through the network isguided by load indicators at network switching elements. Load indicators are propagated backfrom the processing elements and re
ect the load state of each processing element.Since the activation frame and the corresponding code are local to a processing element, weare assured that instructions which perform frame accesses are non-blocking. In contrast,an instruction accessing an arbitray storage location (say reading a frame local in a remoteprocessing element or in the shared structure memory) is split, and the operation is completedby its latency synchronization thread when the response arrives. Thus, no instructions maybe suspended during program execution, which is the key di�erence of our model from manyother data
ow or multithreaded machines where synchronizing loads for frame locations mayblock instructions to complete [Nik 89][Nik 92].



116 6 Design of a LDME Processor6.2 ArchitectureIn this section, we present the architecture considerations of our preliminary multitihreadedprocessor, which include the supported hardware types, instruction set, and storage organiza-tion. As mentioned, we will not deal with multiprocessor issues such as network structure orI-structure memory, but concentrate on the architecture of the processing element.6.2.1 Hardware TypesThe processor has a �xed word size of 36 bit { 32 bits as data/pointer and 4 bits as type tag.type data/pointer4 32The choice of a 32-bit data width for this preliminary LDME processor is based on the obser-vations of manymodern RISC-processors. The basic LDME processor architecture is extendedfrom the well-known RISC-processor DLX [Hen 90] by integrating some hardware mechanismsinto the pipeline, which are required to support multithreaded execution. Like other data
owmachines such as Monsoon [Pap 91a] and EPSILON-2 [Gra 91], the processor has to han-dle several di�erent data types such as descriptor frame pointers, data frame pointers, etc.Integrating data type information permits dynamic check of data types during instructionexecution. In the following data types the �eld type is omitted.Integer NumberInteger numbers are 32 bit, unsigned or signed two's complement notation. Integers will alsobe used to represent boolean values. We assume that the processor recognizes a false valueas a word of all zero and a true value as anything else. Boolean values are useful to expressresults of comparison operations.Floating Point NumberFloating point numbers conform to the IEEE Standard 754 for double precision as follows:Sign Exponent Mantissa1 11 52Single precision 
oating point numbers are provided as well and represented as follows:Sign Exponent Mantissa1 8 23There are special instructions for 
oating point operations. To simplify the implementationof the LDME architecture, all 
oating point instructions de�ne only single precision 
oating



6.2 Architecture 117point operations in this design. All double precision operations will be performed throughcorresponding software routines.Thread Descriptor (TD)A thread descriptor contains three terms which are statically determined at compile time:IP Lg Sc20 8 4where IP is the instruction pointer referencing to the local instruction memory, Lg the lengthof thread, and Sc the synchronization count. Note that the compiler generates thread de-scriptors only for threads (8ti 2 T ), i.e. normal threads. Latency synchronization threads aretreated di�erently.Queue Descriptor (QD)A queue descriptor is a pointer to the thread queue of an activation, which is allocated withinthe data frame. Its format is shown as follows:{ Head Tail Length2 10 10 10As shown, the �rst two bits are not used, Head points to the head of the queue, Tail pointsto the tail of the queue, Length is the length of the queue. For each activation, the compilerallocates su�cient area for saving thread descriptors of all possibly enabled threads. Therefore,no exceptional event QueueOver
ow will occur. Head and Tail are used for determiningthe exceptional event QueueUnder
ow.Note that a queue occupies a continous area within a data frame. The base address of thequeue area is computed based on the data frame pointer. Additionally, a queue structure canalso be used for other purposes. In this case, extra queue area must be allocated and accessedthrough an explicit base address. This issue, however, is not included in this study.Data Frame Pointer (Dfp)A data frame pointer contains the base address of a data frame allocated in the local memory.Data frame pointers are 20 bit wide, the upper 12 bits of a word are not used.Descriptor Frame Pointer (Dsp)A descriptor frame pointer contains the base address of a descriptor frame allocated in thelocal descriptor memory. Descriptor frame pointers are 12 bit wide, the upper 20 bits of aword are not used.Activation Descriptor (AD)



118 6 Design of a LDME ProcessorAn activation descriptor consists of a data frame pointer Dfp and a descriptor frame pointerDsp as follows: Dsp Dfp12 20An activation descriptor is only allocated when an activation is initiated, then the activationdescriptor is �rst loaded into the system queue before the corresponding activation becomesresident. Activation descriptors are also used to build request messages for accessing remoteprocessing elements. Note that no explict activation descriptors are required for split opera-tions within the same processing element and for accesses to the I-structure memory. Thesecases, the activation descriptors will be implicitly extracted from the current execution envi-ronment.I-structure descriptor (ISD)An I-structure descriptor encodes an address in a I-structure memory. I-structure descriptorsare represented as the segmented address NODE:OFFSET as follows:NODE OFFSET12 20where OFFSET is a pointer to a location in the memory module NODE.Code Block Pointer (CBP)A code block pointer points to a code block in program memory. Because code blocks do notspan across processing elements, a code block pointer is represented as follows:NODE Code Block Address (CBA)12 20where NODE is the processing element number, and CBA the address of a code block inprogram memory. Code block pointers are used by the run timemanager to invoke activations.Synchronization thread pointer (STP)All latency synchronization threads of a code block are treated di�erently and referenced bya pointer, which is represented as follows:NODE Instruction Base Address (IBA)12 20where NODE is the processing element number, and IBA the base address of the code oflatency synchronization threads, which are allocated in a continous memory segment in thesynchronization unit (see 6.3.2).



6.2 Architecture 1196.2.2 Implicit Hardware TypesIn contrast to the data types mentioned above, variables of these types are generated by hard-ware during execution. They are called implicit hardware types: dynamic thread descriptorand message.Dynamic Thread Decriptor (DTD)A dynamic thread descriptor contains the information needed for thread execution at runtime: Dsp Dfp IBA Rg IP Lg12 20 20 4 20 8Dsp is the descriptor frame pointer (base address) to its local descriptor frame, Dfp the dataframe pointer to its local data frame, Rg the register set number which is allocated when thethread is scheduled for execution, IBA the base address to the code of latency synchronizationthreads of the current activation, IP the instruction pointer to the next instruction, Lg thenumber of the remaining instructions to be executed. For latency synchronization threads,their dynamic thread descriptors are constructed by the synchronization unit. The detailsabout handling latency synchronization threads will be described in the next section.MessagesA message is constructed by a split operation and routed to a remote processing element, tothe I-structure storage or to a functional unit within the processing element on which the splitoperation is performed. Messages do not have �xed size, but vary according to the kind ofmessage. An approximation to a message format can be represented as follows:< U; [NODE]; [MOP ]; arg1; arg2; ::: >where U says whether this is a message to a remote node or to a functional unit within thesame node, NODE is the processing element number or memory module number, MOPspeci�es how the message should be handled, i.e. operations like read or write, the argumentsare constructed according to the message operation MOP . [ ] means that the included itemmay be omitted based on the types of messages. There are generally three types of messages:1. Messages for local split operationsWhenever a local split operation is encountered, a request message is built and routed to thecorresponding functional unit. The format of the request message is:< 0; FU; operand1; operand2; IBA; ls; LST=addr;AD >where the bit 0 indicates that this is a local message, FU the functional unit number, IBA thebase address of a memory segment where all latency synchronization threads of the running



120 6 Design of a LDME Processoractivation reside, ls indicates whether the response message will initiate a latency synchroniza-tion thread or not1, LST points to the corresponding latency synchronization thread, addris an o�set to the data frame and used for direct writing of the generated result (togetherwith ls) in a data frame location without initiating a latency synchronization thread, and ADreferences the current descriptor memory and the current data frame.After execution, the functional unit builds a response message which consists of< 0; IBA;LST;AD; result >which will be routed to the synchronization unit where the corresponding latency synchro-nization thread is initiated by using IBA und LST. The result may then be written into a dataframe location or into a global register.2. Messages for access to remote processing elementsAccessing to remote processing elements mainly performs argument/result transfer betweendi�erent processing elements. In this case, the destination processing element and the desti-nation activation must be explicitly given by associated instructions. Such messages have thefollowing format: < 1; NODE; IBA;LST;AD;A >where the bit 1 means that this message will be routed to a remote node, the �eld NODEspeci�es this remote processing element number, the message operation is write2, A is the datavalue which is written to the remote processing element, AD an explicit activation descriptor,and IBA, together with LST , identi�es the corresponding latency synchronization thread.3. Messages for access to the I-structureFor access to the I-structure storage, messages are constructed according to the correspondingoperations. Messages for read operation generated on the node NODE1 have the followingformat: < 1; NODE0; read;&A;STP;LST;AD >where &A represents the address in the memory module NODE0. The current processingelement number is contained in STP (including NODE1 and IBA). The message returned bythe memory module consists of:1ls can be used to group several split operations together, in order to reduce the number of latency syn-chronization threads to be executed (see the next chapter for more details about that2Note that no read message operation is needed for accessing remote processing elements, because no readoperations are required for argument/result transfer between processing elements. Moreover, the data memoryin any processing element does not support synchronizing loads like I-structure memory does.



