RICE UNIVERSITY

Fine-Grain Producer-Initiated Communication in Cache-Coherent Multiprocessors by Hazim M. Abdel-Shafi

A Thesis Submitted in Partial Fulfillment of the Requirements for the Degree Master of Science

Approved, Thesis Committee:

Dr. Sarita V. Adve, Chair Assistant Professor Electrical and Computer Engineering

Dr. Willy Zwaenepoel Professor Computer Science and Electrical and Computer Engineering

Dr. John Mellor-Crummey Faculty Fellow Computer Science

Dr. Vikram S. Adve Research Scientist Computer Science

Houston, Texas April, 1997

Fine-Grain Producer-Initiated Communication in Cache-Coherent Multiprocessors

Hazim M. Abdel-Shafi

Abstract

Shared-memory multiprocessors are becoming increasingly popular as a highperformance, easy to program, and relatively inexpensive choice for parallel computation. However, the performance of shared-memory multiprocessors is limited by memory latency. Memory latencies are higher in multiprocessors due to physical constraints and cache coherence overheads. In addition, synchronization operations, which are necessary to ensure correctness in parallel programs, add further communication overhead in shared-memory multiprocessors.

Software-controlled non-binding data prefetching is a widely used consumerinitiated mechanism to hide communication latency and is currently supported on most architectures. However, on an invalidation-based cache-coherent multiprocessor, prefetching is inapplicable or insufficient for some communication patterns such as irregular communication, fine-grain pipelined loops, and synchronization. For these cases, a combination of two fine-grain, producer-initiated primitives (referred to as remote writes) is better able to reduce the latency of communication. This work demonstrates experimentally that remote writes provide significant performance benefits in cache-coherent shared-memory multiprocessors both with and without prefetching. Further, the combination of remote writes and prefetching is able to eliminate most of the memory system overheads in our applications, except for misses due to cache conflicts.

Acknowledgments

First and foremost, I would like to thank my parents, Majida and Mustafa, for giving me the gift of life and for inspiring me to pursue higher levels of education. I hope to one day approach their level of wisdom and generosity.

I thank my primary advisor, Sarita Adve. She has been a constant source of inspiration and support. I enjoyed the long discussions and the advice. I would also like to thank Vikram Adve, who was also instrumental in driving this research effort.

Many thanks to Willy Zwaenepoel and John Mellor-Crummey for their willingness to serve on my Thesis Committee and for their valuable feedback on this work.

Thanks also to my colleagues Jonathan Hall, Vijay Pai, Parthasarathy Ranganathan, Chaitali Sengupta, and Evan Speight for the help, company and many hours of entertaining and educational discussions.

Contents

Abstract ii Acknowledgments iii List of Illustrations vi List of Tables vii

1 Introduction 1

2 Remote Writes 6

2.1 Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 2.2 Identifying Remote Writes . . . . . . . . . . . . . . . . . . . . . . . . 8 2.3 Implementation of Remote Writes . . . . . . . . . . . . . . . . . . . . 8 2.3.1 Processor-Cache Subsystem . . . . . . . . . . . . . . . . . . . 9 2.3.2 Directory Coherence Protocol . . . . . . . . . . . . . . . . . . 11 2.3.3 Protocol Race Conditions . . . . . . . . . . . . . . . . . . . . 13 2.3.4 Deadlock Avoidance . . . . . . . . . . . . . . . . . . . . . . . 15 2.3.5 Remote Writes Under Sequential Consistency . . . . . . . . . 16

3 Experimental Methodology 18

3.1 Architectures Modeled . . . . . . . . . . . . . . . . . . . . . . . . . . 18 3.2 Simulation Environment and Assumptions . . . . . . . . . . . . . . . 20 3.3 Kernels and Applications Used . . . . . . . . . . . . . . . . . . . . . . 20 3.4 Methodology for Inserting Prefetches and Remote Writes . . . . . . . 21

4 Experimental Results 25

4.1 Overview of the Results . . . . . . . . . . . . . . . . . . . . . . . . . 25 4.2 Synchronization Kernels . . . . . . . . . . . . . . . . . . . . . . . . . 28 4.3 MP3D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 4.4 Water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 4.5 Radix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 v 4.6 Erlebacher . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 4.7 MICCG3D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 4.8 Impact of the Coalescing Buffer . . . . . . . . . . . . . . . . . . . . . 43 4.9 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5 Related Work 46

5.1 Primitives Related to WriteSend . . . . . . . . . . . . . . . . . . . . . 46 5.2 Update and Hybrid Update-Invalidate Protocols . . . . . . . . . . . . 49 5.3 Primitives Related to WriteThrough . . . . . . . . . . . . . . . . . . 50

6 Conclusions and Future Work 52

6.1 Thesis Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52 6.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 6.2.1 Compiler Support . . . . . . . . . . . . . . . . . . . . . . . . . 53 6.2.2 Hardware-Controlled Remote Writes . . . . . . . . . . . . . . 54 6.2.3 Remote Writes and Instruction-Level-Parallelism . . . . . . . 55

Bibliography 57

Illustrations

2.1 Cache line state transitions at the L2 cache with WriteThrough. . . . 11

3.1 Simulated Architecture . . . . . . . . . . . . . . . . . . . . . . . . . . 18 3.2 Informal heuristics to guide Remote Write and Prefetch usage. . . . . 23

4.1 Overhead for synchronization kernels . . . . . . . . . . . . . . . . . . 25 4.2 Results for MP3D, Water, and Radix . . . . . . . . . . . . . . . . . . 26 4.3 Results for Erlebacher and MICCG3D . . . . . . . . . . . . . . . . . 27 4.4 MP3D Simulated Space . . . . . . . . . . . . . . . . . . . . . . . . . . 31 4.5 Results for MP3D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 4.6 Results for Water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34 4.7 Results for Radix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36 4.8 Erlebacher Data and Computation Distribution . . . . . . . . . . . . 38 4.9 Results for Erlebacher Z-Phase Pipelines . . . . . . . . . . . . . . . . 39 4.10 Results for Erlebacher (Full Application) . . . . . . . . . . . . . . . . 41 4.11 Results for MICCG3D . . . . . . . . . . . . . . . . . . . . . . . . . . 42

Tables

3.1 System parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 3.2 Application parameters . . . . . . . . . . . . . . . . . . . . . . . . . . 22

Large portions of this thesis are based on an earlier work [ASHAA97] which is copyrighted by the Institute of Electrical and Electronic Engineers (IEEE), 1997. This material is included here with permission of the IEEE. Such permission of the IEEE does not in any way imply IEEE endorsement of any of Rice University’s products or services.

Chapter 1

Introduction

Shared-memory multiprocessors are becoming increasingly popular as a solution for high-performance computing needs. This popularity is due to two main reasons. First, most recent multiprocessors are built of commodity microprocessors, making them cost-effective compared to systems using custom-built hardware. Second, the shared-memory programming model is simpler than its message-passing counterpart. This makes shared-memory multiprocessors more attractive from a programmer’s perspective.

Most shared-memory multiprocessors support caching and include hardware implementations of cache-coherence protocols to ensure correctness when multiple copies of data are cached by multiple processors. There are two limitations to performance in such cache-coherent multiprocessors. First, memory latency, which is the main bottleneck in uniprocessors today, is increased in multiprocessors because of the physical dimensions of multiprocessor systems and the increased overhead of cache-coherence. Second, synchronization operations which are needed to ensure correctness in parallel applications result in additional communication and memory overheads that do not exist in uniprocessor systems.

In traditional cache-coherent, shared-memory multiprocessors, interprocessor data movement primarily occurs in response to a read or write operation by the consumer or producer of the data value respectively, and is usually at the granularity of a cache line. In such systems, software prefetching has been shown to be highly effective in hiding memory latency. Furthermore, software prefetching is effective in uniprocessors as well as multiprocessors, and is fairly straightforward to implement. Therefore, software prefetching is becoming widely available in commercial systems. Software prefetching can be classified as a receiver or consumer-initiated communication primitive since it is issued by the consumer of a data value.

For many programs and sharing patterns (e.g., producer-consumer patterns), producer-initiated data transfers are a natural style of communication. When applicable, producer-initiated communication can be highly efficient because it moves data close to the consumer as soon as the data becomes available, minimizing the latency at the read.

Producer-initiated communication may be either coarse-grain or fine-grain. Coarse-grain producer-initiated (or bulk transfer) primitives are primarily useful for regular, coarse-grain data sharing patterns. In such cases, however, software prefetching is also highly effective and bulk transfer primitives have been shown to provide little additional performance benefit over prefetching for scientific codes [WSH94].

Fine-grain producer-initiated primitives appear to be useful in certain cases where prefetching is inapplicable or insufficient. In particular, prefetching may not be effective for data references where either (1) the value to be read is not produced sufficiently early (before the read) which does not allow prefetching to fully hide the latency of a miss, or (2) the location to be accessed is not known sufficiently early, so prefetching cannot be used. The first case can occur with synchronization variables, or with tightly synchronized pipelined computations that can arise from loop nests with recurrences. The second case occurs with dynamic sharing patterns. In both cases, a producer-initiated data transfer can be used to bring the data closer to the next reader, thereby reducing the latency seen by the read or prefetch.

In the first case, if the writer (or producer) can compute which processor will read the value next, it can send the value to that processor, depositing it in the future reader’s cache. Such an operation is well-suited to a regular producer-consumer data sharing pattern, or to certain synchronization algorithms based on predictable communication patterns. Three primitives have been proposed to support such an operation: the forwarding write [Pou94, PY94], the DASH deliver [LLG+92], and the PSET WRITE [RSS+95].

In the second case described above, the writer cannot usually predict who will be the next reader. Here, a write-through operation could transfer the data to memory so that the latency of a subsequent prefetch or read is reduced. Such an operation is well suited to migratory sharing where data or synchronization variables are repeatedly read and modified by different processors in unknown order. Primitives like Check-In (in the CICO model) and others [HLRW93, SS95] have been proposed to support such an operation.

While the above two types of producer-initiated primitives have been previously proposed and studied, few studies have evaluated the additional benefits of these primitives when prefetching is already available. The few such studies [Pou94, TT96] have used a single producer-initiated primitive (data forwarding), and have been unable to combine the benefits of forwarding and prefetching, for reasons discussed below.

The goal of this thesis is to explore whether fine-grain producer-initiated communication primitives can provide complementary benefits to software prefetching in a shared-memory multiprocessor.

To balance performance benefits and ease of use, we choose fine-grain producerinitiated primitives that are software-controlled and cache-coherent. A softwarecontrolled primitive enables precise control over the communication in a program (essentially behaving like a fine-grain message), which can be exploited by application and library developers and parallelizing compilers to achieve high performance. A primitive that preserves cache coherence can be used simply as a performance hint to the system, without changing the semantics of the program.

