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Distributed shared memory is an architectural approach that al-
lows multiprocessors to support a single shared address space that
L . A . . Processar Processar Processar Processar
is implemented with physically distributed memories. Hardware-
supported distributed shared memory is becoming the dominant

approach for building multiprocessors with moderate to large Ore o One cr Orne or Orne or
numbers of processors. Cache coherence allows such architectures morelewels| |nmorelevels| |morelevels| |morelewels
to use caching to take advantage of locality in applications without of cache of cache of cache of cache

changing the programmer’s model of memory. We review the key
developments that led to the creation of cache-coherent distributed
shared memory and describe the Stanford DASH multiprocessor,
the first working implementation of hardware-supported scalable
cache coherence. We then provide a perspective on such architec- Main memory

tures and discuss important remaining technical challenges.

Fig. 1. A symmetric, shared memory multiprocessor. The most
common interconnect in such multiprocessors is a bus, used both
to allow access to the common memory and to implement cache
coherence by using the bus as a broadcast medium. The role of
cache coherence is discussed in more detail in Section II.

Keywords—C€ache coherence, directory-based cache coherence,
distributed shared memory, multiprocessor architecture, scalable
multiprocessors.

I. MOTIVATIONS

In the 1980’s, multiprocessors were designed with two to communicate, as shown in Fig. 2. The primary form
major architectural approaches. For small numbers of pro- of these multiprocessors through the early 1990’'s were
cessors (typically less than 16 or 32), the dominant architec- message-passing architectures, named for the method by
ture was a single shared memory with multiple processors, which processors communicate. Message-passing archi-
interconnected with a bus, as shown in Fig. 1. These ma-tectures also have been called multicomputers because
chines were called bus-based multiprocessors or symmetricthey consist of separate computing nodes with no shared
multiprocessors (SMP’s), since all processors have an equalstructure, other than the interconnect. The name distributed
relationship with the centralized main memory. Bus-based, address space architecture is also sometimes used for these
shared memory multiprocessors remain the dominant mul-machines. In the 1980’s, a small number of architectures
tiprocessor architecture for small processor counts. with physically distributed memory but using a shared

To scale to larger numbers of processors, designersmemory model were also developed. We discuss these early
distributed the memory throughout the machine and useddistributed shared memory architectures in Section I-A.

a scalable interconnect to enable processor-memory pairs Each of these two primary approaches offered advan-
tages. The shared memory architectures supported the tra-
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Fig. 2. A distributed memory multiprocessor. The key distinction between this and the shared bus
design is the distribution of memory with the processors. The use of multiple memory modules
and a scalable network allows the machine to scale to larger numbers of processors. In addition,
because the memory is distributed with the processors, local memory accesses do not consume
global bandwidth and can achieve lower access times.

centralized shared memory or bus. Despite these scalability
advantages, the difference in programming model from the Time Processor A Processor B
dominant small-scale, shared memory multiprocessors has x=1 y=1
severely limited the success of message-passing computers,
especially at lower processor counts (e.g., less than 64
processors). y=y+l

x=x+1

A. Development of Distributed Shared Memory (DSM) Fig. 3. Coherence problems that arise when shared data are

DSM is an architectural approach designed to overcome cached. Assume both and y are initially zero and that copies
. L . are cached in both A and B. If the caches are not coherent, it is
the scaling |'m|t?t|0n5 C_)flsymmemc shared memory mul- possible that Processor A does not see the changed valugtafs
tiprocessors while retaining a shared memory model for assigningy the value one) and the Processor B does not see the

communication and programming. DSM multiprocessors changed value of (thus assigning: the value one). This problem
arises with either write-through caches, if the valuescadnd y

aChieve_ this b_y using a memory that is physically distributed e in the caches to start, or write-back caches irrespective of the
but logically implements a single shared address space,initial cached state of and y.

allowing the processor to communicate through, and share
the contents of, th(_a entire memory. DSM muI_tlprO(_:ess_ors B. The Problem of Cache Coherence
have the same basic organization as the machines in Fig. 2. ) . o