6.2 Architecture 121< 1; NODE1; IBA;LST;AD;A >where A is the returned value from the memory module.Di�erently, messages for write operation without acknowledgement have the following format:< 1; NODE0; write;&A;A >However, for write operations returning an acknowledgement to the current executing activa-tion, messages are similar to those for read operations:< 1; NODE0; write;&A;A; STP;LST;AD >The returned acknowledgement will initiate a latency synchronization by the following message< 1; NODE1; IBA;LST;AD >6.2.3 Storage OrganizationThe LDME recognizes �ve storage resources: code memory, data memory, descriptor memory,structure memory and register sets. Except for register sets all other memories are managedby the resource manager at run time. Register sets are allocated or deallocated by hardwarewhenever an enabled thread is scheduled for execution or an executing thread terminates.As mentioned, the LDME supports a tree of activations. Hence, many enabled activations mayexist on a processor, i.e. many activations may have several currently enabled threads. Thefundamental concerns here are how many activations should become resident, where enabledthreads reside and how much resource should be allocated for scheduling an enabled thread.Such issues are essential to the design of a multithreaded processor, but have received littleattention in the literature. We argue that these are essential, because we can not expect thatthe entire activation tree of any parallel program could be maintained in a high speed processorstorage, even though the activation tree could be reduced with some heuristic algorithms. Theresearch work in Id, Sisal etc. has shown that the activation tree of a program may be large[Cul 91a].In this preliminary design we have chosen two resident activations on a processing element.The choice is based on the performance analysis in chapter 4: an eight stage SORLD mul-tithreaded pipeline reaches its peak performance by executing ca. 8 parallel threads undera memory latency of 64 cycles. Observing other previous work [Ian 90], it is reasonable toassume that an executing activation contains on average more than four enabled threads dur-ing its execution period, hence two resident activations may contain in average more than 8threads, which are required to achieve the peak performance of our multithreaded pipeline.Moreover, more resident activations also need more hardware requirements (e.g. more register
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Figure 6.2. The layout of multiple register setssets must be provided).Another essential issue in designing a multithreaded processor concerns multiple register sets.As known, each executing thread references its own register set which is allocated when thethread is scheduled for execution. As usual, the use of one register set for each executingthread can improve the e�ciency of code [Pap 91a]. The layout of the register sets is shownin Figure 6.2.The decision to choose 8 registers for each register set seems to be reasonable based on empiricalresults from other previous work such as MASA's task frame [Hal 88]. Note that in the LDMEa scheduled thread is guaranteed to complete. A thread may only be suspended temporarilywhenever a hazard (data or control) is detected. When a thread terminates, its register set isfreed for scheduling another enabled thread. Data share accross threads within an activationis performed through the corresponding global register set, which, however, must be savedwhen a resident activation is suspended, and restored when the activation becomes residentagain.6.2.4 Instruction Set ArchitectureInstruction FormatsAll instructions are presented in a 32 bit word. There are basically two instruction formats,which are used to de�ne the two major kinds of instructions: the instructions with deter-ministic operation latency and the instructions that initiate split operations. The instruction



6.2 Architecture 123formats are shown below:Opcode OL mode reg1 reg2 reg3/literal6 2 2 4 4 14Instruction format (a)Opcode reg1/ls reg2 reg3 literal6 4 4 4 14Instruction format (b)The �rst format is used to de�ne all instructions with deterministic operation latency, whichare mostly the normal RISC-instructions. In this format the �eld OL speci�es the operationlatency3 of an instruction until its result can be used as an operand for its successive in-struction(s) (data manipulation instructions) or its e�ects allow the execution of the followinginstruction(s) (branch instructions). The �eld mode de�nes four di�erent address modes:1. register direct { the result of the operation on reg2 and reg3 is written into reg1.2. immediate { the �eld reg3/literal is a 14 bit literal value, which is used as a relativedisplacement of branch instructions or a literal operand.3. data frame direct { reg2 and reg3/literal together form a 18 bit relative address to theactual local data frame.4. based addressing { reg1 is used as the base register and reg3/literal is a relative address.The e�ective address is computed by adding the content of the base register and theliteral value.Note that the address modes (3) and (4) are used only for the load and store instructions.The mode (4) allows frame index access.The second instruction format is used to represent all instruction initiating split operations.There are further two sub-formats which represent instructions initiating local split operationsand remote accesses respectively:1. local split operations { there are two di�erent cases: the �eld ls is used to de�ne whetherthe result of a local split operation will initiate a latency synchronization thread or not.In the �rst case, reg2 and reg3 refer to two operands, literal refers to the instructionpointer to the corresponding latency synchronization thread (LST). In the second case,literal refers to a data frame location. More details about this can be found in the nextsection.3Note that the operation latency of an instruction here does not refer to the execution time of this instruc-tion, but refers to the time that must be delayed for scheduling its successive instruction to execute.



124 6 Design of a LDME Processor2. remote accesses { in this case, reg3 refers to a remote memorymodule (I-structure access)(NODE) or to the synchronization thread pointer (STP) in a remote processing element,reg1 refers to the data value for remote write operations, and reg2 refers to an addressfor I-structure access or an activation descriptor for an access to a remote processingelement. Again, the �eld literal refers to the instruction pointer of the correspondinglatency synchronization thread (LST).Instruction typesIn the following, we present a basic instruction set, which may be extended by adding morerelated instructions. The concerned instructions can be divided into the following groups:� Basic RISC instructions - these include integer arithmetic, logic, predication, shift, load,store, and branch instructions. The address modes of instructions are determined in the�eld mode in the instruction format. The register-register instructions access operandsand results only in their own register set. Like other RISC machines, the movementof data between a data frame and a register set is performed through load and storeinstructions. Integer arithmetic instructionsaddi des, op1, op2 integer addsubi des, op1, op2 integer substractabs des, op1, { integer absLogic instructionsand des,op1, op2 bitwise andor des, op1, op2 bitwise orxor des, op1, op2 bitwise xornot des, op1, { bitwise notPredicate instructionseqp des, op1, op2 des = true if op1 = op2nep des, op1, op2 des = true if op1 6= op2gtp des, op1, op2 des = true if op1 > op2gep des, op1, op2 des = true if op1 � op2ltp des, op1, op2 des = true if op1 < op2lep des, op1, op2 des = true if op1 � op2Branch instructionsjump displ. unconditional jumptjump pred., displ. jump if pred. = truefjump pred., displ. jump if pred. = falseLoad/Store instructionsload des, [BA], addr load data from a data framestore addr, [BA], source write data to a data frame(a). Basic RISC instructions



6.2 Architecture 125� Thread instructions - these are instructions used to initiate or terminate a thread. Thisgroup contains the following instructions: fork initiates a local thread within the sameactivation, while start initiates a remote thread belonging to a di�erent activation. Theinstruction start is introduced mainly for supporting loop unrolling across multipleactivations. tfork and �ork are two conditional fork-thread instructions. The lastinstruction stop terminates the executing thread explicitly. As mentioned in the lastchapter, a normal thread is terminated implicitly by checking the �eld Lg in its dynamicthread descriptor. The instruction stop allows to terminate threads whose executionlength (time) may not be statically determined at compile time.Thread instructionsfork thr initiate a local threadtfork pred., thr initiate thr if pred. = true�ork pred., thr initiate thr if pred. = falsestart Dsp, thr initiate a remote threadcfork pred., thr1, thr2 initiate thr1 if pred. = true else thr2stop terminate the running thread(b). Thread instructions� Code block Call/Return instructions - these are instructions used to allocate a context byinvoking a code block, to transfer arguments and results, and to deallocate the allocatedcontext after execution. Three instruction are included. All three are split-phase instruc-tions and support an asynchronous remote call/return mechanism. alloc CB, LST re-quests a context for the speci�ed code block CB, the returned message initiate a latencysynchronization thread LST, which then saves the pointer of the allocated context intothe data frame of the caller. rwrite A, node:IBA, Dfp,LST stores the data valueA into the remote processing element by initiating a latency synchronization threadIBA+LST, which saves A into the corresponding data frame location and initiates fur-ther threads. The last instruction release parent, LST deallocates the context andsignals its parent activation by initiating a latency synchronization thread LST.Code block Call/Return instructionsalloc CB, LST allocate an invocation context for CBrwrite A, node:IBA, DP, LST write A into a remote data framerelease parent(STP), LST deallocate the context and signal parent(c). Call/Return instructions� Local split-phase instructions - we de�ne all 
oating point instructions, integer multiplyand integer divide to be local split-phase instructions. This is because all these operationsare performed in separate functional units and the execution time of di�erent operations



126 6 Design of a LDME Processormay vary. The ls �eld of instructions determines whether a local latency synchronizationthread will be initiated or not after completion of a split operation. The local latencysynchronization thread may save the result into a local data frame location or a globalregister and then activates other normal threads. The reason for introducing the secondoperation mode, i.e. the result is directly written into a data frame location, is to increasethe length of normal threads and to reduce the number of latency synchronization threadsbeing executed. This mode provides a similar architectural support for explicit-switch asstudied in [Boo 92]. The bene�t of this mode will be demonstrated in the next chapter.Nine instructions have be de�ned as follows:Local split-phase instructionsmulti op1, op2, LST/addr integer multiplicationdivi op1, op2, LST/addr integer divisionfadd op1, op2, LST/addr 
oating point addfsub op1, op2, LST/addr 
oating point substractfmul op1, op2, LST/addr 
oating point multiplicationfdiv op1, op2, LST/addr 
oating point divisionfabs op1, op2, LST/addr 
oating point absftoi op1, op2, LST/addr convert 
oating point to integeritof op1, op2. LST/addr convert integer to 
oating point(d). Local split-phase instructionsMeanwhile, any instruction which contains a dynamic execution time or must be per-formed on a functional unit can be included in this instruction group.� Data structure instructions - these instructions are used to access the I-structure memory.As usual, the data structure operations are split-phase access to the memory module.Every data structure operation causes a request to be generated, which then is routed tothe corresponding memory module. The read operation must specify a latency synchro-nization thread, which is initiated by the corresponding incoming response and saves theresponse into a speci�c data frame slot, etc.Nine data structure instructions are introduced, of which the �rst six are the same asde�ned on TAM [Cul 91a]. Three read instructions Iread, Ifetch and Itake operate intandem with three write instructions Iwrite, Istore and Iput. The instruction Ireadsimply reads the location. Correspondingly, the instruction Iwrite simply writes thelocation. Ifetch is a synchronization form of Iread and checks status bits (presence bits)associated with the referenced location and waits in the memory unit if the location isempty. Istore causes all waiting readers referenced to the location to be serviced. Thus,Istore supports write-once data structure with synchronization at element level. Itakereads a full location and leaves it empty. If the location is empty Itake waits until it is