Corresponding to the two cases identified above where producer-initiated communication appears to complement prefetching, we consider a combination of two software-controlled fine-grain primitives. The first is a simplified version of the forwarding write primitive, which we call WriteSend. This primitive is a write that directly updates the cache of a specified processor, and is used when the next consumer of the data is known. The second primitive is called WriteThrough. This primitive is a write which updates memory, and is used when the next consumer is unknown. Together, we refer to these two primitives as remote writes.

We evaluate the performance of remote writes, with and without prefetching, on two synchronization kernels and five applications. In the synchronization kernels, the use of WriteSend showed reductions in the synchronization overhead of 42% to 60% over the base system; prefetching is not applicable to these kernels. In the applications, the addition of remote writes improved execution time by 10%-48% relative to the base system, and by 3%-28% relative to the base system with prefetching. In all applications, the combination of remote writes and prefetching performed better than either of them alone. Perhaps most important, the combination of remote writes and prefetching eliminated most of the memory system overheads that existed in the base system, except cache conflicts in the direct mapped L1 cache.

The largest overall gains relative to prefetching came with the use of WriteThrough in applications with irregular sharing patterns, where the WriteThrough significantly reduced the average latency that had to be hidden by prefetches, and also greatly reduced false sharing in one case. In addition, WriteThrough can reduce the miss latencies of accesses that are not amenable to prefetching. The overall impact of

WriteSend over and above prefetching on the applications in our study was small,

because the specific patterns it benefited most did not prove to be dominant in these applications. Nevertheless, WriteSend was effective in reducing most of the latency it targeted; these latencies are difficult to address with prefetching.

There are three principal reasons why the results of our study differ from those of previous studies that evaluated data forwarding in combination with prefetching [Pou94, TT96]: (i) the use of a combination of WriteSend and WriteThrough primitives; (ii) more realistic architectural assumptions compared to some previous studies, and (iii) a broader application domain, including applications with pipelined loops and irregular sharing patterns, and important synchronization kernels. These reasons are discussed in more detail in Chapter 5.

This thesis is organized as follows. In Chapter 2, we define the remote write primitives, and discuss how they can be implemented in a cache-coherent, shared memory multiprocessor. Chapter 3 describes our experimental methodology, including heuristics for inserting remote writes in applications. Chapter 4 provides details on our experimental results. Chapter 5 discusses related work. Chapter 6 summarizes our main conclusions and discusses future work.

Chapter 2

Remote Writes

This chapter presents the Remote Write primitives that we use to evaluate the performance of producer-initiated communication. The chapter is organized as follows. Section 2.1 describes the remote write primitives. Section 2.2 describes how remote writes could be identified in programming languages and in hardware implementations. Section 2.3 describes our proposed implementation of remote writes and discusses some alternatives.

2.1 Definition

Chapter 1 described two situations in which producer-initiated communication could help reduce communication latency in a hardware cache-coherent shared-memory system. The two situations are typical of regular producer-consumer sharing patterns and migratory sharing patterns respectively. Based on those observations, we define two types of remote write instructions, for a hardware cache-coherent system. It is important to note that the semantics of a remote write are the same as an ordinary write; a remote write additionally only provides a performance hint. This must be ensured in part by preserving cache-coherence during the remote write operations.

Assume that Write <addr> <value> is an ordinary write operation of <value> into location <addr>. The remote write instructions are:

ffl WriteSend <addr> <value> <proc>

WriteSendInv <addr> <value> <proc>

Perform an ordinary Write <addr> <value>. In addition, deposit the new value of <addr> in the cache of processor <proc>. If the writer has a copy of the accessed line in its cache, then WriteSendInv invalidates that copy, while

WriteSend does not.

ffl WriteThrough <addr> <value>

WriteThroughInv <addr> <value>

Same as WriteSend and WriteSendInv respectively, except that the new value of <addr> is updated in main memory, and there is no destination processor.

For each type of remote write, we propose an option to leave the writer’s copy of the line (if any) in invalid state. This option is useful if the programmer or compiler is certain that the next consumer of the cache line will be another processor that will acquire ownership of the cache line in the future. By invalidating the producer’s copy, remote writes reduce the overhead of an invalidation message when ownership is requested.

The above definitions only assume some form of hardware cache-coherence. They can be applied to invalidate or update protocols, and to directory-based or COMA protocols, although certain aspects of the definitions may be inapplicable. For example, on hierarchical COMA systems where a home location does not exist,

WriteThrough would default to a local write operation. Furthermore, remote writes

can be beneficial under either a relaxed memory consistency model or sequential consistency.

Previously proposed primitives similar to WriteSend use a bit vector to specify multiple destination processors [LLG+92, Pou94, RSS+95]. We chose a single destination primarily because multiple sends from a single instruction are more difficult to implement within a hardware coherence protocol, and because a bit vector is not scalable.

Since WriteSend specifies only one destination processor, in cases where multiple consumers exist, separate WriteSends to different copies of the data (with different addresses for different consumers) have to be issued. Different addresses are necessary since each WriteSend operation results in the invalidation of all outstanding copies of a cache line except those at the destination and producer processors. All our applications, except for a single broadcast operation in one application, needed only one destination processor.

2.2 Identifying Remote Writes

We first discuss how remote writes can be specified in programming languages and then discuss how they can be identified by hardware.

A remote write can be specified in source code by bracketing an assignment with annotations. In the case of a WriteSend, specifying the destination processor can be done through a library call.

Identifying remote writes in the hardware can be accomplished in multiple ways. If the microprocessor has some unused opcode bits, these bits can be used to distinguish a remote write from a normal write. The SPARC architecture supports ASI bits (Address Space Identifiers) that may be used for this purpose [Spa93]. Alternatively, a special store to an uncached address can be interpreted by the memory hierarchy as a command to handle all subsequent store operations as remote writes of a certain type, depending upon the address used. A similar operation will return the processor to normal store handling mode.

2.3 Implementation of Remote Writes

We describe an implementation of remote writes on a base hardware cache-coherent, shared-memory multiprocessor with a directory, invalidation, and ownership-based coherence protocol, and release consistency. We assume that each node in the system contains a write-through no-write-allocate L1 cache, a write buffer, and a lockup-free write-back L2 cache with eight Miss Status Holding Registers (MSHRs) [Kro81].

The two remote write primitives can be implemented using a common set of mechanisms in the underlying hardware. In the following sections, we first describe the changes to the processor and cache subsystem, and the directory coherence protocol. Then we discuss coherence protocol race conditions and deadlock avoidance mechanisms. Finally, we discuss how remote writes may be implemented on a system that supports sequential consistency.

2.3.1 Processor-Cache Subsystem

We describe the necessary changes at the processor and cache hierarchy to support remote writes.

To improve the performance of remote writes, we propose supporting a coalescing (or merging) line write buffer [DS95, E+95, Jou93], located between the L1 and L2 caches. Such a buffer can merge multiple remote writes to different words in the same cache line, making them appear as a single remote write message to the rest of the memory system. Dirty bits per word in the buffer indicate which words in the line have been modified. We discuss the performance impact of using a coalescing buffer in more detail in Section 4.8.

Since we assume a write-through L1 cache in our base architecture, there is no need to distinguish remote writes from “normal” writes at the L1 cache. The producer’s L2 cache is responsible for forwarding the remote write data to the directory. If the L2 cache has ownership of the line, it merges the new data into the line and forwards it; otherwise, it forwards the modified words with the dirty bits from the coalescing buffer. Additionally, if the producer’s L2 cache has a copy of the accessed line, a

WriteThroughInv or WriteSendInv invalidates the copy, while a WriteThrough or
WriteSend updates it and sets it to shared state. Remote writes do not acquire ownership, so it is not necessary for an outstanding remote write to maintain state in an MSHR.

With WriteSend and WriteSendInv, we chose to move the cache line into the destination’s L2 cache, rather than the L1 cache, to minimize the possibility of cache conflicts. This is important because a WriteSend may put the data in the consumer’s cache well before it is accessed.

For WriteSend, the destination processor id can be specified using a memorymapped, special-purpose register that resides at the L2 cache controller. Uncached store operations to this address result in setting the destination’s processor id in the special-purpose register. Before changing the destination processor at the L2 cache, it is important to ensure that all previously issued WriteSend operations have been received by the L2 cache controller or that they have completed. Since setting the destination id is a write, both of these schemes require that write-write ordering be maintained at issue time to the L2 cache (achieved using the write-buffer in our base architecture). Fence operations can be used to avoid the problem of changing the destination while previous WriteSends have not been issued yet. One option is to support a fence that completes when all previous stores reach the L2 cache controller. The other alternative is to treat the store that sets the destination processor id as a release. This method has a larger performance overhead since it prevents the issue of the store of the new processor id until all previous store operations complete. The first option may be better from a performance standpoint, but it requires additional support in the processor.

Figure 2.1 shows the cache line state transition diagram for an L2 cache that supports WriteThrough and WriteThroughInv. The state transitions for WriteSend and

WriteSendInv are the same as WriteThrough and WriteThroughInv, respectively. In

addition, when an L2 cache receives a WriteSend message for a particular cache line, it places the cache line in shared state.

Figure 2.1 Cache line state transitions at the L2 cache with WriteThrough.

Remote writes are placed in the coalescing buffer once they are issued from the regular write buffer. They are issued from the coalescing buffer to the L2 cache either on a replacement (using LRU), or when the buffer is flushed at a release. Since a release must wait for acknowledgments from outstanding normal and remote writes, the release could experience the full delay of the buffered remote writes. To reduce this cost, we also flush the coalescing buffer on acquires.

Reads have to check both the write buffer and the coalescing write buffer before they can be issued to the L2 cache. If a read hits in either buffer, its result is forwarded to the processor and the cache line is not brought into the L1 cache.

2.3.2 Directory Coherence Protocol

We use a three state, fully-mapped directory coherence protocol [CF78]. The three states at the directory are: uncached, shared, or dirty. A cache line is in uncached state if it is not cached by any processor and memory contains the updated copy of the line. A line in shared state may be cached by one or more processors and the directory contains the unmodified copy of the cache line. A line in dirty state can only be cached by one processor which may have modified its copy.

Remote writes are handled with simple extensions to the base directory coherence protocol. To avoid introducing a new class of races in the protocol, we restrict the implementation to (i) serialize all writes to a single cache line, including remote writes, at the directory, just as in the base protocol, and (ii) merge modified words into the cache line at the producer and/or at the directory, for both types of remote writes. We describe the actions taken by the directory on a WriteSend or WriteThrough operation next.