As mentioned earlier, DSM architectures first appeared When used in a multiprocessor, caching introduces an
in the late 1970's and through the 1980’s, embodied in additional problem: cache coherence, which arises when
three early multiprocessors: the Carnegie Mellon*G23]; different processors cache and update values of the same
the IBM RP3 [21]; and the BBN Butterfly [4]. All these =~ Mmemory location, as shown in Fig. 3. Introducing caches
computers implemented a shared address space where th@ithout dealing with the coherence problem does little to
time to access a datum depended on its location. Hence Simplify the programming model, since the programmer
the name nonuniform memory access (NUMA) comput- Must worry about the potentially inconsistent views of
ers was also given to such architectures. (The symmetricMemory.
multiprocessors, as shown in Fig. 1, are called UMA’s for A clever solution, which builds on the bus interconnect,
uniform memory access.) Although in NUMA architectures was developed to address the cache-coherence problem in
the actual time to access a datum could depend on exactlysmall-scale shared memory multiprocessors. The basic idea
which memory contained the desired address, in reality is to enforce the property that before a memory location
the big difference was between addresses in local memoryis written, all other copies of the location, which may be
and addresses in remote memory. Because the access timggesent in other caches, are invalidated. Thus, the system
could differ by a factor of ten or more and there were allows multiple copies of a memory location to exist when
no simple mechanisms to hide these differences, it provedit is being read, but only one copy when it is being written.
difficult to program these early DSM multiprocessors. In The unit for enforcing coherence is a block in the cache,
uniprocessors, this long access time to memory is largely typically 16-128 bytes.
hidden through the use of caches. However, adapting caches As shown in Fig. 4, the bus is the key to implementing
to work in a multiprocessor environment is challenging, as the most common coherence protocols, which are called
we discuss next. snoopy protocols. When a processor wants to write into a
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Processor A Processor B

Program Program
action Processor A System Action Action Processor B System Action
x=1 Broadcast cache invalidation for x
Receive invalidation and eliminate x from cache
t=x+1 Broadcast cache miss for x

Receive cache miss; recognize that only copy of
x is in cache and place value of x on bus

Receive value of x (=1) from bus, place into
cache, and continue

Fig. 4. A snoopy-based cache-coherence scheme. This example shows the order of events as they
occur in a coherent system with write-back caches, assuming that the variagbfgresent in both

caches at the start. This is an invalidation protocol, similar to those used in most real systems.
If two processors attempt to write the same data at the same time, the bus acts as a serialization
point, allowing one to go forward first. Some early multiprocessors also implemented an update
protocol, whereby data were updated on writes rather than invalidated. Update is not supported in
most recent multiprocessors because of its potential inefficiency.

cache block that may be shared, a snoopy protocol transmitsing the cost of small-scale multiprocessors and significantly
the request on the bus, and all caches that have a copy of théncreasing their popularity.
cache block simply invalidate the copy. For write-through  Unfortunately, the snoopy schemes used in small-scale
caches, this is the only addition needed to a standard cachésMP’s do not scale. The problem goes beyond the use
protocol, since the memory is always up to date. For write- of a bus, since any potential memory request must be
back caches, an added complication arises since the mosgseen and snooped by all the caches in the system. Thus,
recent copy of a data item may reside in a cache. If so, when the first DSM multiprocessors were developed, the
read misses must snoop in the caches and possibly retrievaglesigners did not attempt to cache shared data, but instead
data from another cache. forced the programmers to deal with long access times

Whether the cache uses a write-through or a write-back for shared data residing in remote memories. This made
mechanism, the snooping operations are implemented bythe early DSM machines not much easier to program
placing the request on the bus and having all the caches readhan the message-passing architectures. Furthermore, the
the address and (if the address matches something in théack of cache coherence created a schism in the program-
processor’s cache) either perform an invalidation or supply Ming approach used for the widespread small-scale, cache-
data from the cache. Because all requests must be placegoherent multiprocessors and the programming approach
on the bus, which carries only one request at a time, the used for large-scale shared memory a_rchnectures without
bus breaks the tie when two processors try to write at the €ache coherence. The solution to this problem was to
same time. This serialization of all requests via the bus d€Vvelop a coherence mechanism that could be efficiently
imposes an ordering on all writes (including those to the €Xtended to the DSM architectural approach.
same address) and is critical to maintaining coherence.