6.2 Architecture 127made full by a corresponding Iput. Therefore, Itake and Iput provide exclusive accessto a mutable location and are useful to encode critical sections which are essential forimplementing resource management functions. The instruction Iwack is the same asIstore except that an acknowledgement signal for completion is returned and initiates acorresponding latency synchronization thread LST . The acknowledgement can be used,for example, to ensure serial consistency, i.e. the destination thread executes under aguarantee that the store has completed. The last two instructions Ialloc and Ireleaseallocate or deallocate a segment in the I-structure memory.Data structure instructionsIread addr, node, LST read the locationIfetch addr, node, LST synchronizing read the locationItake addr, node, LST read the location and resetIwrite A, addr, node write the locationIstore A, addr, node write the location and resume all waitersIput A, addr, node write the location and resume one waiterIwack A, addr, node, LST Istore + acknowledgeIalloc size, LST allocate a segment in I-structure memoryIrelease size, addr, node, LST deallocate a segment in I-structure memory(e). Data structure instructions� Miscellaneous instructions - this group includes instructions used to access queue struc-ture, to transfer data between di�erent functional units, to construct di�erent data typesetc.. Until now, the following instructions have been included:Queue access instructionsqread des, QD read a data element from a queueqwrite A, QD write A into a queuesqh1 des, QD, IP set queue handler1 (under
ow)sqh2 des, QD, IP set queue handler2 (over
ow)System instructionsst des, op1, literal set type for op1ext des, op1 extract type �eldmkad des, Dsp, Dfp make activation descriptormksp des, node, IBA make synchronization thread pointermktd des, IP, Lg:Sc make thread descriptorDirect move instructionsDstore A, addr, node store A into a remote data frame directlyDIread des, addr, node read I-structure directlySoftware trapstrap vec software trap with exception vector vec(f). Miscellaneous Instructions



128 6 Design of a LDME ProcessorTwo queue instructions are used to access a queue explicitly. The further two instructionsset exceptional handlers for a queue. The event driven control mechanism is supported,i.e. one of the queue handlers is initiated automatically if an exceptional event is de-tected in accessing the queue. Two instructions st and ext are provided to operate onthe data type �eld in the data format. mkad and mksp are used in invoking a codeblock - an activation descriptor and a synchronization thread pointer are returned bythe resource manager to the caller - so that the caller can send arguments to the newinvoked activation. The instruction Dstore stores a data value directly into a remotedata frame without initiating any latency synchronization thread. This instruction isused to improve the e�ciency of argument transfer in such cases where non-strict execu-tion is not needed. Similarly, DIread simply reads a location in the structure memorydirectly without initiating a latency synchronization thread. The software trap instruc-tion strap starts an exception code in the entry by the exception vector vec. Softwaretrap instructions are essential for fast linkage to some system kernel routines.Instructions for the synchronization unitThese instructions are used to program all latency synchronization threads, which are executedon a separate synchronization unit. The synchronization unit can be viewed as a conventionalRISC processor, augmented with the following instructions:Instructions for synchronization unitrstore A, Dfp, o�set store A into the location Dfp:o�setstart Dsp, thr initiate a thread in Dsp:thrstop terminate the running thread and start the next(g). Instructions for the synchronization unitThe �rst instruction saves a data value into a speci�ed data frame or a global register. Thesecond instruction initiates a thread directly regardless of whether the corresponding activationis resident or not. If the corresponding activation is not resident, then the thread descriptorof the enabled thread is directly stored into the thread descriptor queue of this activation.Otherwise, the thread descriptor is stored either in the hardware execution queue or in thethread queue of the resident activation. The last instruction terminates the running threadand initiates the next thread from the message queue of the synchronization unit.6.2.5 ExceptionsFor various reasons, an instruction of a running thread may not be able to complete itsoperation on the input data. Generally, exceptions in the LDME processor can be generatedby the following event:



6.3 Multithreaded Processor Microarchitecture 129� Arithmetic Exception. An arithmetic operation may result in an over
ow or under-
ow, for example, detecting a zero as divider in a division operation.� Illegal Presence State Transition. This type of exception may arise on accessesto the I-structure, for example, detecting an attempted double-write of an I-structurelocation.� Type Trap. All values have 4 bit hardware type-tags, which are checked at run time.The type-check mechanism de�nes the range of types allowed for a given operation.� Queue Exception. A queue access could result in one of two possible exception events:queue under
ow or queue over
ow.� Software Trap. Software Trap provides a fast way to perform dynamic linkage to thesystem kernel code.There are many di�erent approaches to handle exceptions in pipelined machines. Generally,such approaches can be divided into precise or imprecise methods. The precise modelcan completely reconstruct the state of the computation (the processor) before the exceptionoccured. In many cases, precise reconstruction of the state of the processor is not possibleand not necessary. The imprecise model is easier to implement and requires less hardwaresupport. The challenge in designing both an e�cient and correct exception mechanism lies inproviding the abilities to easily reconstruct the state of the computation before the exceptionoccured and the rapid dispatching to the appropriate exception handler.The detailed design of the exception mechanism is not in the scope of this work. Here we claimthat the approaches used in modern RISC processors are also applicable for our processor(multithreaded pipeline). Further, there is no mechanism in our multithreaded pipeline toresolve pipeline hazards like in many RISC-processors, hence, less state information of anexception thread need to be saved and later restored in comparison with other RISC processors.However, a special problem occurs in any multithreaded pipeline: at any time there may beup to 8 executing threads in the pipeline, and some or all of them may cause an exception.Therefore, there must be 8 copies of the exception mechanism, indexed by the executing threadnumber - one for each executing thread.6.3 Multithreaded Processor MicroarchitectureIn this section we present the detailed microarchitecture of our multithreaded processor.



130 6 Design of a LDME Processor6.3.1 Overall Processor OrganizationAs seen before, the LDME uses the split-phase transaction as a key technique to hide variouslatencies. The LDME separates two kinds of threads, i.e. latency synchronization threads andnon-latency synchronization (normal) threads. Latency synchronization threads are used onlyto synchronize the responses of split operations before their results can be used by otherthreads. More important, latency synchronization threads initiate corresponding threadswhich use the incoming responses. Therefore, latency synchronization threads provide anactive driven mechanism in the sense of data 
ow machines. This is also the key di�erenceof our execution model from several other multithreaded execution models in which access torequired data values is passive, i.e. a thread is initiated without any knowledge whether itsrequired data has been generated, or whether the thread must be suspended if the referenceddata is not available.Figure 6.3 indicates the overall structure of our multithreaded processor, which consists of twoseparate, asynchronous processors. The decision to use two separate processing units is basedon the following considerations:� The execution of normal threads should not be interrupted. If latency synchronizationthreads are executed along with other threads on the same processing unit, then anarriving message could interrupt the execution of normal threads, initiates a latencysynchronization thread and resumes normal computation. Because there are limitedhardware resources for thread execution, some normal threads may have to be unloadedif no hardware resource for a new latency synchronization thread is available. Suchunload of threads is expensive and should be avoided.� Most latency synchronization threads are short, because their main task is to save thearriving responses and initiate other threads. As shown in chapter 4, the run lengthof threads can in
uence the performance of a multithreaded processor. Thus, frequentshort threads are likely to be severely disruptive.� More severely, a latency synchronization may initiate another normal thread which be-longs to a non-resident activation. Except for loading this not-resident activation intothe processor it is not possible to insert the enabled thread into its thread queue if thelatency synchronization thread is executed in the same processor. It is more expensiveto unload a resident activation with several executing threads.A separate, asynchronous processor for responding to arriving messages and processing latencysynchronization threads is an e�cient solution to the problem above.



6.3 Multithreaded Processor Microarchitecture 131

processing unit
Synchronization Program

memory

Data memory
Descriptor 
memory

RequestsNetwork 

Interface

FU1

.

.

.