The directory receives a WriteSend request which includes either the full cache line if the sending cache had ownership of the line, or the remote write data and the appropriate dirty bits from the coalescing buffer. In the former case, the directory updates the memory copy and sends the cache line to the destination processor specified in the WriteSend request. In the latter case, the directory merges the data with the contents of the cache line in memory if the state of the line is either uncached or shared at the directory. If the cache line was in uncached state, the modified cache line is forwarded to the destination processor. If the line was in shared state, the directory sends invalidations to all caches containing the line, with the exception of the source and destination processors. In parallel, the cache line is forwarded to the destination processor. If the line was in dirty state and ownership was not held by the processor issuing the WriteSend, an explicit write-back request is sent to the the owner of the cache line. Once the write-back is received, the old data is merged with the new data and then the cache line is forwarded to the destination processor. As soon as the directory receives all the acknowledgments for any messages it sent, an acknowledgment is sent to the issuing processor to signify the completion of the

WriteSend transaction. In all the above cases, the cache line remains in shared state

at the directory.

The actions for a WriteThrough operation are similar to those for a WriteSend, except that all actions related to the destination processor are irrelevant.

The following sections discuss coherence protocol race conditions and deadlock avoidance mechanisms, respectively.

2.3.3 Protocol Race Conditions

In this section, we describe protocol race conditions that can arise when implementing remote writes. Within this context, it is important to recall that remote writes are performance hints; therefore, it is possible to use this fact to resolve race conditions without adversely affecting correctness.

Implementing remote writes under our base directory coherence protocol does not introduce new classes of races. To illustrate this, we describe two race conditions that we encountered in implementing remote writes to illustrate how they can be handled using existing directory protocol mechanisms.

For the first race, consider a WriteSend or WriteThrough to a dirty line owned by a processor other than the issuing processor. In such a case, the directory sends an explicit write-back request to the owning processor. The owning processor could have replaced the line before receiving the write-back request from the directory. An analogous race condition exists even in the base directory protocol when a new write request is forwarded to a processor with a dirty line. The same mechanism used in the base coherence protocol can be applied to the remote write race to ensure that correctness in maintained.

Another race condition can occur with WriteSend. This race involves the case when an L2 cache receives a WriteSend when it has a pending request for the same cache line, either for a read or a write. Such situations can arise in the presence of false-sharing. The reason why these situations are not straightforward is because the L2 cache controller cannot know if the WriteSend was sent before or after the reply for its pending request has been handled by the directory. This presents a problem because the L2 cache has to know which copy of the cache line to accept. This race can occur in our system since our network does not preserve ordering. We next describe how this race can be resolved, depending on whether the L2 cache was waiting for a read or write.

ffl If a WriteSend is received at an L2 cache with a pending write to the same line, the L2 cache is guaranteed that the WriteSend has been issued before its request reached the directory. If that was not the case, the L2 cache in question would have received a write-back request instead. Therefore, the L2 cache can accept the cache line without violating correctness. However, the WriteSend cannot be used to satisfy the outstanding request since ownership has not been acquired for the line yet. When the original request’s reply is received, the L2 cache controller handles it as a normal fill. This race does not require any new protocol mechanisms.

ffl If a WriteSend is received at an L2 cache with a pending read for the same line, the cache can drop the WriteSend, and send an acknowledgment to the directory to complete the WriteSend transaction. In addition, an invalidation bit in the outstanding read’s MSHR is set. Upon receiving the read reply, the L2 cache controller only forwards the value of the read to the processor and immediately invalidates the cache line. A subsequent read or write to the same cache line will result in a cache miss. The latest copy of the data has to be fetched from the directory, ensuring that any modifications performed by the dropped WriteSend are seen by the processor. A similar race condition occurs in the handling of invalidations when a store is received for a shared line at the directory since the invalidation may reach a cache before its pending read response. Therefore, no new mechanisms are introduced in the directory protocol to handle this remote write race.

2.3.4 Deadlock Avoidance

In this section, we first describe the deadlock avoidance mechanisms of the base architecture. Then we address deadlock concerns in the presence of remote writes.

Our base architecture employs several mechanisms to avoid deadlock. The interconnection network consists of separate request and reply networks to eliminate cyclic dependencies. Our implementation of the L2 cache performs replacements (and possible write-backs) upon receiving cache fills. In addition, write-back buffers are not reserved before issuing requests from the L2 cache. Since the request network may be congested due to queuing delays in the memory system and since the L2 cache has limited buffering, write-back requests may stall at the L2 cache, which may lead to deadlock. We avoid this deadlock by issuing write-backs on the reply network and by guaranteeing that the reply network is deadlock free. We guarantee that the reply network is deadlock-free by ensuring that replies are always sunk at the directory controllers.

When implementing remote writes, two situations exist that raise the possibility of deadlock in the presence of limited buffers.

Deadlock due to write-backs: Since WriteSend fills arrive unsolicited at the destination processor’s L2 cache and can generate a write-back, they raise the possibility of deadlock. Since this case is equivalent to receiving a cache fill in our base system, the deadlock avoidance mechanisms of our base system prevent deadlock due to WriteSend as well. It is also possible to implement WriteSend on systems that avoid deadlock by reserving write-back buffers before issuing requests. If no writeback buffers are available to perform the replacement caused by a WriteSend, the

WriteSend can be dropped. Correctness is ensured since the main memory copy is

always updated before sending a WriteSend to the destination processor.

Deadlock due to retries: Remote writes do not reserve Miss Status Holding Registers (MSHRs) since they do not acquire ownership. Our directory protocol uses retries whenever its request buffers are full. This raises the possibility of deadlock for remote write retries. When a retry is received for an outstanding read or “normal” write, it is possible to buffer the retry in the corresponding MSHR if the request network is congested. If a retry is for a remote write, the L2 cache controller has to buffer it if the request network is congested. If retries cannot be buffered, the reply network, which carries retry messages, could get deadlocked and that would defeat our system’s deadlock avoidance mechanisms. To avoid deadlocks caused by retries, we added extra buffers at the L2 cache controllers for handling remote write retries. To limit the amount of retry buffers, we also impose a limit on the number of outstanding writes at the write buffer (128 words in our study).^�

2.3.5 Remote Writes Under Sequential Consistency

So far, we have assumed the release consistency memory model in our implementation. It is also possible to implement remote writes under sequential consistency. In this section, we discuss how the implementation of remote writes may be modified to support sequential consistency.

Sequential consistency (SC) supports a simple programming model where memory operations “appear” to execute in program order. In straightforward implementations of sequential consistency, a memory operation is not issued until the previous memory operation of the same processor in program order has been “globallyperformed” [Lam79, SD87]. Aggressive implementations of SC allow read latencies to be overlapped; however, write latency is typically not addressed in such implementations [GGH91, ZB92]. Release consistency allows writes to be overlapped, which accounts for most of the performance benefits of release consistency over sequential consistency.

Because writes, including remote writes, are serialized under SC, it is not possible to use write buffers. Therefore, we modify the implementation of remote writes for SC

�Note that this does not necessarily translate to 128 outstanding requests since some writes will coalesce at the coalescing write buffer or the L2 cache MSHRs.

by only issuing a single remote write to a cache line. If multiple writes are issued to the same cache line, only the last write operation before a synchronization operation has to be converted to a remote write. If a single write is issued to a cache line, that operation is converted to a remote write which first acquires ownership of the cache line before issuing the remote write.

Remote writes under sequential consistency will provide improvements in read miss latency. Further, the implementation of remote writes on sequential consistency increases the programmer’s or compiler’s effort in inserting remote writes since it is now necessary to be aware of cache-line boundaries in order to insert remote writes in the applications.

Chapter 3

Experimental Methodology

This chapter describes our experimental methodology. We describe the architectures modeled and the simulator environment used for the evaluation. Finally, we list the applications and kernels used in our study and describe the methodology used for inserting remote writes and prefetching in the applications.

3.1 Architectures Modeled

We evaluate the performance impact of remote writes by comparing four systems: a base cache-coherent shared-memory system, and the base system extended with remote writes, software prefetching, and both prefetching and remote writes. We refer to these systems as Base, RW, PF, and PF+RW, respectively.

Figure 3.1 Simulated Architecture

Parameter Value Processor and cache parameters Processor speed 300 MHz Cache line size 64 bytes Write buffer 8 words Coalescing remote write buffer 4 cache lines L1 cache (size varies by application) Direct mapped L2 cache (size varies by application) 4-way associative Network parameters Topology 2D-mesh Network speed 150 MHz Flit size 4 bytes Maximum packet size (data+header) 64 + 16 bytes Flit delay per network hop 1 network cycle Memory System Latencies (in CPU cycles) L1 cache access 1 cycle L2 cache access 8 cycles Directory and memory access 18 cycles Memory transfer bandwidth 8 bytes/cycle Bus Parameters Bus speed 100 MHz Bus type split-transaction Bus data width 32 bytes Sample Contentionless Miss Latencies (in CPU cycles) Read miss (local clean) 55 cycles Read miss (dirty 2-hop) 140 cycles Read miss (dirty 3-hop) 175 cycles

Table 3.1 System parameters.

The Base system is similar to the one described in Section 2.3 (but without support

for remote writes) (see Figure 3.1). For the RW system, we augment Base with

support for remote writes as described in Chapter 2. For PF, we augment Base

with both shared and exclusive prefetching [Mow94]. We prefetch into the L1 cache

because data is usually prefetched just before it is accessed, and is therefore less likely

to replace a useful value or be replaced itself. This potentially gives prefetching an

advantage over WriteSend. PF+RW combines the additional support of both PF

and RW.

Table 3.1 specifies key system parameters. To illustrate their impact, Table 3.1 also gives sample latencies for various shared-memory read operations, assuming no contention. Cache sizes and the number of processors vary by application as discussed in Section 3.3. We use a single-issue, in-order processor model with blocking reads. The functional unit latencies used are similar to those in the UltraSparc 1 processor.

Because of the combination of a simple processor model and an aggressive network and memory system (relative to recently announced multiprocessor systems), our results are likely to be conservative for the improvements achievable using prefetching and remote writes in future systems.

3.2 Simulation Environment and Assumptions

To perform our evaluation of prefetching and remote writes, we used a direct-execution based simulator. Our simulator is a modified version of the Rice Parallel Processing Testbed (RPPT) [C+91, Lak93, Raj94]. The original simulator was modified to support two levels of caching, a write-buffer, and release consistency. Further, we added support for software-controlled, non-binding prefetching and remote write operations as described in Section 2.3.2. We assume a perfect instruction cache, and assume that all accesses to memory locations that are not shared among processors hit in the first level cache. We simulate contention in the network and memory system. Modeling contention is important for applications with high and/or bursty bandwidth requirements (e.g., Radix from the SPLASH-2 suite [WOT+95]).