The snoopy cache-coherence schemes and the bus-basdfl DIRECTORY-BASED CACHE COHERENCE

interconnect used in small-scale shared memory multi-  Aq\we saw in Section I-B, the small-scale bus-based mul-
processors work well together for three reasons. First, tiprocessors rely on snoopy cache coherence mechanisms,
the cache-coherence scheme makes the cache functionally,pich inherently use broadcast. Such schemes were not,
transparent, allowing the system to cache both sharedpgwever, the first protocols developed for cache coherence.
and private data without changing the shared memory gefore the snoopy schemes were developed, directory-
programming model. Second, the use of caches reducegased protocols had been proposed [7]. Directory-based
the bandwidth requirements on the bus and memory, thusschemes rely on an extra structure, called the directory,
allowing the processors to share a single memory and bus.which tracks which processors have cached any given block
Third, the use of a bus, which broadcasts all memory in main memory. The initial directory schemes assumed
requests to all processor-cache modules, makes it relativelya single, monolithic directory, and we explain the basic
easy to implement the snoopy coherence protocols. operation of directory coherence using this assumption.
The reduced programming complexity offered by cache Because the directory tracks which caches have copies
coherence, together with its relatively low cost of im- of any given memory block, a coherence protocol can use
plementation, led to cache coherence being included inthe directory to maintain a consistent view of memory.
all small-scale, bus-based multiprocessors. In the last fewTo maintain coherence, the state of each cache block is
years, microprocessors have included support for cachetracked in the cache and additional information is kept in
coherence and interconnecting small numbers of processorshe directory for each block. A simple cache coherence
(two to four) within the microprocessor die, further reduc- protocol can operate with three states for each cache block.
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Fig. 5. Structure of a DSM multiprocessor using distributed directories. Each processing node
includes memory and a directory. The directory tracks copies of the memory locations in the
memory associated with that node. The directory information is kept on a per-block basis.

1) Invalid: The cache block is invalid and cannot be A. Distributed Directory Protocols

used by the processor. Cache-coherent DSM architectures build on the directory
2) Shared: The cache block is readable but may be concept but distribute the directory just as the memory
present in the cache of another processor. In this casejs gistributed. The directory information for a memory
the directory entry for this block contains a list of the |5cation is kept in the directory associated with the memory
other processors whose caches have a copy of thiSconiaining the location. Fig. 5 shows the structure of a
blqck. When a block is shared, it can be read but not typical cache-coherent DSM multiprocessor.
written. , o Although the extension of the directory protocol to a
3) Exclusive: The cache block is only cached in this igyribyted directory implementation is conceptually simple,
cache and hence is writable. the implementation introduces many complexities, since

The protocol ensures consistency by invalidating all the €W ©Of the protocol actions can be atomic (e.g., acquir-

caches that have a copy of a cache block before allowing alnd €xclusive access to a memory location). Instead, the
cache block to enter the exclusive state. The key differenceProtocol is implemented by sending messages among:

between a directory protocol and a snoopy protocol is that 1) the requesting processor node, called the local node;
the directory protocol gets the information about which ~ 2) the node containing the address of the block that the

processors are sharing a copy of the data from a known local node desires to read or write, called the home
location (the directory) rather than interrogating all the node;

processors by a broadcast. The directory also serves to 3) a possible third node, called the owner or remote
serialize writes, just as a bus does in a snoopy scheme. node, which contains the cache block when it is in

To see this, consider what happens when two processors the exclusive state.
decide to write into the same block. In a directory scheme, Fig. 6 shows an example of such a protocol in operation.
the potential race is prevented when the requests serialize One complication in distributed directory protocols is that
on their way to the directory. Since one request is processedsatisfying a remote request requires at least two messages:
before the other, the first request will cause the other from the local to the home node to request a cache block
processor’s data to be invalidated. We will examine the gnd then from the home to the local node to reply with
details of a directory protocol shortly, after we discuss an the data. In the case of a remotely cached data item in the
important enhancement. exclusive state, at least three messages are required (local to
The original directory protocols were never widely em- home, home to remote, and remote to local). Furthermore, a
braced because, in a small-scale machine, a bus interconnegiequest may require many more messages when the request
suffices and the snoopy schemes can be easily implementediequires invalidating a heavily shared block. The need
The use of a directory avoids the need to broadcast to inter-¢g, multiple messages to complete what is architecturally
rogate all the caches, but a single centralized directory still 30 atomic operation introduces significant potential for
cannot scale to larger numbers of processors. Using a singlejeadiock. Deadlock occurs when the machine enters a state
centralized directory would simply shift the bottleneck from  from which it cannot continue. The distributed nature of
the bus to the directory. The key insight to circumvent this he jmplementation, together with finite resources such as
limitation was to distribute th.e dire.cto.ry and gxtend and message buffers, makes deadlock a danger. Avoiding such
adapt the protocols to deal with a distributed directory.  gjiyations requires significant attention in the implemen-

tation of the protocol. The avoidance of broadcast and a
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Processor Processor

A B
Program Program
action Processor A System Action Action Processor B System Action
x=1 Send ownership request to home node. Home node

sends invalidations to all processors that cache x.