Multithreaded
processing unit

multithreaded
pipeline

Register file

Program
memory

Dispatch
unit

Responses

Remote message
queue

Local message
queue

FU2

FU3

CSOW

Figure 6.3. The overall structure of the multithreaded processor



132 6 Design of a LDME Processor6.3.2 The Synchronization Processing UnitThe synchronization processing unit (SPU) is a conventional RISC processor, augmented withsome hardware mechanism supporting executing latency synchronization threads. Like RISCprocessors, the synchronization unit has a program counter, general purpose registers, and alocal program memory where latency synchronization threads are stored. The synchronizationunit can also access the local descriptor memory and data memory, which are shared with themultithreaded processing unit. Unlike a conventional RISC processor, the synchronizationunit must react to incoming messages very rapidly, this includes rapid loading of messagedata values into registers and rapid starting an associated latency synchronization thread. Inthe following, we deal with these issues in more details.Remote and Local Message QueueThe synchronization processing unit has two hardware message queues that have an orderedpriority { messages from the lower priority queue (local message queue) are only processedwhen the higher priority queue (remote message queue) is empty. It should be noted thatall incoming messages from the network are always enqueued into the remote message queuein FIFO mode, which is required to preserve the essential FIFO property of the network[Pap 91a]. This remote message queue is similar to the system queue on Monsoon.As described in the last section, there are basically three kinds of messages received by thesynchronization processing unit: messages from the local multithreaded processing unit, mes-sages from remote processing elements, and messages from I-structure memory modules. The�rst kind of messages is generated by functional units after completing their operations andis routed to the local message queue. Using the local message queue we want to avoid thecomplex hardware mechanisms used to support out-of-order execution and to resolve pipelinehazards (structure and data hazards) just like those in advanced pipelines (see chapter 3).The second kind of messages is generated by any remote processing element in transferingarguments or results and is routed to the remote message queue. The last kind of messages isreturned from I-structure memory modules and also is routed to the remote message queue.Message HandlingAs mentioned, the synchronization processing unit must react to incoming messages rapidly.Like a data
ow processor, the synchronization processing unit is triggered by the arrival ofa message. The description of di�erent message types in the last section has shown that allincoming messages to the synchronization processing unit have a �xed format as follows:
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134 6 Design of a LDME Processorrstore Rd, Dfp, offset -- store Rd into Dfp+offsetstart Dsp, thr -- initiate a normal threadstop -- stop and handle the next messageThe rstore instruction saves the data value of the message into the data frame locationDfp + offset. The next instruction start initiates a thread, which is referenced throughDsp+ thr in the descriptor memory. Thus, this thread can use the data value of the messagedirectly. The last instruction stop ends the present latency synchronization thread and startsto handle the next message from one of the message queues by reloading its registers from thenext message, after which a new latency synchronization thread will be executed.For a remote write operation with acknowlegement, the latency synchronization thread maybe as follows:start Dsp, thr -- initiate a normal threadstop -- stop and handle the next messageThe corresponding activation is informed by the thread Dsp + thr that the write operationhas completed.A Comparison to *T Processor*T is a multithreaded processor, which has been recently proposed by Arvind and his col-legues at MIT [Nik 92]. Similar to our LDME processor, *T contains also a asynchronizationcoprocessor. It is interesting to compare our mechanism to that of *T.There are several obvious di�erences between our synchronization processing unit and *T'ssynchronization coprocessor:1. In *T there is a hardware queue called Continuation Queue between the synchronizationcoprocessor and the data processor (which corresponds to the multithreaded processingunit in our processor), and the data processor obtains a thread from this continuationqueue. In our processor, there is no such continuation queue between the synchronizationprocessing unit and the multithreaded processing unit. Communication between themcan only be performed through the shared data memory.2. In *T any thread from the continuation queue can be executed immediately wheneverthe data processor is idle. Di�erently, in the LDME processor, enabled threads reside ina local thread queue. Only threads belonging to a resident activation can be executed.3. The synchronization coprocessor in *T executes a join instruction, which checks a lo-cation in the data frame called a join counter and causes a thread to be enabled if



6.3 Multithreaded Processor Microarchitecture 135the counter reaches the terminal count. In our processor, the synchronization countsfor threads are implictly de�ned in their thread descriptors, which reside in a separatedescriptor memory.From the comparison above, it is obvious that our execution model provides a better localityof activation execution, because only threads belonging to resident activations are scheduledfor execution in the multithreaded processing unit. Normal threads belonging to a residentactivation are initiated by the multithreaded processing unit and can be immediately executed.Thus our execution model may have a better reaction time for such threads, which is importantfor preserving locality of activation execution. Further, our model can lead to less accesscon
icts on the shared data memory, because the synchronization processing unit does notneed to access any join counter like *T's synchronization coprocessor.6.3.3 The Multithreaded Processing UnitWe are now in the position to specify the main part of the LDME processor { the multithreadedprocessing unit (MPU) in more detail. The processor model presented here was extractedfrom a variety of hardware proposals either for multithreaded processors or for modern RISCprocessors and ful�lls requirements for the LDME model of the previous chapter.Basic OrganizationFigure 6.5 shows a block diagram of the multithreaded processing unit. The unit looks like amodern RISC processor and incorporates two major operations parts, a multithreaded pipe-line and functional units. The functional units are used to compute local split operations,which operate asynchronously and communicate data via a hardware window called the cen-tral split operation window. The pipeline forms a message for each split operation andsaves it into the central split operation window. It will be shown later that the central splitoperation window here is di�erent from either scoreboard or reservation station, whichare more complicated to implement in hardware. A functional unit receives a correspondingsplit operation from the central window whenever it becomes idle. After execution, a returnmessage is built by using the result and sent to the synchronization processing unit, whichthen saves the result and initiates a further thread.



136 6 Design of a LDME Processor
Instruction fetch

Decode and
operands fetch

and partial decode

Thread dispatch

Execution and
effective addr. calc.

Memory access

message form
Write back /

Program
memory

Data
memory

Register file
Descriptor
memory

Dispatch
unit

Floating
point add

Multiply Divide

Multithreaded pipeline

to the local 
message queue

to the network
interface

from the system queue

Functional units

.

.

.
Central split

operation window

Figure 6.5. The multithreaded processing unit



6.3 Multithreaded Processor Microarchitecture 1376.3.4 Functional Units and the Central Split Operation WindowAs in many modern microprocessors, three functional units4 have been included for performingthe local split operations de�ned in the last section. A Floating point adder executes all
oating point add, substract, absolute, and conversion operations. We integrate integer and
oating point multiplys as well as and integer and 
oating point divide into a single fuctionalunit, respectively, namely themultiply unit handles all integer and 
oating point multiplys,while the divide unit handles all integer and 
oating point divides. It is assumed that allfunctional units take multiple cycles to complete their operations. The execution time of eachfunctional unit is here of little importance.The central split operation window is used to transfer split operations from the multithreadedpipeline to the functional units. It should be noted that the central split operation window isnot a queue in FIFO. The window consists mainly of multiple entries where incoming messagesare stored and a simple logic which checks the valid messages and sends them to correspondingfunctional units. The following steps are taken by the central split operation window duringprogram execution:� accept messages of local split operations from the multithreaded pipeline and allocateempty window entries for incoming messages. The entries are marked ready beforemessages are issued to be proceeded.� if a functional unit is free, a message for this functional unit in the window is selectedand proceeded by this functional unit. If more than one message is ready for issue, arandom message from the ready messages may be selected.� deallocate the window entry after the located message has been issued, so that this entrymay receive a new message in the next cycle.Figure 6.6 shows the basic structure of the central split operation window and its connectionsto the functional units. The terms in a window entry have the following meaning: the bit Vmarks whether the corresponding entry is empty or not, FU is the functional unit number,which is associatively searched, together with the bit V . Other terms are extracted from thelocal message format. The control logic controls the acceptance of messages into emptywindowentries and routes a next message to a functional unit if it becomes free. If no empty entry isavailable for incoming messages, the control logic must notify the multithreaded pipeline bysending a full signal to prevent it from decoding split instructions further. The multithreadedpipeline then switches the running thread and activates another enabled thread with no split4In this design we do not include double precision 
oating point operations.
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6.4 Multithreaded pipeline 139storage where messages are waiting for further proceeding (i.e. avoiding the resourcecon
ict on functional units).Thus, the implementation of the central split operation window requires only simple hardwaresupport.6.4 Multithreaded PipelineNow we describe the central part of our multithreaded processing unit - the multithreadedpipeline. First, the basic requirements of the pipeline for supporting the LDME model willbe outlined, then the detailed orgranization and the associated operations are described. Themultithreaded pipeline presented here exploits the features of the LDME model and avoidscomplicated mechanisms used in conventional pipeline for detecting and resolving pipelinehazards. The new mechanisms used for the multithreaded execution are easy to implement.The multithreaded pipeline is, therefore, claimed to be realizable in hardware.6.4.1 Basic RequirementsAs described earier, our multithreaded pipeline supports execution of eight threads in parallelto exploit inter-thread parallelism. Moreover, intra-thread parallelism is also exploited toimprove single thread performance and to reduce the required hardware contexts. The designprinciple is thus to extract intra-thread parallelism, but relies only on inter-thread parallelismas a last resort, because this promises the delivery of optimal performance for as few hardwaresupports as possible. Two basic requirements are hence obvious:� a means for prefetching a collection of instructions from a subset of enabled threads,identifying the set of enabled instructions for execution. This includes checking pipelinehazards and making the suspended instructions enabled if their hazard constraints havedisappeared.� a means for fast and e�cient thread context switching. Because the context switchingbetween executable threads (i.e. threads that possess the hardware resource such asregister sets) occur frequently, any extra overhead of the context switching will lead todegrade pipeline performance greatly.At the instruction level, the multithreaded pipeline issues an instruction for execution likeconventional pipelines, i.e., an instruction is issued if no pipeline hazard constraints are met.Unlike conventional pipelines, no attempt to resolve the pipeline hazards by hardware (e.g.