3.3 Kernels and Applications Used

We use two synchronization kernels and five applications for our experiments. The two kernels are MCS locks and tree barriers [MCS91a]. We chose these kernels because they are of fundamental importance to shared-memory applications, and are wellsuited to producer-initiated communication. The five applications are Radix from the SPLASH-2 suite [WOT+95], Water and MP3D (without locking for cells) from the SPLASH suite [SWG92], MICCG3D from the MIT Alewife group, and Erlebacher from the Rice Parallel Compiler group. The last two applications have static access patterns, and contain tightly synchronized pipelined loop nests. MP3D and Water have dynamic access patterns, and Radix exhibits both types of patterns.

Input sizes, cache sizes, and the number of processors used for each application are listed in Table 3.2. The input and cache sizes are based on the methodology described by Woo et al. [WOT+95]. In particular, for applications with a well-defined primary working set that is fixed in size or grows slowly with increasing problem size or number of processors, we chose L1 cache sizes that fit this working set if that is expected in practice. For the secondary working sets, we chose L2 cache sizes that may or may not fit this working set, depending on whether this working set would fit when the application in question is run on a real system. For applications that do not have a well defined primary working set, we chose an L1 cache size that is smaller than the L2 cache by a factor of 8 to represent typical L1 cache to L2 cache size ratios. We use 32 processors for all applications except MP3D, for which we used 16 processors because of its poor scalability. We evaluate our synchronization kernels on systems with 1 to 32 processors, using caches that fit their working sets.

3.4 Methodology for Inserting Prefetches and Remote Writes

We use simple heuristics based on application behavior to insert prefetches and remote writes by hand. Therefore, for our architectural parameters, our results provide an upper bound on the performance benefits from prefetching and remote writes that could be expected from compiler algorithms. It is important to first determine this bound before attempting compiler support for prefetching and remote writes. Nevertheless, when developing our heuristics for remote writes, we took care to use

Application #Procs Data Set L1 L2 MP3D 16 50,000 particles 16KB 128KB Water 32 512 molecules 8KB 64KB Radix 32 1M keys, r=1024 32KB 256KB Erlebacher 32 64 � 64 � 64 4KB 32KB MICCG3D 32 64 � 64 � 64 4KB 32KB Table 3.2 Application parameters

information that would be possible to infer in an advanced compiler. Our heuristics (summarized in Figure 3.2) essentially depend on two items of information: (1) whether a write to a shared location is likely to be followed by a read from a different processor, and (2) whether a cache line is likely to be replaced in the reader’s L2 cache in the interval between a WriteSend that pushes the line into the cache and a subsequent read operation on that line. Although this information is more than is required for prefetching, advanced parallelizing compilers should be able to determine this information.

We generally followed Mowry’s algorithm [Mow94, ML92] to insert prefetches in the applications, except that in some cases, we used extensive experimentation to schedule prefetches to maximize performance. We also assumed more aggressive locality analysis across synchronization operations to improve the performance of prefetching (e.g., Water). We do not prefetch synchronization variables, although there may be benefit in prefetching low-contention locks. We insert prefetches only for cache lines that are expected to miss in the L2 cache. The overhead of prefetching L2 cache hits usually outweighs the savings in latency.

For the RW and PF+RW versions, we insert WriteSend on a write to a shared variable if the writer can compute the identity of another processor that will access the data next (i.e., a regular sharing pattern), and if the sharing is fine-grain (e.g., in pipelined loops and synchronization). WriteSend can also be used for (regular) coarsegrain sharing if the consumer’s working set between the write and the subsequent read

FOR each WRITE operation to location ADDR
    IF (next reader is likely to be a different processor)
        IF (next Consumer is known AND
            ADDR is likely to remain in that
            Consumer’s cache until the next READ)
          Replace WRITE with WriteSend(ADDR, Consumer)
        ELSE
          Replace WRITE with WriteThrough(ADDR)

FOR each READ operation to location ADDR
    IF (previous writer was likely to be another processor)
        IF (previous write was not a WriteSend) {
          insert PREFETCH to ADDR before the READ
        }
    ELSE
        IF (PREFETCH is worthwhile)
          insert PREFETCH to ADDR before the READ

Figure 3.2 Informal heuristics to guide Remote Write and Prefetch usage.

is smaller than the cache size, so that the remote-written data would remain in the

cache until it is read. In such a case, prefetching will usually also be effective but with

higher network traffic and instruction overhead. We, therefore, opt for WriteSend in

this case, and then do not use prefetching in PF+RW.

We insert WriteThrough on a write to a shared variable if the identity of the

next reader cannot be computed (as in an irregular sharing pattern), but where the

next reader is likely to be a different processor. In PF+RW, we also insert a prefetch

before a read that is part of such an irregular sharing pattern, to bring the data from

the home node into the L1 cache. With irregular sharing, it can be difficult to issue

prefetches sufficiently early, and the preceding WriteThrough can reduce the latency

seen by the prefetch.

Test&Test&Set lock variables also exhibit irregular sharing. For the unlock of such variables, we use WriteThroughInv instead of WriteThrough since the next reader will obtain ownership to get the lock.

Finally, when data is written soon after it is read (e.g., migratory data), PF uses exclusive prefetches. In PF+RW, some of these may be replaced by shared prefetches if the corresponding write is a remote write, since remote writes do not need to obtain ownership.

Chapter 4

Experimental Results

In this chapter, we first summarize the overall results of our experiments. Then we present details on each application and kernel studied.

4.1 Overview of the Results

(a) MCS Locks (b) Tree Barriers Figure 4.1 Overhead for synchronization kernels Figure 4.1 compares the average overhead of the synchronization kernels on Base and RW; prefetching is not applicable to these kernels (as explained later). Using remote writes reduces overhead by 60% and 42% for MCS locks and tree barriers respectively on a system with 32 processors.

(a) MP3D

(b) Water

(c) Radix

Figure 4.2 Results for MP3D, Water, and Radix

Figures 4.2 and 4.3 summarize our results for the five applications and for one key phase of Erlebacher which we study in isolation. For each application, the four graphs (from left to right) show the execution time normalized to the base system, the number of L1 and L2 misses per processor, and the total volume of network traffic.^y The execution time bar for each system shows the components due to data write stall time, data read stall time, stall times due to different synchronization operations

yThe graphs for the L1 and L2 misses for MICCG3D show the misses scaled down by a factor of 1000. The graphs in Figures 4.2 and 4.3 are enlarged and reproduced when we discuss the individual applications.

(d) Erlebacher (Z-Phase Pipeline)

(e) Erlebacher (Full Application)

(f) MICCG3D

Figure 4.3 Results for Erlebacher and MICCG3D

(flags, locks, and barriers), and busy time. The bars for L2 read misses also show the component of misses due to late prefetches (i.e., L2 misses that occur while there is an outstanding prefetch for the requested line). We did not collect statistics on late prefetches at the L1 cache. Finally, the bars for network traffic show the components of traffic on the request and reply networks.

Our results show the following overall trends: (1) PF+RW always performs best, achieving improvements in execution time between 10% and 48% relative to Base, and between 3% and 28% relative to PF for our applications. (2) PF+RW consistently has the lowest L2 cache read misses, eliminating 70–91% of these misses compared to Base and 10–70% compared to PF. (3) PF+RW always shows lower network traffic than Base or PF (but the traffic on RW is sometimes even lower). (4) Compared to

Base, PF+RW eliminates most of the memory system overheads in our applications. The remaining memory system overhead is primarily due to cache conflicts. There is also remaining overhead due to load imbalance, but such overhead is usually not directly targeted by memory system optimizations like remote writes or prefetches.

4.2 Synchronization Kernels

MCS locks: An MCS lock is efficient under moderate to high lock contention [MCS91a]. Processors needing a lock form a queue and spin locally on different variables. The processor holding the lock releases it by writing directly to the variable of the next processor in the queue. The passing of the lock to the next processor can be performed using a WriteSend operation. Using WriteSend in this case allows the processor currently holding the lock to signal the release directory by placing the new value into the destination processor’s L2 cache. We also use WriteSend when a processor enqueues itself if the lock is being used. This eliminates a miss at the predecessor processor when it attempts to release the lock. In order to use WriteSend, the destination processor has to be known. The data structure used for the MCS lock implementation does not contain the destination processor’s id [MCS91a]. We infer the destination id from the address of the waiting processor’s queue pointer since we allocate the MCS data structures in an array. Alternatively, the MCS data structure could be modified to include the destination processor’s id. Care should be taken to avoid introducing additional misses when using this technique.

If no processors are waiting for the lock, then a global lock variable is reset by the processor currently holding the lock. If a normal store is used for this operation, the next processor to attempt to acquire the lock will incur a read miss. However, the read miss latency can be reduced by using WriteThrough. Since we cannot predict the identity of the next acquirer of the lock, using WriteSend is not possible.

Prefetching is not applicable to MCS locks. In order to use prefetching, a processor attempting to acquire a lock has to either know that the lock is free, or that the current holder of the lock is going to release it soon. Since MCS locks are potentially used in cases with moderate to high contention, a waiting processor cannot typically predict when the lock will be free. Therefore, prefetching cannot be applied to MCS locks.

We compare the overhead of an MCS lock on Base and RW, using a method similar to that used by Lim and Agarwal [LA94]. We measure the total time for processors to execute 1000 acquire-release pairs each, with a 200-cycle holding time for the lock to model a small critical section. There is a uniformly distributed delay between 0 and 1000 cycles after a release, before the same processor tries to re-acquire the lock. We also measure the same execution time when using a zero-latency spin lock [LA94]. The difference between the two times, divided by the number of locks acquired per processor, is the average overhead for the MCS lock.

Figure 4.1(a) shows that WriteSend reduces the overhead by about 60% except at low contention (less than 4 processors accessing the lock). This is because the lock transfer in RW requires a single WriteSend operation instead of the invalidation, read miss, and data response messages required in Base. The combination of WriteSend and MCS locks achieves essentially the same efficient communication pattern as hardware queue-based locks such as QOLB [GVW89], but with much simpler and more general-purpose hardware support.