Receive invalidation, eliminate x from cache, and
acknowledge invalidation.

A has an exclusive copy of x; storel into x.

t=x+! Send message to home node, which forwards
request to A for value.

Receives request from home node; changes cache
state to shared; sends value to both B (for its use) and
to the home node (for writing back into memory).

Obtain the value of x from A, and change state of
x to shared.

x=t Send message to home node requesting ownership
of x. Home node sends invalidation to A.

Receive invalidation, eliminate x from cache, and
acknowledge invalidation.

B has an exclusive copy of x; store t into x.

Fig. 6. A distributed directory cache-coherence protocol. This chart shows the events in the order
they occur, as initiated by the program actions.

single point of serialization, which is forced by the bus
of a snoopy coherence scheme, complicates the coherence ° PR, ° ° eoe °
protocols; however, avoiding these features is also the key
Cach Cache Cach Cache
to scalable cache coherence. - -
1 1 LECIR | 1

lll. AN EXAMPLE: THE STANFORD [T TTT T e [TTITTTI
DASH MULTIPROCESSOR

To see how these architectural concept work in a real
machine, let us briefly look at the Stanford DASH pro- Interconnection Network
totype [17], the first operational multiprocessor to support
a scalable coherence protocol. DASH was designed by arig. 7. The Stanford DASH Architecture. Each node in the
team of faculty, staff, and students at Stanford University multiprocessor was a four-processor, bus-based multiprocessor

and became operational in late 1991. DASH implements using snoopy cache-coherence on a bus. The prototype consisted of
) 16 such nodes, for a total of 64 processors. The directory structure

a DSM architecture supporting cache coherence with awas implemented using a bit vector representation. The use of
distributed directory. The DASH prototype was built using a snoopy-bus-based multiprocessor for the nodes of DASH was

four-processor bus-based multiprocessors as the buildinga” implementation decision. In retrospect, this cho_lce complicated
the coherence protocol and introduced a potential performance

block, as shown in Fig. 7. bottleneck (the bus). When several of the DASH designers worked
on the SGI Origin, they decided to avoid this problem by using a
simpler two-processor node design.

Directory Memory Directory Memory

A. Other Innovations in DASH

In addition to being the firstimplementation of distributed
directory-based coherence, DASH experimented with three

concepts that increase the latency tolerance of the procesPOC€ssors have_ seen the_ most recent write. Fig. 6 assumes
sor. The first concept was the use of a relaxed memory sequential consistency, since Processors A and B wait for

consistency model. A key question for multiprocessors invali_dations to be acknowlt_adged.Unfortunately, sequential

implementing shared memory is how consistent a view of consistency generally requires that a write must potentially

memory should be provided. In particular, if Processor A Wait until all processors have been guaranteed to see the
writes a memory location, when must the system guaranteeinvalidation caused by the write. Thus, while sequential

that Processor B will have seen the value written? The consistency offers a simple model of shared memory, it is

strictest definition of memory consistency that has been more strict than most programs require.

implemented for a machine with DSM is sequential con- In practice, most programs use explicit synchronization

sistency, described by Lamport [13]. Sequential consistencyoperations to ensure that Processor B does not try to read
effectively says that a processor will not perform additional the value of a location before Processor A has written it. If

reads or writes of shared data until it knows that all other

422 PROCEEDINGS OF THE IEEE, VOL. 87, NO. 3, MARCH 1999



programs use this type of synchronization, then the system

can implement a relaxed model of memory consistency Processor Clocks
without affecting the results that the programmer sees. Type of Access (30 ns each)
DASH implemented a relaxed memory consistency model Local Fill 29
called release consistency. Under release consistency, the Fill from Home 101
system need not guarantee that a written value will be seen Fill from Remote 132

by another processor until both processors perform a syn-
chronization operation. This allows the system to perform
writes without having to wait until all the invalidations have

been performed. If the processor reaches a synchroniza- = . . . —
tion operation, it must wait for the outstanding writes to eliminate misses caused by invalidations (called coherence

complete any pending invalidations before continuing. or comn:jur(ljlc?non r_mtss_es), imce thesle ntussdes anczzfguests
If, however, programmers do not rely on standard syn- aretnee € to main q;n co erencr?. nsteac, ;m . 9atn
chronization primitives or build programs that are not capture remote capacity misses, changing such misses into