140 6 Design of a LDME Processorinterlocks for data dependency and squashing for control dependency) is taken, if any hazardfor further issue of instructions from the same thread is detected, but the pipeline suspendsthe instruction and switches to another executable thread. The hard problem is to know whichof the instructions prefetched from corresponding enabled threads are actually executable.E�cient means are available for detecting pipeline-hazards in many pipelined processors. Dif-ferently, we attach the dependency information into each instruction (see the instruction for-mat in 6.2.4. The idea of tagged instructions is to detect pipeline hazards among instructionsfrom a thread under the following considerations:� all static dependencies among instructions are easily generated through simple data 
owanalysis, which belongs to one of the most successful techniques used in RISC-compilers5.� Using tagged information allows the multithreaded pipeline to detect pipeline hazardsarising from the just fetched instruction early, namely, once the instruction is fetchedfrom the program memory. In a conventional pipeline, however, several instruction dis-patch cycles may pass between the time when a potentially suspensive instruction isinitiated until it can be determined that the instruction will actually suspend. Earlydetection of any pipeline hazards promises to avoid 
ushing of not one, but many in-structions, depending on the pipeline depth.� More important, tagged instructions greatly simplify the hardware for detecting pipelinehazards. The pipeline hazards are checked immediately after fetching an instructionand a simple decoding allows the dispatcher to know if the instruction will suspend. Nofurther check during execution is required. An instruction is scheduled to execute onlyif its operands are available. In this sense, the scheduling of instructions for executionis data-driven.6.4.2 The Overview of the Multithreaded PipelineGiven the above considerations, a multithreaded pipeline has been constructed as shown inFigure 6.7, which is extended from the well known RISC-processor DLX, augmented with themechanisms for supporting the LDME execution. We use a form similar to one in [Ian 90] todescribe the structure of our multithreaded pipeline.As shown, the pipeline consists of six stages as follows:1. thread dispatch2. instruction fetch and partial decode5No dynamic hazards will arise in the LDME model, because all such instructions are split during execution.
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terminateFigure 6.9. Stage diagram of an executable threadThere are two resident activations, which are loaded from the system queue where all enabledactivations for this processing element reside. The next activation will be loaded if one ofthese two activations are terminated or suspended. Once a new activation is scheduled forexecution, its descriptor frame pointer Dsp, together with the number of resident activation(1 or 2), is stored in the register InitialDsp, which will be used to fetch the thread queuedescriptor in the stage 3. We assume that the system queue is managed by the run-timemanager.The thread table contains eight entries, each of which holds a dynamic thread descriptor.This corresponds to the assumption of the previous section that eight executable threads areexecuted in multithreading. The �eld S in the activation indicates the state of the thread,which is depicted in the Figure 6.9.Note the terms used here: we say an enabled thread to be executable if the processor resourceis allocated for its execution. An executable thread may be in one of four states as shown inFigure 6.9. A thread is said to be ready if it has not been scheduled for execution although itcontains no constraints (pipeline hazards). At any time, the dispatching logic schedules onlyone thread to execute, which then becomes active. An active thread remains active until acertain hazard arises, which is detected at the stage 2 through the partial decode, or the threadhas completed. In the former case, the thread is suspended, while in the latter case, thethread becomes terminated and frees its processor resource.We represent the dispatching rule in VHDL6 as follows:ALGORITHM 1architecture BEHAVIOR of THREAD_DISPATCH istype DYNAMIC_THREAD_DESCRIPTOR is (s, Dsp, Dfp, IBA, Rg, IP, Lg);type ACTIVE_THREAD_DESCRIPTOR is (n, Dsp, Dfp, IBA, Rg, IP);type THREAD_TABLE is array (8 downto 1) of DYNAMIC_THREAD_DESCRIPTOR;6VHDL, short for The VHSIC (Very High Speed IC) Hardware Description Language, is a formal notationfor hardware description, standardized by the IEEE in 1987. The purpose of using VHDL here is its abilityto describe parallel activities at high level.



144 6 Design of a LDME Processortype ENABLED_THREAD is (a, IP, Lg);type ENABLED_THREAD_QUEUE is array <> of ENABLED_THREAD;signal DTD: THREAD_TABLE;signal ATD: ACTIVE_THREAD_DESCRIPTOR;signal ETQ: ENABLED_THREAD_QUEUE;signal no_thread_active : boolean <= true;begin Load_new_thread: processbeginwait until clk'event and clk = `1';for i in 1 to 8 loopif (DTD(i).s = "empty") thenif (ETQ(1).a = 1) thenDTD(i) <= (ready, Dsp1, Dfp1, IBA1, Rg, IP, Lg);elseDTD(i) <= (ready, Dsp2, Dfp2, IBA2, Rg, IP, Lg);end if;pop_ETQ();end if;end loop;end process Load_new_thread;Schedule_next_thread:processvariable TDT_temp : DYNAMIC_THREAD_DESCRIPTOR;variable j: integer := 0;beginwait until clk'event and clk = `1';if (no_thread_active = true ) thenfor i in 1 to 8 loopTDT_temp := next_thread(DTD);j:= entry_number(TDT_temp);if (TDT_temp.s = "ready") thenATD.n <= j;ADT.Dsp <= DTD(j).Dsp;ADT.Dfp <= DTD(j).Dfp;ADT.IBA <= DTD(j).IBA;ADT.Rg <= DTD(j).Rg;ADT.IP <= DTD(j).IP;DTD(j).IP <= DTD(j).IP + 1;if (DTD(j).Lg = 0) thenDTD(j).s <= "empty";no_thread_active <= true;elseDTD(j).Lg <= DID(j).Lg - 1;no_thread_active <= false;end if;exit;end if;end loop;elsek = active_thread_number(DTD);if (DTD(k).Lg = 0) thenDTD(k).s <= "empty";no_thread_active <= true;elseDTD(k).IP <= DTD(k).IP + 1;



6.4 Multithreaded pipeline 145DTD(k).Lg <= DTD(k).Lg - 1;no_thread_active <= false;end if;end if;end process Schedule_next_thread;Branch:processbeginwait until clk'event and clk = `1';if (branch = true) thenDTD(n).IP <= DTD.(n).IP + Displacementend if;end process Branch;State_modify:processbeginwait until clk'event and clk = `1';for i in 1 to 8 loopif (INST(i).s /= "empty") thenif (INST(i).s = "hazard") thenno_thread_active <= true;DTD(i).s <= "suspended";elseif (DTD(i).s = "suspended") thenDTD(i).s <= "ready";end if;end if;end if;end loop;end process State_modify;end BEHAVIOR;The VHDL description consists of four processes, which are executed in parallel. The �rstprocess Load new thread attempts to �nd an empty entry in the thread table. If an emptyentry exists, the next enabled thread from the enabled thread queue will be stored into thisentry, which is then masked as ready. The second process attempts to schedule a readythread to execute if the current active thread has to be suspended, otherwise the active threadremains active. next thread and entry number are two procedures used to select the nextthread descriptor and to determine the corresponding entry number in the thread table. Thethird process computes the jump destination of branch instructions. The last process modi�esthe states in the thread table. The control signal for modifying states (INST(i).s) stem fromthe stage 2, because the pipeline hazards can only be determined after an instruction has beenfetched.By this method, an active thread remains scheduled for execution until certain pipeline hazardis encountered or the thread is terminated. This re
ects our design principle that �rst theintra-parallelism should be extracted, and the inter-thread parallelism, as a last resort, is usedto hide various latencies. No extra overhead for context switching is required. If a hazard isdetected in the active thread, the next ready thread will be scheduled for execution in the
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6.4 Multithreaded pipeline 147begin Read_instruction: processbeginwait until clk'event and clk = '1';if (no_thread_active = false) thenINST_REG <= (n, PROGRAM_MEMORY(IP));elseINST_REG.s <= "empty";end if;end process Read_instruction;Partial_decode:process(INST_REG)begin if ( INST_REG.s \= "empty" ) thenif (INST_REG.OL \= 0 ) thenINST(n) <= INST_REG;INST(n).s <= "suspended";no_instruction_active <= true;elseAI <= INST_REG;no_instruction_active <= false;end if;elseno_instruction_active <= true;end if;end process Partial_decode;State_modify: processvariable INST_temp : INSTRUCTION;variable j: integer := 0;beginwait until clk'event and clk = '1';for i in 1 to 8 loopINST_temp := next_instruction(INST);j := entry_number(INST);if (INST_temp.s = "ready") thenif (no_instruction_active = true) thenAI <= INST(j);INST(j) <= "empty";end if;elseif (INST_temp.s = "suspended") thenif (INST_temp.OL > 0) thenINST(j).OL <= INST(j).OL - 1;elseINST(j).s <= "ready";end if;end if;end if;end loop;end process State_modify;end BEHAVIOR;
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6.4 Multithreaded pipeline 149pointing to the thread queue and all static thread descriptors of the corresponding activation.The state bits S, attached to a thread queue descriptor QD, indicate whether the correspond-ing activation is resident (active) or not (ready). When an enabled activation is scheduledfor execution from the system queue, the thread queue descriptor of a resident activation isfetched from the descriptor memory by using the Initial Dsp register and then stored into aspecial thread descriptor register in stage 4. The bits S are used to control the access to thethread queue through the synchronization processing unit: if S is active, the synchronizationprocessing unit computes the address of the thread queue by using the thread queue descriptorregister in the next stage, otherwise the queue descriptor in the descriptor frame is fetched,modi�ed, and written back. We use the following VHDL description to de�ne operations onthe thread descriptor memory:ALGORITHM 3architecture BEHAVIOR of DESCRIPTOR_MEMORY istype QUEUE_DESCRIPTOR is (s, head, tail, length);type THREAD_DESCRIPTOR is (IP, Lg, Sc);type DESCRIPTOR_MEMORY is array <> of (THREAD_DESCRIPTOR, QUEUE_DESCRIPTOR);type ACTIVE_THREAD_DESCRIPTOR is (Dsp, Dfp, IBA);type NEW_THREAD is (IP, Lg);signal DSM : DESCRIPTOR_MEMORY;signal QD : QUEUE_DISCRIPTOR;signal NT: NEW_THREAD;signal AT: ACTIVE_THREAD_DESCRIPTOR;begin Initiate_activation: processbeginwait until clk'event and clk = '1';if (InitialDsp.s = "initial") thenQD <= DSM(IDSP.Dsp);QD.s <= "initial";DSM(InitialDsp.Dsp).s <= "active";end if;end process Initiate_activation;Initiate_thread:processvariable TD_temp : THREAD_DESCRIPTOR;variable DSM_addr: integer;beginwait until clk'event and clk = '1';case (OP) iswhen "fork" | "cfork" | "start" =>if (OP = "fork" or OP = "cfork") thenDSM_addr := Dsp + op2;elseDSM_addr := operand1 + op2;end if;TD_temp := DSM(DSM_addr);if (TD_temp.Sc /= 0 ) thenDSM(DSM_addr).Sc <= TD_temp.Sc - 1;NT.s <= "no_active";
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nFigure 6.12. Pipeline stage 4 - Execution and e�ective address calculationelseDSM(DSM_addr).Sc <= op1;NT.s <= "active";NT.IP <= TD_temp.IP;NT.Lg <= TD_temp.Lg;end if;when others => null;end case;end process Initiate_thread;end BEHAVIOR;The �rst process is executed only when an activation is scheduled from the system queue.The second process is responsible for initiating a new thread by the instructions fork, cforkand start (see the instruction set in the last section). The �eld Sc is called synchronizationcount and is decremented on execution of each initiating instruction on it, and is reset to theoriginal value when the thread is initiated.6.4.6 Execution and E�ective Address CalculationThe actual operations of the active instruction or the calculation of the e�ective address usedto access the data memory are performed in this stage of the pipeline. Figure 6.11 shows itsinternal structure.Two register TDQ1 and TDQ2 are used to hold two thread queue descriptors of the corre-sponding resident activations. The calculation of the address to the thread queue is performedby a separate adder in order to support implicit reading of enabled threads forwarded to the�rst stage, i.e. prefetch enabled threads.The actual control logic of this stage is de�ned in the following VHDL description:



6.4 Multithreaded pipeline 151ALGORITHM 4architecture BEHAVIOR of EX_AND_ADDR istype QUEUE_DESCRIPTOR is (s, a, head, tail, length);type WORD is bit_vector(31 downto 0);signal TDQ(2 downto 1) : QUEUE_DISCRIPTOR;signal RESULT: WORD;begin Access_thread_queue: processbeginwait until clk'event and clk = '1';if (QD.s = "initial") thenTDQ(QD.a) <= QD;TDQ(QD.a).s <= "active";elseif (OP = "fork" or OP = "cfork" or OP = "start") thenQA_addr <= TDQ(QD.a).tail + Dfp;TDQ(QD.a).tail <= TDQ(QD.a).tail + 1 ;-- write thread queueelseif (empty(ETQ) = false andempty(TDQ(QD.a)) = false) thenQA_addr <= TDQ(QD.a).head + DfpTDQ(QD.a).head <= TDQ(QD.a).head + 1 ;-- implicit readend if;end if;end if;end process Access_thread_queue;Execution: processbegincase (OP) iswhen "memory access" =>RESULT <= Dfp + operand3; -- the addresswhen ("arithmetic" | "logic" | "predicate") =>RESULT <= operand1 op operand2;when others => null;end case;end process Execution;end BEHAVIOR;As seen, the �rst process is responsible for the access to the thread descriptor queue in the dataframe. Note that enabled threads are fetched implicitly by the hardware to �ll the enabledthread queue in the �rst stage. Implicit reading of thread descriptors is exclusive to writingof thread descriptors in the thread queue. empty is a procedure that determines whether aqueue empty or not. The second process performs the normal RISC instructions.
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threadFigure 6.13. Pipeline stage 5 - Memory access6.4.7 Memory AccessIn this stage all accesses to the local data memory are performed (Figure 6.13). Further, thejump destination of a branch instruction is also constructed here, which is then forwardeddirectly to the �rst pipeline stage. All implicitly fetched thread descriptors are routed directlyto the enabled thread queue in the �rst stage.The control logic of this stage can be simply de�ned in the following VHDL decription:ALGORITHM 5architecture BEHAVIOR of MEMORY_ACCESS istype WORD is bit_vector(31 downto 0);type DISPLACEMENT is (n, displ);type DATA_MEMORY is array <> of WORD;signal DISP : DISPLACEMENT;signal DM : DATA_MEMORY;signal RESULT_DATA: WORD;begin Access_data_memory: processvariable DM_addr : integer;variable DMR : WORD;beginwait until clk'event and clk = '1';case (OP) iswhen "load" =>DM_addr := result;RESULT_DATA <= DM(DM_addr);when "store" =>DM_addr := result;DM(DM_addr) <= operand2;when "fork" | "cfork" | "start" =>if (NT.s = "active") then -- a new threadDM_addr := QD_adr;



6.4 Multithreaded pipeline 153DM(MD_adr) <= NT -- store a TDend if;when others =>if (empty(TDQ(QD.a)) = false ) thenDM_addr := QD_adr;ETQ <= DM(DM_adr); -- implict read a TDend if;end case;end process Access_data_memory;Branch_instruction:processbeginwait until clk'event and clk = '1';if (OP = "branch instructions" ) thenDISP <= (n, result);send_DISP_to_stage1();end if;end process Branch_instruction;end BEHAVIOR;Note that implicit reading of the thread descriptor queue is performed only if no other accessesto the data memory occur. The implicitly fetched thread descriptors are then routed directly tothe �rst stage. The second process determines the jump displacement of a branch instruction;the thread number n in DISP is used to identify the corresponding entry in the thread table(see the �rst stage).6.4.8 Write Back/Message FormAt the last phase of instruction execution, the result is stored in the corresponding registerset, or an associated message is built if a split instruction is encountered (see Figure 6.14).The control logic of this stage is decribed as follows:ALGORITHM 6architecture BEHAVIOR of WRITE_OR_MESSAGE istype LOCAL_MESSAGE is (0, FU, OP, operand1, operand2, IBA, LST, Dfp);type REMOTE_MESSAGE is (1, OP, STP. LST, Dsp, Dfp, A, &A);type WORD is bit_vector(31 downto 0);type REGISTER_FILE is array (79 downto 0) of WORD;signal LMES : LOCAL_MESSAGE;signal RMES : REMOTE_MESSAGE;signal REG_FILE : REGISTER_FILE;begin Write_or_Build_message: processvariable DM_addr : integer;variable DMR : WORD;
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6.5 Summary and Remark 1556.5 Summary and RemarkThe complete design of a LDME processor has been presented, which supports the LDME mo-del e�ciently. By separating synchronzation threads from normal threads, the multithreadedprocessing unit can concentrate on proceeding with computation threads, while the separatesynchronization processing unit handles synchronization threads, which are often small. Theproposed processor architecture di�ers also from other related multithreaded processors indealing with static and dynamic dependencies (operation latencies) between instructions. Allstatic dependency information is integrated in the instruction format, which aims at identifyingthe possible dependency once an instruction is fetched from the program memory. By splittingall operations with long or dynamic operation latency, the processor pipeline does not needto handle complicated hazard situations occuring in conventional pipelined processors. Themultithreaded pipeline sustains its peak performance by exploiting the intra-thread parallelas well as the inter-thread parallelism. Furthermore, by employing the well known I-structurememory, it is expected to handle the data structure access and support synchronization at thedata element level e�ciently.
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Chapter 7Evaluation of LDME CodesIn this chapter we will �rst illustrate how a program may be written on a LDME processor.Then, we will show the performance of the LDME code by comparing the LDME code with theconventional sequential code for a pipelined processor with the same basic RISC-instructionsas the LDME processor.As an example, two version of a LDME program for computing the inner-product of the two
oating-point vectors have been written: for the �rst one it is assumed that the two inputvectors reside in the local data memory, for the second it is assumed that the two inputvectors reside in remote memory modules, which are accessed only by split-phase load/storeinstructions. The C program of the inner product is as follows:sum = 0;for (i = 0; i < N; i++ )sum = sum + A[i] * B[i];7.1 The Conventional Sequential CodeThe associated execution context for the sequential code contains the following data, which isaccessed relative to its base address N : Loop constantAI: Pointer to A(0)BI: Pointer to B(0)SUM: ResultBelow is the sequential code written using the RISC-instructions de�ned in the last section.It is also assumed that all 
oating point instructions are executed on functional units with thesame execution time as in the LDME processor, but not split.
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SUM = SUM12 + SUM34Figure 7.1. A partitioning of the inner product algorithmload Ra, AI -- load pointer to Aload Rb, BI -- load pointer to Bload Rn, N -- load loop constantload Rsum, #0 -- initiate register RsumLoop: load RaI, Ra -- load A(i) into RaIload RbI, Rb -- load B(i) into RbIfmul Rc, RaI, RbI -- Rc = A(i) * B(i)fadd Rsum, Rsum, Rc -- Rsum = Rsum + Rcadd Ra, Ra, #1 -- increase Raadd Rb, Rb, #1 -- increase Rbsub Rn, Rn, #1 -- decrease Rngtp Rt, Rn, #0 -- Rt = Rn > 0tjump Rt, Loop -- jump if truestore SUM, Rsum -- store result7.2 The LDME CodeTo write the corresponding LDME code the whole computation should be partitioned intoseveral smaller subcomputations. To simplify simulation of the program, it is assumed thatthe whole computation is constructed in a single code block, no dynamic loop unrolling is con-sidered, and the corresponding activation is allocated to a simple processing element1. Figure7.1 shows a partitioning of the computation into four smaller subcomputations, which areconcurrently executed and then synchronized to sum the results generated by the subcompu-tations.1This assumption avoids the interference of the run time system (e.g. the resource manager), which willotherwise be called at dynamic loop unrolling.