Tree barriers: Our tree barrier implements a full barrier using a binary tree [MCS91a]. The algorithm proceeds as follows. Each child processor notifies its parent when it arrives at the barrier. When a parent node receives all notifications from its children, it notifies its parent. Once the root node’s processor receives all of its notifications, it performs a broadcast in O(log2N) steps (using the binary tree, where N is the number of processors). Since the identity of the processor waiting at each node is known, WriteSend operations can be used to efficiently notify the parent nodes upon arrival at the barrier and to wake up the child nodes once all processors have arrived at the barrier. An important measure of the efficiency of a barrier implementation is the time between the last arrival at the barrier until all the processors exit the barrier. We estimate the overhead of the barrier algorithm as the average time taken for all processors to exit the barrier after the last processor has entered it. We measure this overhead averaged over a series of twenty barriers separated by random delays to randomize the order in which processors enter each barrier. Figure 4.1(b) shows that WriteSend reduces the overall barrier overhead by 42% on a system with 32 processors. Again, the savings in RW are obtained because

WriteSend achieves the same efficient data transfer pattern as for MCS locks at each

node of the tree. Kranz et al. show similar results for a tree-barrier using fine-grain processor-to-processor messages in Alewife, although those messages are not cachecoherent and user-level handlers are required to handle them at the receiver [KJA+93]. All our applications use our tree barrier implementation, with WriteSends in the RW and PF+RW versions.

We chose to evaluate WriteSend using Tree Barriers because they are efficient in the total number of network messages needed per barrier instance. Other efficient barrier primitives such as the Dissemination Barrier can also be optimized using

WriteSend since they exhibit a regular communication pattern [HFM88, MCS91b].

4.3 MP3D

MP3D is a simulation of particles in rarefied flow [SWG92]. An object flying at hyper-sonic speeds is simulated in a wind tunnel. The objective of the MP3D simulation is to determine the steady-state concentration of particles in the wind tunnel in order to measure the forces exerted on the object under simulation. MP3D uses particle-in-cell methods by partitioning the simulated space into equal sized cells. Particles are subject to collisions with other particles when they cross cell boundaries, the wind tunnel boundaries, and the object being studied. The two primary data structures are the particles and the array of cells representing physical space. The particles are equally partitioned among the processors. The main computation loop iterates over the particles, moving them according to their velocity and computing the

Figure 4.4 MP3D Simulated Space

new cell that each particle must be moved to. This requires updates of the particle data structures and the current and new cells of the particles. As the simulation proceeds, processors will examine many cells in an irregular, migratory access pattern because particles owned by a processor get distributed in an irregular fashion in the physical space being simulated (see Figure 4.4). In addition, the cell data structures are not aligned on cache-line boundaries, so there is false-sharing on the cell data structures.

PF uses exclusive prefetches for the particles and their current cells, but not for the new cell of a particle because the address of this cell is computed just before it is accessed. Scheduling the exclusive prefetches is difficult. Prefetching too early can invalidate active data from another processor’s cache. On the other hand, prefetching too late incurs a high penalty because of the relatively high frequency of misses and large latencies. After extensive experimentation, we achieved the best results by prefetching particles 5 iterations ahead and cells 2 iterations ahead. Nevertheless, PF still results in several (640) late prefetches at the L2 cache. As shown in Figure 4.5(a), prefetching achieves a 38% reduction in execution time compared to Base. The re-

(a) Execution Time and Network Traffic

(b) L1 and L2 cache read misses Figure 4.5 Results for MP3D

maining memory overhead in PF is mostly due to the cells that cannot be prefetched as well as the remaining late prefetches. Network traffic is also reduced in PF due to the use of exclusive prefetching. Figure 4.5(b) shows that prefetching reduces L1 and L2 read misses by 74% and 80% respectively.

RW uses WriteThrough to update the cells, which reduces read time by converting dirty misses to clean misses (i.e., converting 2-hop or 3-hop misses into local or 2-hop misses respectively). WriteThrough also reduces false-sharing effects by not acquiring ownership, resulting in lower network traffic as shown in Figure 4.5(a). The amount of network traffic is smaller than in Base because only the modified words, and not the entire cache line, must be written out to the directory. Overall, RW decreases execution time by 19% compared to Base. In contrast to PF, RW does not eliminate misses but reduces the miss latencies, see Figure 4.5(b).

PF+RW combines the optimizations used in PF and RW. WriteThrough brings the cell data closer to the next reader, reducing the average latency seen by prefetches from 202 to 154 cycles. This reduces the number of late prefetches from 640 to 324. Furthermore, we can now use shared prefetching for cells since WriteThroughs do not acquire ownership, which eliminates early invalidations at other processors and results in fewer misses than PF. PF+RW eliminates substantially more read and barrier overheads than PF alone, and reduces overall execution time by 16% relative to PF. Because of the highly unpredictable accesses to cells, some part of the read latency could not be eliminated or hidden.

4.4 Water

Water is an N-body molecular dynamics simulation that evaluates forces and potentials in a system of water molecules [SWG92]. The molecules are uniformly distributed in a cube representing physical space at the beginning of the simulation and are partitioned equally among the processors. The most time-consuming phase is the intermolecular force computation, in which each processor executes an outer loop examining molecules assigned to it and an inner loop examining half the molecules in the system. If the distance between the pair of molecules examined is less than a predefined value (cutoff radius), the force vectors of the two molecules are updated in separate critical sections.

PF prefetches the displacement vectors of the inner-loop molecules, one innerloop iteration ahead. If the forces must be updated, PF uses exclusive prefetches for the forces of the inner-loop molecule. The outer-loop molecule is prefetched once

(a) Execution Time and Network Traffic

(b) L1 and L2 cache read misses Figure 4.6 Results for Water

every outer-loop iteration. Mowry’s prefetching algorithm assumes that no locality is maintained across synchronization operations [Mow94]. Since there is little contention for the locks in Water, we insert exclusive prefetches for the force values before the critical sections in order to allow enough computation to overlap with the prefetch latency. We find that read stall time is almost eliminated in PF, see Figure 4.6(a). The few remaining L2 cache misses are mostly due to the outer-loop molecule which is occasionally modified by other processors or replaced due to cache conflicts, see Figure 4.6(b). Network traffic improved slightly because of exclusive prefetching, which eliminates the need for the extra network transactions necessary to acquire ownership when forces are updated.

The inner-loop molecules may be updated by another processor (of unknown identity) before the same processor updates the same molecule again. RW uses

WriteThrough for the force update of the inner-loop molecule to minimize latency

at the subsequent reader of the force values. RW also uses WriteThroughInv for the release of the corresponding (Test&Test&Set based) lock. We use the invalidate option for the release of the second critical section because the lock will mostly be acquired by another processor before the current processor acquires it again. We do not use remote writes for the outer-loop molecule or its lock since these are likely to be re-accessed by the same processor. The remote writes reduce the read and lock synchronization latency seen by the next reader, reducing execution time by 11% compared to Base, see Figure 4.6(a). Since RW only reduces the latencies of misses, rather than eliminating misses as in PF, the reduction in read latency in RW is less than that in PF. Network traffic is reduced using RW because of two reasons, see Figure 4.6(b). First, ownership is not acquired for molecules that will be modified by other processors. Second, using WriteThroughInv will reduce the network overhead required for acquiring a lock that was held by another processor.

PF+RW combines the optimizations used in PF and RW, however, the overall improvement in execution time relative to PF is small (about 3% as shown in Figure 4.6(a)). Like MP3D, the additional reduction in read stall time comes from fewer L2 misses due to not requiring exclusive prefetch, and from reducing the latency seen by the prefetch from 144 to 90 cycles. The impact of reduced prefetch latency on read time is much smaller than in MP3D because there are very few late prefetches in PF. The use of WriteThroughInv for releases reduces lock stall time slightly compared to PF.

4.5 Radix

(a) Execution Time and Network Traffic

(b) L1 and L2 cache read misses Figure 4.7 Results for Radix

Radix performs a radix sort on integer keys, using one iteration for each radix-r digit [WOT+95]. Most of the communication occurs in three phases. The first is a logarithmic prefix sum computation where each processor collects and sums rankings for the keys from processors to its left. The second is a permute phase, where a processor copies its keys from the current key array to their newly sorted positions in another key array, where they will be read from in the next iteration. This phase has extensive false sharing and random all-to-all communication, causing high contention at the L2 cache MSHRs, write buffers, network, and the directories. This results in substantial processor write stall time. Finally, many of the subsequent reads in the following iteration to the new key array incur misses because the keys are likely to have been last written by another processor.

PF prefetches non-local partial sums in the prefix sum, the local keys to be permuted in the permute phase, and other local data in other loops, resulting in reduced read stall time. PF also reduces barrier time by speeding up the computation in the prefix sum phase. PF does not address the high write stall time in the permute phase because (i) exclusive prefetches are not used for the writes since their addresses are not known enough in advance, and (ii) write stall time occurs because the latency of writes in the permute phase is high due to false-sharing which is not addressed by prefetching. Some L2 read misses remain in the permute phase since their addresses cannot be generated early enough to prefetch. Overall, PF reduces execution time by 17% compared to Base (Figure 4.7(a)).

RW uses WriteSend in the prefix sum phase for the writes of the partial sums and the flag releases, moving the data directly to the consumer as soon as it is produced. This reduces read latency and load imbalance as shown in Figure 4.7(a). The major gains in RW, however, come from using WriteThrough to reorder the keys in the permute phase. Because WriteThrough does not acquire ownership, it greatly alleviates false-sharing which in turn substantially reduces network traffic and directory contention, and results in faster completion of writes. The reduced contention also reduces read and write stall time. By not getting ownership, WriteThrough also eliminates some capacity misses in the L2 cache since it does not bring in a line if it is not present in the cache. L2 read misses are also reduced because WriteSends in the prefix sum phase deliver the data directly to the consumers, converting misses in Base to hits in RW, see Figure 4.7(b). Finally, WriteThrough converts dirty misses to clean misses for subsequent reads in the next iteration, reducing read stall time. Overall, RW reduces execution time by 35% compared to Base.

PF+RW inherits the reduction in L2 cache misses from PF and RW, and the reductions in write stall time from RW, see Figure 4.7. Furthermore, WriteThrough reduces average prefetch latency from 159 to 126, which results in fewer late prefetches at the L2 cache (80 in PF+RW instead of 271 in PF). Overall, PF+RW gives the highest benefits for Radix, reducing total execution time by 28% relative to PF.

4.6 Erlebacher

Figure 4.8 Erlebacher Data and Computation Distribution

Erlebacher is a 3-D partial differential equation solver based on Alternating- Direction-Implicit (ADI) integration. The data and computation for the main arrays are distributed by assigning blocks of consecutive X-Y planes to each processor. Communication occurs only in one phase (along the Z-axis), which consists of one loop with coarse-grain communication followed by two fine-grain pipelined loop nests with an intervening short reduction. In the Z-phase pipelines, flags signal completion of each pipeline stage. Multiple values typically need to be communicated per pipeline stage to achieve the optimal balance between communication overhead and start-up cost of the pipeline. The optimal number of values is 16 (one cache line) in all four systems.

In Erlebacher, the fine-grain Z-Phase pipelines are the only cases (other than tree barriers) where remote writes are applicable. These pipelines are typical of the communication patterns that arise in loops containing recurrences. We therefore first focus on results for the two pipelined loop nests along with the intervening reduction in the Z-Phase (Figure 4.9), before discussing the full application.