strictly synchronized, the use of a weaker consistency local misses to the RAC. As we will see shortly, many
model makes writing a correct program significantly more recent systems use large cluster caches to reduce the
challenging. Relaxed consistency models have had an in_frequency of remote memory access.
teresting effect on commercial multiprocessor architectures. L
While agnumber of architectures ha\‘/)e adopted some sort ofB' DASH: System and Application Performance
relaxed model for the multiprocessor architecture specifica- A challenge in any scalable coherent machine is to
tion, most commercial DSM multiprocessors have imple- achieve good performance given the inherently long delays
mented sequential consistency, using a variety of buffering associated with remote memory access. Fig. 8 shows the
and speculative techniques. Nonetheless, in the long term,time to access different levels in the memory hierarchy for
relaxed models will offer advantages in hiding memory DASH [15]. In recent cache-coherent DSM multiproces-
latency and are likely to be used in future multiprocessors. SOrs, such as the HP Exemplar [3] and SGI Origin [16], the
The second key technique for hiding memory latency was absolute times for these accesses have all decreased, though
the introduction of support for software prefetch. Prefetch the remote access time relative to the processor clock cycle
operations allow a processor to specify the address oftime has increased compared to DASH, and in most systems
a data item so that the system can fetch that data itemthe relative cost of remote access compared to local access
before the processor actually needs it. Although prefetch has also increased.
was implemented in a number of earlier machines, the The key question for DSM multiprocessors is whether
incorporation of cache coherence allowed DASH to include @pplications can achieve good performance given the long
a nonbinding prefetch. A nonbinding prefetch brings a copy delays to remote memory. The answer to this question
of the data into the cache but maintains the coherencelS illustrated in Fig. 9, which shows speed-up curves for
of the data; that is, if the prefetched data are written by Several applications running on DASH. Overall, we can
another processor before the prefetching processor uses itS€€ that DASH achieves significant speed-ups for a range
the data are invalidated—causing the prefetching processorf applications.
to refetch the most recent value when it actually accesses
the data. Unlike binding prefetch, a nonbinding prefetch 1V. PERSPECTIVES ANDLESSONSLEARNED
does not change the program semantics and thus can be When we started the exploration of the ideas that led
freely inserted by the compiler affecting only program to DASH in the late 1980’s, we did so based on two
performance. Several studies have since documented théypotheses. First, shared memory machines would be easier
efficacy of nonbinding prefetch [6], [9], [18]. to program than message-passing machines, since shared
Third, DASH introduced a remote access cache (RAC) to memory allowed programmers to share data structures
allow remote accesses to be combined and buffered withinin flexible ways at different granularities. Second, cache
the individual nodes. This cache, also called a cluster cache,coherence would be vital to allow shared data to be cached
stored remote data that were recently accessed. If the remotén complex applications. We did not come to this second
data requested by a processor in a node are in the RAC belief easily. In fact, we started our project with the goal of
the data can be retrieved from the RAC, eliminating the enforcing coherence by the compiler. We concluded, after
need for a remote memory access. In DASH, the RAC also significant exploration, that it was unlikely that the compiler
served to track pending requests for a cache block, thuscould efficiently solve the coherence problem across a
eliminating duplicate requests that could lead to protocol wide range of applications. While significant progress has
failure. been made for well-structured scientific problems, efficient
An RAC can capture remote memory accesses under twosoftware coherence for more dynamically structured appli-
circumstances: when data are fetched by one processorcations or for systems software has not yet been achieved.
and used by another in the same node and when the To explore these hypotheses, we included a significant
data are simply too large to be kept in the local cache applications effort as part of the DASH project. Our experi-
but fit in a larger RAC. Unfortunately, the RAC cannot ence in developing the SPLASH applications has confirmed

Fig. 8. Memory access times in DASH. These are for an uncon-
tended access.
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Fig. 9. Speed-up curves on DASH for a variety of applications. The basis (i.e., a speed-up of one)

is normalized to the best single processor version, so the curves indicate real reductions in running

time. The applications are chosen largely from the SPLASH suite [25] and vary from kernels (such

as matrix multiply) to partial differential equation solvers (such as Ocean) to applications using a

variety of n-body modeling techniques: Barnes—Hut, fast multipole method (FMM), and radiosity.