7.2 The LDME code 159Also di�erent from the sequential code, all 
oating point operations are split. This means,as seen in the previous section, that corresponding synchronization threads are initiated forsaving the results and initiating further threads. Since the synchronization processing unitoperates asynchronously with the multithreaded processing unit, synchronization threads areexecuted in parallel with the normal threads in the multithreaded processing unit.For the partitioning in Figure 7.1 the following data frame is necessary for the LDME codethat computes the inner-product of two local vectors:n = N/4 : Loop constant for subcomputationAI1: Pointer to A1(0)BI1: Pointer to B1(0)C1: Temporary variable for A1(i)*B1(i)Sum1, Sum12: Temporary variablem1: Loop variableAI2: Pointer to A2(0)BI2: Pointer to B2(0)C2: Temporary variable for A2(i)*B2(i)Sum2, Sum34 : Temporary variablem2: Loop variableAI3: Pointer to A3(0)BI3: Pointer to B3(0)C3: Temporary variable for A3(i)*B3(i)Sum3, Sum : Temporary variable/resultm3: Loop variableAI4: Pointer to A4(0)BI4: Pointer to B4(0)C4: Temporary variable for A4(i)*B4(i)Sum4 : Temporary variablem4: Loop variableFor the LDME code that computes the inner-product of two remote vectors, two extra locationsin the data frame are necessary for temporarily saving the fetched data values from the remotememory modules.The program graph for both cases is shown in Figure 7.2, where the dashed lines representsplit transaction arcs.For the �rst case, in which both input vectors reside in the local data memory. The main threadfor initiating four subcomputations, the threads for one subcomputation, the correspondingsynchronization threads, and the threads for generating the �nal result are de�ned as follows:main: fork sub1 -- initiate the first subcomputationfork sub2 -- initiate the second subcomputationfork sub3 -- initiate the third subcomputationfork sub4 -- initiate the four subcomputation
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7.2 The LDME code 161----------- threads for the first subcomputation ---------------sub1: -- the first subcompuationload Ga, A1 -- load pointer Ai to a global registerload Gb, B1 -- load pointer Bi to a global registerload Rm, n -- load the loop constant N/4store m1, Rm -- store the loop constant in m1fork thr1.1 -- initiate thr1thr1.1:load Rn, m1 -- load loop constantgtp Rt,Rn,#0 -- true if Rn = 0tfork Rt,thr5 -- initiate thr5 if truetjump Rt, endload RaI, Ga -- load A1(j)load RbI, Gb -- load B1(j)fmul RaI, RbI, Syn_mul1.1-- A1(j)*B1(j), initiate Syn_mul1add Ga,Ga,#1 -- increase Gaadd Gb,Gb,#1 -- increase Gbsub Rm, Rm, #1 -- decrease Rnend: store m1, Rm -- store Rm backthr1.2:load Rc, C1 -- load A1(j)*B1(j)load Rs, Sum1 -- load Sum1fadd Rs, Rc, Syn_add-- Rs + Rc, initiate Syn_add1------------- threads for producing final result ------------thr5(2):load Rs1,Sum1 -- load the result of 1st comp.load Rs2,Sum2 -- load the result of 2th comp.fadd Rs1,Rs2,Syn_sum1-- sum1 + sum2, initiate Syn_sum1thr6(2):load Rs1,Sum3 -- load the result of 3th comp.load Rs2,Sum4 -- load the result of 4th comp.fadd Rs1,Rs2,Syn_sum2-- sum3 + sum4, initiate Syn_sum2thr7(2):load Rs1,Sum12 -- load the result of 1-2th comp.load Rs2,Sum34 -- load the result of 3-4th comp.fadd Rs1,Rs2,Syn_sum3-- sum12 + sum34, initiate Syn_sumthr8: ...---------------- latency synchronization threads ---------------Syn_mul1:rstore V, C1 -- save V-register into C1



162 7 Evaluation of LDME Codesstart thr1.2 -- initiate thr1.2stopSyn_add1:rstore V, Sum1 -- save V-register into Sum1start thr1.1 -- initiate thr1.1stopSyn_sum1:rstore V, Sum12 -- save V-register into Sum12start thr7 -- initiate thr5stopSyn_sum2:rstore V, Sum34 -- save V-register into Sum12start thr7 -- initiate thr5stopSyn_sum:rstore V, Sum -- save V-register into Sumstart thr8 -- initiate thr6stopNote that the numbers in the parentheses after the thread names are the synchronizationcount of the corresponding threads.As described in section 6.2.2, a global register set with 8 registers is allocated to each res-ident activation. Thus, in the LDME code above, two global registers are assigned to eachsubcomputation, i.e. Ga, Gb, which are used to save two pointers to two sub-vectors Ai andBi. Other variables such as the loop variable mi must be �rst loaded and then saved beforethe thread thr1:1 terminates.For the second case, in which both input vectors reside in the remote memory modules, twoload instructions for loading Ai(j) and Bi(j) in the thread thr1:1 must be split. Two extratemporary locations AiandBi in the data frame are introduced for each subcompution to savethe fetched data values from the remote memory module. Thus, the thread thr1.1 above maybe rewritten as follows:thr1.1:load Rn, mi -- load loop constantgtp Rt,Rn,#0 -- true if Rn = 0tfork Rt,thr5 -- initiate thr5 if truetjump Rt, endIread Ga, syn_ai -- read Ai(j) from I-structurelread Gb, syn_bi -- read Bi(j) from I-structureadd Ga,Ga,#1 -- increase Gaadd Gb,Gb,#1 -- increase Gbsub Rm,Rm,#1 -- decrease Rnend: store mi, Rm -- store Rm back



7.3 Comparison and Analysis 163mul1(2): load RaI,A1 -- load A1(j)load RbI,B1 -- load B1(j)fmul RaI, RbI, Syn_mul1.1-- A1(j)*B1(j), initiate Syn_mulsyn_a1: rstore V, A1 -- save V-register into A1start mul1 -- initiate syn_ldstopsyn_b1: rstore V, B1 -- save V-register into B1start mul1 -- initiate syn_ldstopSurely, the LDME code looks more complicated than the conventional sequential code due tomore smaller threads, which are executed data driven, and due to more load/store instruc-tions, which are used to load and store some temporary values. The key advantage of theLDME code, which should be obvious provided the associated architecture is kept in mind, isthat all instructions executed in the multithreaded pipeline are nonblocking. This leads to adecisive performance advantage: the processor sustains its peak performance provided enoughparallelism exists in the program. Furthermore, all synchronization threads are executed ona separate synchronization processing unit, which reduces the burden of the multithreadedprocessing unit.7.3 Comparison and Analysis7.3.1 Execution Latency of Floating Point OperationsBefore comparing the LDME code with the corresponding sequential code, let us �rst examinethe execution latencies of 
oating point operations, which in
uence the performance of thesequential code as well as the LDME code. Generally, 
oating point operations are performedin multiple cycles. Therefore, two 
oating point operations fadd and fmul are split in theLDME code. In order to compare the performance of the LDME code with conventionalsequential code given in the last section, the execution latencies of 
oating point operationson some recently announced important RISC microprocessors are listed in Table 7.1:



164 7 Evaluation of LDME CodesExecution Latencies (cycle)Processors Float Add Float Multiply Float Dividesingle double single double single doubleDLX(Mips R2010) [Hen 90] 2 3 4 6 12 27Alpha(21064) [DEC 92a] 6 6 6 6 34 63Mips R4000 [Mil 92] 4 4 7 8 23 36M88110 [Die 92] 3 3 3 3 13 N.A.PA-RISC1.1 [Del 92] 2 2 2 2 8 15SuperSPARC [Bla 92] 3 3 3 3 6 7Table 7.1: Typical execution latencies of 
oating point operationsAs shown, for single precision 
oating point operations, addition has an execution latencybetween 2 and 6 cycles, multiplication an execution latency between 2 and 7, and the divisionan execution latency between 6 and 34 cycles. For double precision operations, the executionlatencies are longer. We do not list the execution latencies for the integer multiplication anddivision here. It should be noted, however, that integer multiplication and division may havelonger execution latencies dependent on algorithms used in implementation. For example, theMips R4000 uses a 2-bit Booth algorithm for integer multiply, which results in an executionlatency of 10 cycles for the 32 bit multiply operation and of 20 cycles for the 64 bit multiplyoperation. For integer divide, Mips R4000 uses a 1-bit-per-iteration, nonrestoring algorithm,which results in an execution latency of 69 cycles for the 32 bit divide operation and of 133cycles for the 64 bit divide operation [Mil 92].Both the sequential code and the LDME code have been executed in the LDME processorsimulator in which the 
oating point adder, the multiplier and the synchronization unit arepipelined. In the following the experimental results for these two cases are presented.7.3.2 Local Input VectorsFor the �rst case, both input vectors are stored in the local data memory. Therefore, noextra memory latency occurs in fetching the input vectors. The performance of the codes (thesequential code as well as the LDME code) depends mainly on the pipeline lengths of the
oating point adder and multiplier. The synchronization processing unit has a �xed operationrate. In the example of the inner-product the synchronization processing unit completes everylatency synchronization thread in three clock cycles.In the LDME code we have also seen a clear and unpleasant consequence of our choice insplitting 
oating point operations: the code size of each subcomputation is larger than in thesequential code, because each split operation will initiates a latency synchronization thread,which further initiates a normal thread containing three instructions (e.g. thr1.2) in orderto continue the next 
oating point operation (see the LDME code). The execution of the
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166 7 Evaluation of LDME Codessynchronization thread may be overlapped with other enabled normal threads. This extranormal thread is, however, the associated overhead in comparison to its sequential code. Thesolution to avoid those extra normal threads is to group together several split operations. Thus,instead each split operation initiates a latency synchronization thread and a normal thread,several split operations together initiate a latency synchronization thread and a normal thread.To support grouping of split operations, a direct store mode has been introduced for all localsplit-phase instructions (see the instruction set of the last chapter).To accomplish the grouping, the loop must be unrolled. For the LDME code of the innerproduct, the second normal thread of each subcomputation, e.g. thr1.1, must be changedso that only the last split operation will initiate the corresponding latency synchronizationthread.The simulation results in Figure 7.3 and 7.4 show the performance of di�erent codes andtheir corresponding multithreaded pipeline utilization. It was assumed that each input vectorcontains 240 elements, i.e. N = 240. The whole computation was divided into 2 and 4subcomputations, i.e. n = 2; 4. k is the unrolled times of the subcomputation. Further, it wasassumed that 
oating point adder and mulitplier have the same pipeline length, which variesbetween 2 and 10 pipeline stages.As expected, the LDME codes have a better performance when the pipeline length of 
oatingpoint adder and multiplier is increased. To further improve LDME codes, grouping splitoperations by unrolling loop is necessary as shown in Figure 7.3. Another interesting resultshown in Figure 7.3 is that the performance of the LDME code is less sensitive to the pipelinelengths of the 
oating point operations than the sequential code for conventional pipelinedprocessors. The reason for this result is that the execution of 
oating point operations areoverlapped with other enabled normal threads. If enough parallelism exists in a program, theoperation latency of split operations can be tolerated completely. This can also be observedin Figure 7.4, where the LDME codes have an obviously better utilization than the sequentialcode. An architectural advantage of this property of the LDME code is to encourage thedesign of fast funtional units with deep pipelines.7.3.3 Remote Input VectorsFor the second case, both input vectors reside in remote memory blocks. Hence, extra memorylatency occurs in accessing the input vectors. Di�erently from the �rst case, the in
uence ofthe pipeline length of the 
oating point adder and multiplier on the processor performancebecomes only a small fraction due to long memory latency. Therefore, here it was assumedthat 
oating point adder and multiplier have the same �xed execution latency (5 cycles in ourexperiments). Four di�erent memory latencies, which can be used to represent four di�erent
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168 7 Evaluation of LDME Codesmultiprocessor con�gurations, have been used in our experiments.The simulation results in Figure 7.5 and 7.6 show the performance of di�erent variation of thecode and the corresponding multithreaded pipeline utilization. As in the �rst case, each inputvector contains 240 elements. No loop unrolling was done because of the small in
uence oflocal split operations on the processor performance in a multiprocessor environment.The simulation results clearly show the performance advantage of the LDME code in compar-ison to the conventional sequential code. Three di�erent partitionings of the computions areexamined: n = 2, 4, and 8. For example, in the multiprocessor con�guration with a memorylatency of 64 cycles, the partitioning of the computation into 8 subcomputations reaches aprocessor utilization of 0.94. For the partitioning of computation into 4 subcomputation, theprocessor utilization is dropped to only 0.59. For a longer memory latency more parallelismhas to be exploited in order to keep the processor busy.7.4 Summary and RemarkThis chapter has demonstrated the bene�ts of the LDME codes in comparison to the con-ventional sequential code. The simulation results for the �rst case (local input vectors) alsoshowed the unpleasant consequence of splitting each 
oating point operation due to some ex-tra overhead in synchronizing further operations. The LDME processor supports grouping ofseveral split operations in order to reduce such extra overhead. This technique has led to anobvious performance improvement. The smaller sensitivity of the pipeline lengths is anothernovel character of the LDME code, which is of importance in building fast pipelined functionalunits. The LDME codes showed their clear performance advantage in multiprocessor envi-ronments. The simulation results presented in this chapter are very close to the performanceanalysis presented in chapter 4.It should be noted, however, that the grouping of split operations assumes that the ordering ofstoring the results of split operations should not be changed. In order to reach the sequentialconsistency, the processor must guarantees that all issued split operations have completedbefore the last split operation initiates its latency synchronization thread. The sequentialconsistency for local split operations can easily supported by the hardware as well as by thecompiler. For example, the central split operation window in the multithreaded processingunit can register the time when a split operation enters the window. By issuing a splitoperation to the corresponding functional unit the central split operation window selects anoperation for issuing according to its enter time. The compiler can rearrange the instructionsequence so that the last split operation will be executed after other issued split operationshave surely been completed. In a multiprocessor environment, it may be unrealistic to assume



7.4 Summary and Remark 169the sequential consistency as in [Boo 92], because the time when remote accesses return maydepend on many factors such as path distance, network con
icts, etc.
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Chapter 8ConclusionThe lessons learned over the last years for the design of von Neumann machines and data
owmachines have led to the belief that some fundamental changes in both architectural mod-els are required to build more powerful and e�cient computer systems. Even though therapid development of VLSI technology has made it possible to build fast single-chip proces-sors including high-speed 
oating-point arithmetic (e.g. DEC's 21064 (Alpha), TI's Super-Sparc, MIPS's R4000, etc.), no fundamental changes in the processor architectures have beentaken. Furthermore, some problems like pipeline hazards have become more serious due tomultiple instruction issues per cycle in superscalar processors or due to longer pipelines insuperpipelined processors. On the other hand, the recent research on data
ow machines hasproven that data
ow machines can solve the two fundamental problems, namely latency andsynchronization, in building any scalable multiprocessor, but their inherent weaknesses bothin the execution model and in the associated hardware requirements have prevented data
owmachines from wide acceptance until now. Moreover, little attention has been paid to the per-formance of the processing elements (uniprocessors) in a multiprocessor environment, which,however, surely in
uences the performance of the overall system.The overall goal of this work has been to understand the performance advantages of an alter-native { multithreading { both to conventional pipelining and data
ow model. As discussedin this thesis, multithreaded architectures combine architectural features of von Neumannand conventional data
ow models, avoiding the ine�ciencies of both models. Starting withthe observation that conventional pipelined processors su�er from performance loss due topipeline hazards in uniprocessors and due to two fundamental problems as building blocks inmultiprocessors and with the fact that both problems are unavoidable in machines based onvon Neumann model. We have studied performance and architectural advantages of multi-threaded execution in this work. The performance analysis of various multithreaded modelshas shown that a multithreaded processor with the SORLD strategy can sustain its peakperformance even with only a small number of active threads in the processor. By exploiting



172 8 Conclusionboth intra-thread and inter-thread parallelism, the proposed multithreaded execution model{ latency-directed multithreaded execution model (LDME) { and its associated architecturalsupport (a multithreaded processor with the SORLD strategy) take the advantages of multith-reading to hide pipeline hazards in a uniprocessor environment as well as long unpredicatablememory and synchronization latencies in a multiprocessor environment.The main departure of the proposed multithreaded processor from conventional pipelined pro-cessors and other multithreaded processors lies in processing latency synchronization threadsand normal threads separately. Thus, all latency sensitive operations can be rephased as splittransactions which separately initiate an operation and later explicitly synchronize on theavailability of the result by a short latency synchronization thread. This leads to easy han-dling of di�erent pipeline hazards as well as long unpredicatable memory or synchronizationlatencies. As described, the proposed multithreaded processor requires only simple hardwaresupport, because no special hardware mechanisms for detecting and resolving the variety ofpipeline hazards, no presence-bits in each location of data frame memory and associated con-trol logic, etc. are required. The processor can sustain peak performance if a relative smallamount of parallelism exists in a programs.Of course, it is impossible for this work to deal with all possible aspects of the multithreadedexecution and the associated architectural support. For example, we have not touched soft-ware issues such as suitable program representation, language semantics, optimal choice ofthread size, synchronization e�ects on processor performance, resource management at runtime, organization of data structure memory, interconnection network structure, etc.. It isclaimed, however, that solutions applicable to other machines such as data
ow machines orother multithreaded machines are equally applicable to our multithreaded processor becauseof the relevant architectural similarities in storage demand, register requirements, procedurecall/return mechanism, etc.Designing a new processor is a complex task, which includes a variety of di�erent subtasks.The results presented in this thesis sets the perspective for further research:� Detailed simulation: The proposed multithreaded processor has been simulated atthe instruction level in C. A more detailed simulation of the architecture behaviour at theregister transfer level can lead to more accurate estimation of processor performance. Itis believed that VHDL is a suitable description language for describing our multithreadedprocessor (especially for describing the multithreaded pipeline as seen in chapter 6).� LDME code generation: More application programs should be written with theLDME model in order to estimate the code e�ciency and evaluate the instruction set.In chapter 6 only basic instructions for the LDME model are included; more instructions,especially those instructions supporting e�cient resource management and program or-



8 Conclusion 173ganization may be necessary.� Synchronization e�ects: Synchronization e�ects on processor performance are dif-�cult to determine statically, because the synchronization latency is generally unpre-dictable. In our study, the synchronization e�ects have been minimized by the assump-tion that a program has a small fork/join phase at the beginning and the end of pro-gram execution and a �xed number of threads during the main execution period. Thisassumption may not be true for programs written in some modern parallel languageslike functional or logic languages.� Register management and size: We have chosen 8 local register sets and two globalregister sets. Each register set contains 8 registers, which is, however, only an empiricalnumber extracted from the experience of MASA [Hal 88]. As shown in the LDMEprogram for the inner product in the previous chapter, it is desirable to enlarge the twoglobal register sets, which can reduce the frequency of load/store instructions in normalthreads. The optimal size of register sets can only be determined through practicalexperience with di�erent LDME codes.� VLSI implementation: Once the proposed multithreaded pipeline is described inVHDL at the register transfer level, it is possible to synthesize the multithreaded pipe-line with some high level synthese tool. A variety of VLSI design tools including thesynthesis tool Synopsis are available in the institute (AB TECH, Department of Com-puter Science, University of Hamburg) where this work was done. Thus, a rapid hardwareestimation of the multithreaded pipeline can be achieved by using high level hardwaresynthesis.There are also many other similar e�orts aimed at combining von Neumann and data
owarchitectures. Most of such e�orts have been stimulated by the fact that data
ow machinesbased on pure data 
ow execution model pioneered by Arvind and Dennis over the last 20years are ine�cient and di�cult to build, just as pointed out by Iannucci [Ian 90]:Neither von Neumann architecture nor data
ow architecture alone can achieve thegoal of scalable, general purpose parallel computing.With the hybrid perspective, there is great hope.This is also our belief as a conclusion from this work.
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