(a) Execution Time and Network Traffic

(b) L1 and L2 cache read misses Figure 4.9 Results for Erlebacher Z-Phase Pipelines

PF prefetches the local values in the pipelines, which reduces some of the read stall time. We cannot prefetch data that is produced in the previous pipeline stage or in the reduction which occurs between the two pipelined loop nests because the data is produced immediately before it is read. Therefore, a significant part of the read stall time and all of the synchronization stall time remains.

RW uses WriteSend for the boundary data and flag writes in the pipelines since these locations are read soon after they are written and the next consumer is known to the producer. The number of read misses at the L2 is reduced compared to Base because the consumer processors hit on the values sent using WriteSend (see Figure 4.9(b)). Consequently, both read and flag stall times are reduced compared to Base, see Figure 4.9(a). Nevertheless, significant flag time remains because: (i) there is startup cost and load imbalance in the pipeline, and (ii) the flag release sees the full latency of the buffered WriteSends, potentially delaying the subsequent acquire. Overall, RW reduces execution time by 12% compared to Base.

PF+RW combines the gains of PF and RW because they affect different sources of overhead. The only remaining L2 cache misses are in the reduction operation. We did not optimize the reduction since it did not form a significant part of the application. Overall, PF+RW reduces execution time by 13% compared to PF.

Figure 4.10 shows the corresponding results for the entire application. In PF, all the local reads are prefetched. The prefetch instructions result in some overhead which is reflected in higher busy time. There is only a small reduction in L1 cache misses because we do not prefetch data that is expected to be in the L2 cache. There are more L2 cache misses than in the pipeline phase because of conflicts within the L2 cache. The improvements from remote writes are small because remote writes apply only to one phase in the application and the original application itself does not have much communication or synchronization overhead. Nevertheless, the combination of PF+RW eliminates most of the overhead (other than cache conflicts and load imbalance) in this application.

4.7 MICCG3D

(a) Execution Time and Network Traffic

(b) L1 and L2 cache read misses Figure 4.10 Results for Erlebacher (Full Application)

MICCG3D solves Laplace’s equation on a three dimensional grid using the preconditioned conjugate gradient method. The Solve phase performs forward and backward substitution producing fine-grain recurrences. This phase is parallelized by pipelining the computation, using flags to synchronize the pipeline stages, similar to the pipelines of Erlebacher.

We use prefetches and remote writes as in Erlebacher. There are, however, two key differences. First, there are severe cache conflicts in our direct mapped L1 cache, but the method of data access made it too complex to pad the array without a significant

(a) Execution Time and Network Traffic

(b) L1 and L2 cache read misses Figure 4.11 Results for MICCG3D

rewrite of the code. Prefetching is unable to address these conflict misses. Second, RW is unable to reduce the L2 cache misses relative to Base because fewer misses at the consumer due to WriteSends are offset by extra misses at the producer. The extra misses occur on reads that follow a remote write to the same line, because a remote write does not bring the line into the L2 cache. This is a drawback to not acquiring ownership on a remote write. In PF+RW, prefetching is used to eliminate these misses.

Overall, due to the large number of conflict misses, there is not much impact of our optimizations on the full application. Within the pipelines, we find that our optimizations are able to eliminate virtually all L2 cache misses in the PF+RW version, but again due to conflict misses, the decrease in execution time for the pipelines is only 5% relative to PF.

4.8 Impact of the Coalescing Buffer

The main advantage of supporting a coalescing remote write buffer is a reduction in the number of network transactions necessary when multiple remote writes are issued to the same cache line. However, as seen in Erlebacher, the coalescing buffer may result in performance degradation since it is flushed at release operations. The absence of a coalescing buffer may benefit performance if remote writes can be overlapped with computation before a release operation and if the extra contention and queuing delays in the network and directory controllers do not degrade performance.

We examine the performance impact of using a coalescing buffer by examining the performance of our applications without support for the coalescing buffer. We concentrate on network traffic and execution time for this analysis.

Removing the coalescing buffer increases network traffic, as expected, on all our applications. However, the effect of removing the coalescing buffer on execution time varied according to application behavior. For Erlebacher and MICCG3D, there was a 13% and 2% slowdown without the coalescing buffer, respectively. In Water, MP3D, and Radix removing the coalescing buffer had an negligible impact on execution time.

For applications like Erlebacher and MICCG3D which contain consecutive writes to a single cache line immediately followed by a flag release, the coalescing buffer is important. In these cases, in the absence of a coalescing buffer, each remote write is sent as a separate request on the network, resulting in excessive serialization at the directory and an increase in network contention. This serialization results in delaying the completion of the remote writes which in turn delays the issuing of the flag releases. Since consumer processors are usually spin-waiting on the flag, delaying releases results in extra idle time at the consumers which adversely affects performance. This effect was more pronounced in Erlebacher than in MICCG3D since the latter application can overlap more of the latency of remote writes with computation and read misses due to conflicts.

In the absence of a coalescing buffer, the remote writes in Erlebacher could be handled more efficiently if only the last instance of a store to a cache line is converted to a remote write. The first store brings in the cache line so subsequent stores either get coalesced at the L2 MSHR or hit in the cache and only one remote write transaction has to complete before the release can be issued.

The absence of a coalescing remote write buffer resulted in higher network traffic and negligible improvements in execution time in MP3D and Water. This was due to issuing remote writes as soon as possible. Since releases in both MP3D and Water were either distant or separated by some computation from remote writes, releases did not wait for remote writes to be flushed from the coalescing buffer before being issued.

For Radix, the coalescing buffer is ineffective in reducing network traffic because there is little spatial locality in the permute phase. However, there is a small increase in network traffic due to other phases of the program (e.g., prefix sum). Overall, the execution time of Radix was not affected when the coalescing buffer was removed.

4.9 Summary

Our results highlight the benefits and limitations of remote writes, used alone or in combination with prefetching. The principal benefits of remote writes are as follows. First, with irregular sharing, WriteThrough is effective at reducing the latency of a subsequent read. When combined with prefetching, WriteThrough reduces the number of late prefetches by reducing the latency that must be hidden by the prefetches. Second, since remote writes do not acquire ownership, they reduce both network traffic and false sharing. For the same reason, in many cases, WriteThrough removes the need for exclusive prefetching; this reduces cache misses by delaying invalidations. Third, WriteSend is effective in handling fine-grain, producer-consumer sharing patterns that are not amenable to prefetching. Finally, remote writes, unlike prefetching, usually do not require many additional instructions.

The principal limitations of remote writes uncovered by our experiments are as follows. Not acquiring ownership on a remote write becomes a disadvantage if the producer reads the same data later; the resulting misses, however, can be hidden with prefetching. WriteSend is most effective for tightly synchronized fine-grain communication, but in these cases the latency of buffered remote writes can delay the subsequent release and hence the following acquire. This reduces the effectiveness of WriteSend. To address both of the above limitations, regular writes (which get ownership) can be used in the main computation. Then, a “dummy” remote write immediately after the release, followed by another “dummy” release to flush the coalescing buffer, can be used to send the data to the reader . Finally, remote writes, unlike prefetching, are not applicable to uniprocessors.

Overall, however, remote writes are able to combine with prefetching to address virtually all the sources of memory system overhead, except for conflict misses and load imbalance, in the applications and kernels we studied.

Chapter 5

Related Work

This chapter discusses previous work on fine-grain producer-initiated communication primitives. Previous work generally falls under three categories: fine-grain producerinitiated primitives similar to WriteSend, update coherence protocols, and primitives similar to WriteThrough.

5.1 Primitives Related to WriteSend

Three primitives have been proposed that provide functionality similar to WriteSend: the DASH deliver [LLG+92], the forwarding write [Pou94, PY94], and the PSET WRITE [RSS+95]. Among these three primitives, the most extensively studied is the forwarding write.

A performance study by Poulsen of scientific applications from the Perfect Club Benchmarks examined codes containing doall loop parallelism [Pou94]. Poulsen evaluates the performance of data prefetching and data forwarding (using forwarding writes) both in isolation and in combination. A profiler is used to detect the writes that could be converted to forwarding writes and to identify the set of destination processors. Prefetches are inserted using a vector prefetching algorithm for vectorizable loops, or using an algorithm that utilizes software pipelining and strip-mining, similar to Mowry’s work [Mow94, ML92]. When prefetching and forwarding are combined, the decision of whether to use prefetching or forwarding was determined by measuring the distance in cycles between the write and the corresponding read incurring the cache miss. The simulated multiprocessor architecture uses a multi-stage network with uniform memory access (UMA). Single-word cache lines were used to reduce the side-effects of false-sharing.

Surprisingly, Poulsen’s study found that when forwarding and prefetching were combined, the performance of each application fell in between that of forwarding alone or prefetching alone. The two principal reasons for this appear to be that the study used single-word cache lines, and used forwarding even in cases where conflicts might arise at the destination processor(s). The former increased the overhead of prefetching and caused the combined system to under-perform forwarding on some applications. Conversely, the latter caused the combined system to under-perform prefetching on some other applications. In contrast, we find that the proper use of a combination of prefetching and remote writes consistently provides the best performance, compared to using either primitive alone.

In addition to removing the above two limitations of Poulsen’s study, there are two other key reasons that its results differ from ours. First, that study uses a single producer-initiated primitive, whereas we show that the combination of WriteSend and

WriteThrough is key to providing consistently improved performance over prefetch-

ing alone. Second, Poulsen’s work focuses on applications with coarse-grain doall parallelism, whereas we also examine fine-grain parallelism (doacross loops and two important synchronization kernels) and irregular sharing patterns.

Koufaty et al. proposed a detailed compiler algorithm for forwarding, and showed significant improvements due to forwarding [KCPT95]. Although this work discusses how forwarding compares with prefetching, it does not include prefetching in the performance evaluation. That study also mentions, but does not evaluate, several optimizations used in this work, namely coalescing forwarded writes, forwarding only to the L2 cache, and forwarding only to memory for dynamically scheduled loops.

Another study examined the performance impact of forwarding and prefetching for critical sections alone [TT96]. For five applications from SPLASH, including Water and MP3D, the study concluded that forwarding provides little additional benefits over prefetching. Queue-based locks, similar to MCS locks were used for this evaluation. Forwarding was used to send the data to the next acquirer of a lock. In applications with little contention for locks (e.g., Water), forwarding cannot be used to reduce latency since the identity of the next acquirer is unknown. Our experiments show that using WriteThrough operations for such irregular sharing patterns provides significant additional benefits when combined with prefetching.