Although the DASH prototype has 64 processors, reliability problems in the interconnect make it

difficult to obtain useful measurements with more than 48 processors.

our hypotheses, although in somewhat unexpected wayshas proved correct and is probably the most significant
First, we found that achieving the highest level of per- accomplishment of the DASH project, our understanding
formance often required careful planning of remote data of the role of cache coherence has also grown.
accesses; sometimes down to the level of understanding the In particular, based on our experience, as well as recent
impact of cache line size. We did find, however, that the co- experience with the Cray T3D/T3E [24], we believe that the
herence mechanisms often helped exploit locality with little effective use of shared memory programming requires sup-
extra work, and that when careful attention was needed, theport for global cache coherence. This hypothesis is based
effort often focused on a small kernel of the application. We on a simple observation: caches provide a functionally
also found that exploiting the natural locality of scientific transparent way to allow the memory system to amortize
problems, even when using dynamic solutions techniques,the cost of remote access. In shared memory programming,
was sometimes surprisingly easy. The n-body applicationsthe latency and bandwidth efficiency of remote access
illustrate this best: the system being modeled has naturalis crucial. Cache coherence allows both the latency and
locality due to the underlying physical phenomena, but bandwidth of a remote access to be amortized across a
exploiting that locality requires fine-grain and time-varying cache block.
communication. This is the type of environment where a  Without such support, the natural unit of access of a load
cache-coherent shared address space shows its advantages store is a single word, which is extremely inefficient.
most strongly. As a side note, we often found that when Overcoming this inefficiency and accessing multiple words
scaling applications, bottlenecks arose in different areas, without cache coherence requires the compiler or program-
including load balancing, limited parallelism, synchroniza- mer to guarantee the functional correctness of retrieving a
tion, and data locality. In general, we found that scaling block of data rather than a single word. We believe this
up applications to use more processors is more difficult capability for functionally transparent buffering of remote
than it appears at first glance. Much of this experience is memory accesses is key to programming shared memory
documented in our description of SPLASH-2 [27]. machines in a manner that is efficient in both performance
We began the DASH project based on the belief that and the use of programmer time.
a shared memory cache-coherent programming model used
both by small machines (using bus-based, snoopy protocols)
and larger machines (using cache-coherent DSM) would V- IMPORTANT COMMERCIAL DEVELOPMENTS
be vital to the development of applications. This belief ~ While DASH demonstrated that distributed directory
motivated our key objective: to demonstrate that scalability coherence could be implemented efficiently and that cache-
and cache coherence were not incompatible. While this coherent DSM architectures could be programmed to
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achieve high performance, several important innovations however, SCI incurs greater overhead and requires more
were developed in the early industrial machines and by the complex protocol operations in return for these advantages.
scalable coherent interference (SCI) coherence protocol. The Sequent NUMA-Q [14], HP Exemplar [26], and Data
After discussing these innovations, we turn to a discussion General NUMALiine [8] all use variations of SCI.

of recent cache-coherent DSM multiprocessors. An alternative method for directory scaling is to use a
sparse directory representation. This can be done either by
A. Efficient Scaling of Directory Structures caching the directory information or by using a representa-

Although distributed directories conceptually eliminate tion that becomes coarse as the processor count increases.
the scaling barriers inherent in snoopy-based schemes, theé® directory cache might keep the information in bit vector
initial implementation of DASH used a nonscalable imple- form but only keep entries for a subset of the memory.
mentation of directories. In particular, DASH used a bit When a cache-mapping conflict occurs and an entry in
vector with 1 bit for every node. Since each node contains the directory cache must be replaced, the system sends
four processors, a 16-bit vector handled up to 64 processorsinvalidations for the conflicting block to all processors
Besides the implementation difficulties of handling a very sharing the block and then replaces the entry with the
wide bit vector for larger processor counts, using a flat bit requested block. The HAL S-1 [26] uses a cached directory
vector has a fundamental problem: the amount of directory Structure.
storage scales quadratically as a function of processor An alternative to caching is to use a representation of
count. In practice, this problem is not an issue for machines the directory information that becomes coarser as processor
with less than 64 nodes (or 64-256 processors), but it count grows. For example, suppose we wanted to scale
becomes a major prob|em for very |arge processor counts. DASH to more than 64-processors but maintain only 16-bits

There are two primary methods that have been used byof directory bit vector. We could use each bit to represent
the commercial DSM machines to avoid inefficient scaling an increasing number of processors. At 64 processors, each
of directory memory: storing full directory information bit represents one node, which is four processors. At 256
only for blocks that are actually in a processor cache and Processors, each bit would represent four nodes, or 16
using a sparse representation of the directory information. processors. The directory memory would then scale linearly
DASH uses a directory that maintains the state of each With processor count. The disadvantage, however, is that the
memory block in a sing|e unique location tracking exacﬂy Sharing information is coarse, so that each bit in directory
the nodes that have copies of the associated memory blockOf & 256-processor machine represents 16 processors and
By distributing the information for each actively cached indicates that any of the 16 processors may be sharing
memory block, the amount of directory memory can be the data. On a write, invalidations must conservatively be
reduced to an amount that grows linearly in the proces- sent to all 16 processors, only one of which may actually
sor count. Sparse schemes reduce the directory memonhave the data. The SGI Origin [16] uses a coarse bit
required either by changing the representation of sharing vector for configurations with more than 128 processors; the
information or by keeping track of only those blocks that are coarseness is fixed at 8 processors/bit, allowing a maximum
actively shared. The directory memory for sparse schemesOf 1024 processors.
also scales linearly in processor count. Compared to the
simple bit vector scheme, these more scalable schemed: Extending Caching Further: The Cache Only
sacrifice either simplicity or performance, and often both. Memory Architecture (COMA) Concept

The protocol used in the largest number of multiprocessor In DASH, remote memory latency was significantly
architectures is the SCI [11] protocol, an IEEE standard. In larger than local memory latency. The small remote access
SCI, the directory information is stored in a two-way linked cache on DASH could help reduce this latency, and many
list that is distributed among the nodes that share a cacherecent machines have incorporated such caches, typically at
block. The node that is the home also contains an entry for much larger sizes (4—16 MB). The Kendall Square Research
each word in its memory, and this entry provides access machine, the KSR-1 [5], introduced an even more ambitious
to the head of the list of sharers for a particular block. scheme for reducing the remote latency of data that could
Coherence is maintained by adding processors that read anot be accommodated in the processor caches. This scheme,
cache block to the linked sharing list and by invalidating all widely called COMA, was simultaneously investigated by a
the processors on the list when writing a shared data block.research group at the Swedish Institute of Computer Science
Because the list is distributed, invalidations must traverse [10].
the list. The protocol specifies that when a sharer receives The key idea in a COMA architecture is to use the
an invalidation it acknowledges the invalidation and returns memory within each node of the multiprocessor as a cache,
the identity of the next sharer to which an invalidation must migrating and replicating data in the memory, just as you
be sent. In practice, the protocol is usually implemented by would in the caches. The key advantage of COMA is
having the invalidation operations sent down the sharing the ability to capture remote capacity misses as hits in
list and having each sharer forward the invalidation to the the local memory. If a data item initially allocated in a
next sharer. The distribution of the directory information remote memory is heavily used by a processor, the data
for a single block in SCI decreases the storage overheadblock can be replicated in the memory of the node where
and reduces the contention for accessing the information;it is being referenced. In the ultimate COMA system, data
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blocks may not even exist in the memory in which they

were initially allocated; however, such flexibility incurs Local Rem‘;‘c‘;mn me::l'_“"(‘:my
o i . mem

gddltlonal complexity, since the system must ensure that System memory at‘:'zm) ata thiryd node)

it always has at least one copy of every memory block.

Because data migrate to where they are used, COMA HP 0 1250 1860

reduces the need to worry about initial memory allocation, | Exemplar

which can be important with large data structures that have| s Origin 200 710 1055

high capacity miss rates. Implementing a COMA scheme DG NUMA. 165 2400 3400

requires that larger tags be allocated for main memory Liine

and also incurs significant added protocol complexity, but 150 v 1305

COMA's potential for reducing costly remote misses can HAL §-1

provide performance advantages for some applications. _. . .
. . . Fig. 10. The local and remote access times in nanoseconds for
The KSR-1 is the only instance of a commercial COMA  several commercial systems. All configurations are 32 processors,

architecture, but several research implementations of theexcept the HAL system, which has only 16 processors. Times are