The DASH deliver and the PSET WRITE primitives, are both similar to the forwarding write. No performance results were presented for the deliver primitive. The PSET WRITE primitive combined with a block-based prefetch mechanism called RSTREAM were studied for one application; namely, IS from the NAS benchmark suite [BBB+94] (IS is similar to the SPLASH-2 Radix kernel). Using PSET WRITE and RSTREAM on IS reduced memory and synchronization overheads by about 2% [RSS+95]. Our work on Radix has shown that producer-initiated communication can achieve significant improvements in execution time compared to a base system or a base system with prefetching. The key to the performance difference compared to our study is our use of the WriteThrough primitive. Further, the study on PSET WRITE uses infinite caches. Our study uses more realistic cache sizes that are scaled appropriately for each application.

Concurrent with our work, Qin and Baer [QB97] have proposed using explicit communication primitives to improve the performance of a software-based coherence protocol relative to a pure hardware implementation of an invalidation-based cachecoherence protocol. They propose supporting a set of communication primitives that fall under three classes. The first class includes the get primitive, which is a softwarecontrolled prefetch mechanism that supports either fine-grain or block prefetching. The second class of primitives includes put, which is similar to the WriteSend operation but supports both single-line and multiple-line transfers to a single destination. They also support a putex mechanism that pushes the lines with ownership to the destination processor’s cache. A multicast primitive generalizes put to support multiple processors. The third class of primitives includes putmem and writemem. These primitives support operations similar to WriteThrough for irregular sharing patterns. Simulation results using FFT, LU, and Radix from the SPLASH-2 suite confirm that the use of producer-initiated communication primitives in combination with prefetching can greatly reduce the communication overhead of some applications. The main difference with our work is that they use explicit communication primitives to equalize the performance of an enhanced software protocol to the performance of a base hardware protocol, whereas we show that similar communication primitives can be supported in hardware as well. Since Qin and Baer assume a software implementation, additional complexity can be assumed for the primitives; for example, implementing multicast may be justified with a programmable coherence engine.

5.2 Update and Hybrid Update-Invalidate Protocols

Write-update and hybrid update-invalidate protocols (under hardware or software control) are other mechanisms for producer-initiated communication. Software primitives for updates include the KSR-1 poststore [RSW+93], the DASH update [LLG+92], the SEL WRITE [RSS+95], and notify [GVW89]. The competitive-update protocol is a hardware-controlled hybrid update-invalidate protocol [KMRS88]. Dahlgren and Stenstrom have shown that the addition of a write-cache (similar to a coalescing buffer) can reduce coherence traffic, allowing hybrid update-invalidate protocols to significantly outperform write-invalidate protocols [DS95]. All of the above schemes use an update operation to transfer a written value directly into the caches of all the processors that currently contain a copy of the line; caches periodically get invalidated based on various runtime heuristics. Raynaud et al. have proposed a different variation, called Distance Adaptive Protocols, where hardware keeps track of a superset of current caches holding the line; on a write, a fairly complex runtime heuristic determines whether to send updates or invalidates to the recorded set of caches [RZT96].

The primary difference between the above update schemes and remote writes is that most update schemes do not give the programmer or compiler direct control to update a specific processor cache for selectively exploiting static communication and synchronization patterns. Since WriteSend pushes cache lines to the destination processor even if it does not cache a copy of the line, WriteSend can eliminate misses at consumers in cases that cannot be handled using updates. For example, for programs like Erlebacher that sweep through the entire cache in each major loop nest, an update would not be useful, whereas WriteSend is effective when data is read soon after it is written by another processor. However, update protocols are well-suited to cases when multiple consumers repeatedly access a cache line. As mentioned in Section 2.1, implementing multicast using WriteSend is not trivial but can be handled by using WriteSends to different copies of the data. In these cases, update protocols may be a better alternative, especially since they do not require compiler support. Finally, update protocols by themselves are not effective in handling unpredictable and irregular accesses, but these are partially optimized using WriteThrough.

5.3 Primitives Related to WriteThrough

Our WriteThrough primitive is similar to the Check-In primitive of the CICO model [HLRW93]. By identifying instances of loads and stores that will result in communication, the CICO model provides hints for using latency reducing and/or tolerating primitives. Check-In annotations are used for data items that will be used by another processor next. To minimize communication cost at the next consumer, such data is written back to memory. The main difference between Check-In and

WriteThrough is that the former occurs after acquiring ownership for a cache line

whereas WriteThrough eliminates the ownership overhead. Further, Check-In always invalidates the issuing processor’s copy, resulting in extra request overheads if the same processor accesses the line in the future. The CICO model does not support an operation similar to WriteSend. Dynamic self-invalidation is a hardware-controlled mechanism that is analogous to check-in [LW95].

Skeppstedt and Stenstrom developed compiler algorithms to insert instructions similar to WriteThrough to update memory and reduce coherence overhead [SS95]. The compiler algorithm uses dataflow analysis to replace the last store to a cache line in a basic block with a store update instruction that has similar semantics to a WriteThrough remote write. The principal difference between WriteThrough and store update is that the latter always acquires ownership of the affected cache line.

Performance studies of the above primitives have not evaluated the additional benefits of the primitives over prefetching.

Chapter 6

Conclusions and Future Work

This chapter first provides a summary of the thesis and then discusses possible future work.

6.1 Thesis Summary

We evaluate the performance of fine-grain producer-initiated communication, both with and without fine-grain software-controlled non-binding prefetching within the context of a cache-coherent shared-memory system. We use a combination of two producer-initiated primitives, WriteSend and WriteThrough, collectively referred to as Remote Writes. Our principal results are as follows.

ffl For all our kernels and applications, remote writes consistently improved performance relative to the base system, both with and without prefetching. These performance benefits were accomplished with lower network traffic, reduced L2 cache miss rates, and lower miss latencies.

ffl WriteThrough is highly effective at reducing read stall time for irregular applications, where it cooperates well with prefetching to reduce the latency that must be hidden by a prefetch.

ffl WriteSend is effective for key synchronization primitives and tightly synchronized computations like pipelined loops. These did not form a significant part of our applications, however, and the benefits of WriteSend in full applications were relatively small. Nevertheless, the communication overheads addressed by

WriteSend are difficult, if not impossible, to address with prefetching.

ffl The combination of remote writes and prefetching eliminated most of the memory system overhead in our applications except cache conflicts in the directmapped L1 cache and load imbalance.

In our experiments, we model a fairly conservative processor. Current processors aggressively exploit instruction-level-parallelism; e.g., using multiple issue, dynamic scheduling, and non-blocking reads. Recent work has shown that such techniques make memory stall time more dominant in shared-memory systems [PRA97]. This would make techniques such as remote writes even more important for future systems.

Finally, our suggested implementation of remote writes adds little complexity to the base system. In particular, it does not introduce new classes of races in the coherence protocol, and does not need additional mechanisms for deadlock avoidance.

6.2 Future Work

This thesis demonstrates that fine-grain producer-initiated communication is effective in reducing memory and synchronization overheads in cache-coherent multiprocessors. There are three major areas of possible future work: compiler support for remote writes, hardware-controlled remote writes, and the interaction between remote writes and instruction-level-parallelism (ILP).

6.2.1 Compiler Support

In our evaluation, we inserted remote write instructions by hand. Providing compiler support for remote writes would present yet another incentive for multiprocessor manufacturers to support such fine-grain producer-initiated communication primitives. Since few programmers typically have the necessary knowledge of both the hardware and application in question to effectively utilize remote writes, compiler support would alleviate this problem.

In this thesis, we followed a set of simple heuristics when inserting remote write operations. These heuristics, as discussed in Section 3.4, may be implemented by a compiler. Developing the compiler algorithms necessary for implementing remote writes and analyzing the performance benefits of compiler-inserted remote writes would be a contribution to this area of research.

The compiler analysis needed for inserting remote writes may benefit from programmer annotations for data allocation. Such information is available in some programming languages; for example, High-Performance Fortran (HPF) [KLS+94]. There is a large industrial and academic effort concentrated on developing parallelizing compilers for such languages [BMN+95, GMS+95]. Much of this effort is directed at message-passing systems. Since remote write operations can be thought of as fine-grain messages, it may be possible to leverage existing compiler frameworks to support remote writes.

From a hardware perspective, the addition of the coalescing buffer reduces the complexity of compiler analysis since the compiler does not need to be concerned with cache-line boundaries. The hardware will coalesce remote writes to the same cache line and send them as a single message to the appropriate directory. In the absence of such a mechanism, the compiler algorithms have to perform cache-line based analysis.

6.2.2 Hardware-Controlled Remote Writes

In this thesis, we evaluated the performance of software-controlled remote writes. Remote writes can also be automatically invoked by the hardware with additional hardware support. Implementing remote writes in hardware may complement software-controlled remote writes by capturing certain sharing behavior that may be difficult to analyze for a programmer or compiler.

The invalidation and ownership-based cache-coherence protocol can be leveraged to provide each processor with the information necessary to perform remote writes without any programmer or compiler intervention. The producing processor can detect when the data it produced is consumed by another processor when it receives an explicit write-back or cache-to-cache transfer request from the directory. By maintaining a separate tag array (Remote WriteTags) at the L2 cache containing the tags of all dirty cache-lines for which an explicit write-back or cache-to-cache transfer request was received, the processor can treat all subsequent stores to the affected tags as remote writes. The creation of the remote write tag entry can be performed in parallel with the coherence action response, so there is no additional overhead. It is difficult to support WriteSend using this mechanism since the destination of the first instance of sharing may not indicate that the cache line will always be consumed by that processor. Therefore, hardware-supported remote writes would be restricted to

WriteThrough operations.

In addition to the drawback of not being able to support WriteSend using this mechanism, there are other issues which affect the viability of this technique. First, this mechanism is unable to perform a WriteThrough on the first instance of sharing, since the remote write tags would not yet contain the necessary information. Second, in order for the information to be entered in the first place, the cache line produced by the processor has to remain in the producer’s cache until the coherence action is received. This condition cannot be guaranteed due to limited cache capacity, so the performance of this mechanism would be application and data size dependent. Third, the addition of remote write tags requires additional investment in hardware. A parallel lookup has to be performed on the L2 cache’s data tags and remote write tags on every write access. This may complicate the logic, but should not result in an increase in access time.

6.2.3 Remote Writes and Instruction-Level-Parallelism

In this thesis, we assume a simple single-issue in-order processor model in the evaluation. In contrast, recent microprocessors exploit high levels of instruction-level-parallelism by employing techniques such as out-of-order execution, branch prediction, multiple instruction issue, and speculative execution. These techniques allow the execution of independent instructions while a high-latency memory operation is being processed, potentially hiding memory latency. In particular, the memory latency of multiple read misses may be overlapped.

Although this overlap will reduce the amount of latency exposed to the processor, it may not totally eliminate such latencies because of the limited instruction window size and the limited instruction-level-parallelism that may be exposed in an implementation. Remote writes can complement non-blocking loads in two ways. First,

WriteSend can eliminate misses at the L2 cache, and since ILP techniques may ef-

fectively overlap L2 hits with other instructions, memory latency can be eliminated. Second, WriteThrough reduces miss latency and will therefore reduce the amount of latency that is exposed at the processor. In addition, WriteThrough may reduce late prefetches, which are relatively higher in ILP systems [RPASA97].

A study of remote writes using processors that exploit instruction-level-parallelism may provide additional insight into the benefits of supporting fine-grain producerinitiated communication primitives.

Bibliography

[ASHAA97] Hazim Abdel-Shafi, Jonathan Hall, Sarita Adve, and Vikram Adve. An Evaluation of Fine-Grain Producer-Initiated Communication in Cache- Coherent Multiprocessors. In Proceedings Third International Symposium on High-Performance Computer Architecture, 1997.

[BBB+94] D. Bailey, E. Barszcz, J. Barton, D. Browning, R. Carter, L. Dagum, R. Fatoohi, S. Fineberg, P. Frederickson, T. Lasinski, R. Schreiber, H. Simon, V. Venkatakrishnan, and S. Weeratunga. The NAS Parallel Benchmarks. Technical Report RNR Technical Report RNR-94-007, NASA Ames Research Center, March 1994.

[BMN+95] Z. Bozkus, L. Meadows, S. Nakamoto, V. Schuster, and M. Young. Compiling High Performance Fortran. pages 704–709, February 1995.

[C+91] R. G. Covington et al. The Efficient Simulation of Parallel Computer Systems. Intl. Journal of Computer Simulation, 1, 1991.

[CF78] Lucien M. Censier and Paul Feautrier. A New Solution to Coherence Problems in Multicache Systems. IEEE Trans. on Computers, C- 27(12):1112–1118, December 1978.

[DS95] Fredrik Dahlgren and Per Stenstrom. Using Write-Caches to Improve the Performance of Cache-Coherence Protocols in Shared-Memory Multiprocessors. Journal of Parallel and Distributed Computing, 26:193–210, April 1995.

[E+95] John H. Edmondson et al. Internal Organization of the Alpha 21164, A 300-MHz 64-bit Quad-Issue CMOS RISC Microprocessor. Digital Technical Journal, 7(1), 1995.

[GGH91] Kourosh Gharachorloo, Anoop Gupta, and John Hennessy. Performance Evaluation of Memory Consistency Models for Shared-Memory Multiprocessors. In Proceedings Fourth International Conference on Architectural Support for Programming Languages and Operating Systems, pages 245–257, 1991.

[GMS+95] M. Gupta, S. Midkiff, E. Schonberg, V. Seshadri, D. Shields, K. Wang, W. Ching, and T. Ngo. An HPF Compiler for the IBM SP2. December 1995.

[GVW89] James R. Goodman, Mary K. Vernon, and Philip J. Woest. Efficient Synchronization Primitives for Large-Scale Cache-Coherent Multiprocessors. In Proceedings Third International Conference on Architectural Support for Programming Languages and Operating Systems, pages 64–75, 1989.

[HFM88] D. Hensgen, R. Finkel, and U. Manber. Two Algorithms for Barrier Synchronization. International Journal of Parallel Programming, 17(1):1– 17, 1988.

[HLRW93] Mark D. Hill, James R. Larus, Steven K. Reinhardt, and David A. Wood. Cooperative Shared Memory: Software and Hardware Support for Scalable Multiprocessors. ACM Transactions on Computer Systems, 11(4):300–318, November 1993.

[Jou93] Norman P. Jouppi. Cache Write Policies and Performance. In Proceedings 20th Annual International Symposium on Computer Architecture, pages 191–201, May 1993.

[KCPT95] D.A. Koufaty, X. Chen, D.K. Poulsen, and J. Torrellas. Data forwarding in scalable shared-memory multiprocessors. In Proceedings International Conference on Supercomputing, 1995.

[KJA+93] David Kranz, Kirk Johnson, Anant Agarwal, John Kubiatowicz, and Beng-Hong Lim. Integrating Message-Passing and Shared-Memory: Early Experience. In Proc. ACM SIGPLAN Symp. on Principles and Practice of Parallel Programming, pages 54–63, May 1993.

[KLS+94] C. Koelbel, D. Loveman, R. Schreiber, G. Steele Jr., and M. Zosel. The High Performance Fortran Handbook. MIT-P, Cambridge, 1994.

[KMRS88] Anna R. Karlin, Mark S. Manasse, Larry Rudolph, and Daniel D. Sleator. Competitive Snoopy Caching. Algorithmica, (3):79–119, 1988.

[Kro81] D. Kroft. Lockup-Free Instruction Fetch/Prefetch Cache Organization. In Proceedings 8th Annual International Symposium on Computer Architecture, 1981.

[LA94] Beng-Hong Lim and Anant Agarwal. Reactive Synchronization Algorithms for Multiprocessors. In Proceedings Sixth International Conference on Architectural Support for Programming Languages and Operating Systems, pages 25–35, October, 1994.

[Lak93] Sridhar Lakshmanamurthy. Efficient Simulation of Interconnection Networks. Master’s thesis, Rice University, 1993.

[Lam79] Leslie Lamport. How to Make a Multiprocessor Computer That Correctly Executes Multiprocess Programs. IEEE Trans. on Computers, C-28(9):690–691, September 1979.

[LLG+92] Daniel Lenoski, James Laudon, Kourosh Gharachorloo, Wolf-Dietrich Weber, Anoop Gupta, John Hennessy, Mark Horowitz, and Monica

Lam. The Stanford DASH Multiprocessor. IEEE Computer, 25(3):63– 79, March 1992.

[LW95] A.R. Lebeck and D.A. Wood. Dynamic self-invalidation: Reducing coherence overhead in shared-memory multiprocessors. In Proceedings 22nd Annual International Symposium on Computer Architecture, 1995.

[MCS91a] J. M. Mellor-Crummey and M. L. Scott. Synchronization Without Contention. In Proceedings Fourth International Conference on Architectural Support for Programming Languages and Operating Systems, April 1991.

[MCS91b] John M. Mellor-Crummey and Michael L. Scott. Algorithms for Scalable Synchronization on Shared-Memory Multiprocessors. ACM Trans. on Computer Systems, pages 21–65, February 1991.

[ML92] Todd C. Mowry and Monica Lam. Design and Evaluation of a Compiler Algorithm for Prefetching. In Proceedings Fifth International Conference on Architectural Support for Programming Languages and Operating Systems, 1992.

[Mow94] Todd Mowry. Tolerating Latency through Software-controlled data prefetching. PhD thesis, Stanford University, 1994.

[Pou94] D.K. Poulsen. Memory Latency Reduction via Data Prefetching and Data Forwarding in Shared-Memory Multiprocessors. PhD thesis, University of Illinois at Urbana-Champaign, 1994.

[PRA97] Vijay S. Pai, Parthasarathy Ranganathan, and Sarita Adve. The Impact of Instruction Level Parallelism on Multiprocessor Performance and Simulation Methodology. In Proceedings Third International Symposium on High-Performance Computer Architecture, 1997.

[PY94] D.K. Poulsen and P.-C. Yew. Data Prefetching and Data Forwarding in Shared-Memory Multiprocessors. In Proceedings International Conference on Parallel Processing, 1994.

[QB97] Xiaohan Qin and Jean-Loup Baer. On the Use and Performance of Explicit Communication Primitives in Cache-Coherent Multiprocessor systems. In Proceedings Third International Symposium on High- Performance Computer Architecture, 1997.

[Raj94] Usha Rajagopalan. The Effects of Interconnection Networks on the Performance of Shared-Memory Multiprocessors. Master’s thesis, Rice University, 1994.

[RPASA97] Parthasarathy Ranganathan, Vijay S. Pai, Hazim Abdel-Shafi, and Sarita V. Adve. The Interaction of Software Prefetching with ILP Processors in Shared-Memory Systems. In Proceedings of the 24th Annual International Symposium on Computer Architecture, June 1997.

[RSS+95] Umakishore Ramachandran, Gautam Shah, Anand Sivasubramanium, Aman Singla, and Ivan Yanasak. Architectural Mechanisms for Explicit Communication in Shared Memory Multiprocessors. In Proc. Supercomputing’95, December 1995.

[RSW+93] E. Rosti, E. Smirni, T. D. Wagner, A.W. Apon, and L. Dowdy. The KSR1: Experimentation and Modeling of Poststore. In Proc. ACM SIG- METRICS Conf. on Measurement and Modeling of Computer Systems, May 1993.

[RZT96] Alain Raynaud, Zheng Zhang, and Josep Torrellas. Distance-Adaptive Update Protocols for Scalable Shared-Memory Multiprocessors. In Proceedings Second International Symposium on High-Performance Computer Architecture, pages 323–334, 1996.

[SD87] Christoph Scheurich and Michel Dubois. Correct Memory Operation of Cache-Based Multiprocessors. In Proceedings 14th Annual International Symposium on Computer Architecture, pages 234–243, Pittsburgh, PA, June 1987.

[Spa93] Sparc International. The SPARC Architecture Manual, 1993. Version 9.

[SS95] J. Skeppstedt and Per Stenstrom. A Compiler Algorithm that Reduces Read Latency in Ownership-Based Cache Coherence Protocols. In Intl. Conf. on Parallel Architectures and Compilation Techniques, 1995.

[SWG92] Jaswinder Pal Singh, Wolf-Dietrich Weber, and Anoop Gupta. SPLASH: Stanford Parallel Applications for Shared-Memory. Computer Architecture News, 20(1), 1992.

[TT96] Pedro Trancoso and Josep Torrellas. The Impact of Speeding up Critical Sections with Data Prefetching and Forwarding. In Supercomputing ’96, 1996.

[WOT+95] Steven Cameron Woo, Moriyoshi Ohara, Evan Torrie, Jaswinder Pal Singh, and Anoop Gupta. The SPLASH-2 Programs: Characterization and Methodological Considerations. In Proceedings 22nd Annual International Symposium on Computer Architecture, 1995.

[WSH94] Steven Cameron Woo, Jaswinder Pal Singh, and John L. Hennessy. The Performance Advantages of Integrating Block Data Transfer in Cache- Coherent Multiprocessors. In Proceedings Sixth International Conference on Architectural Support for Programming Languages and Operating Systems, 1994.

[ZB92] Richard N. Zucker and Jean-Loup Baer. A Performance Study of Memory Consistency Models. In Proceedings 19th Annual International Symposium on Computer Architecture, 1992.