COMA idea are underway. shown for a local memory access, a remote access that is clean in

the home node’s memory, and an access requiring intervention to a

. . third processor’s cache to retrieve an exclusive copy. The latencies

C. Commercial Cache-Coherent DSM Multiprocessors shown assume no contention, a cache and cluster cache miss,

. _— and are an average value for the multiprocessors where multiple

This paper does not allow for a complete description of | uork hops are involved.
the wide variety of commercial multiprocessors that have

been developed. Instead, we briefly discuss the architecture

of three typical DSM multiprocessors: the HP Exemplar [3] L , ,
(formerly the Convex Exemplar), the SGI Origin [16], and . Though gll these computers use distributed dwectopes for
the Sequent NUMA-Q [14]. wpplementlng cache cqhgrence, trade;offs among different

The HP Exemplar is organized as a two-dimensional pllrectory_protocols and in mterconnectlpn_techr_10|ogy result
torus containing up to 32 nodes, each of which contains 16 in very different pe_rformance characteristics. F.'g' 10 shows
processors and memories connected with a crossbar switch®"® of the mast impartant .performance _metrlcs: memory
The torus is formed by sets of rings, each connecting eight la_tency fgr thgse comme_rC|aI DSM muIt|pro_ce§§ors. The
nodes and using an SCI protocol. In addition, each nodeWlde variety in access times shovys f[he significance in
contains a large cluster cache, called the CTI cache, useOthe tradeoffs among different organizations and coherence

to reduce the fraction of remote misses. Internode coherencc—PmtOCOIS'
is maintained using an SCI protocol, while a bit-vector
directory scheme is used for the 16-processor nodes. VI. CHALLENGES

The SGI Origin is organized as a fat hypercube consisting The DASH experiment and the recent commercial DSM
of up to 512 nodes, each containing two processors, amultiprocessors demonstrated that cache-coherent DSM
memory, and an /O system. A fat hypercube yields a computers can be built efficiently and can perform well.
bisection bandwidth that grows linearly with processor Nonetheless, a variety of interesting technical challenges
count, through the addition of extra links. The bisection both in hardware and software remain; we pose these as
bandwidth is the lowest bandwidth across the middle of the a series of questions.
multiprocessor and is commonly used as a measure of the What are the best alternatives for designing scalable,
interconnect capacity. cache-coherent multiprocessoréhhough individual parts

As mentioned earlier, the Origin uses a bit-vector direc- of the design space for coherence protocols have been
tory scheme for up to 128 processors and a coarse vectorexplored, it is unclear how best to design protocols that
for larger numbers. One of the novel features in the Origin span a variety of processor counts and provide robust and
is hardware support for page migration. This support, which efficient performance across the range. In addition to the
consists of bits that can cause traps when migrated pageshoice of protocols, it remains unclear what are the best
are accessed, reduces the overhead for page migration. Paggombinations of hardware and software for implementing
migration, like the COMA and cluster cache techniques, can such protocols. Several research multiprocessors, including
reduce the remote capacity misses incurred by a processorthe MIT Alewife [2], MIT Star-T [20] and StarT-Voyager

The Sequent NUMA-Q, like the DG NUMALiine, the [1], and Wisconsin Typhoon [22], as well as the NUMA-Q
HAL S-1, and the DASH prototype, is built from a stan- design have used a combination of hardware and software to
dard four-processor bus-based multiprocessor. The four-implement coherence. Most other commercial multiproces-
processor nodes maintain a snoopy coherence scheme insors use hardwired hardware implementations. The flexible
ternally. Internode coherence uses SCI protocols on thearchitecture for shared memory (FLASH) multiprocessor,
Sequent and DG multiprocessors and a directory cache fordiscussed below, uses a completely programmable, but
the HAL multiprocessor. The NUMA-Q and NUMALiine  specialized, protocol processor. Which combinations are
multiprocessors use an SCI ring to connect up to 32 most effective for what classes of applications?
processors. The HAL design also uses a ring interconnect, What should the programming model be for shared mem-
which supports up to 16 processors. ory multiprocessors and what software tools are needed?
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Clearly, to obtain good performance programmers must
understand the importance of spatial and temporal lo-

X . . : 2nd-Level
cality and possibly the single-writer nature of coherence r};acﬁze
protocols, but programmers should not need to under-
stand the details of a cache organization or coherence t

algorithm. The challenge lies in developing a program-
ming model that helps programmers reason about their
code and develop applications that require tuning rather DRAM CPU
than rewriting to achieve good performance. Once a pro-
gramming model is broadly accepted, the challenge of y Y
developing tools for programming parallel applications ¥
can be tackled. We need better languages for convey-
ing parallelism and expressing data locality issues. We Net P [e)
need compilers that automate the process of optimizing Y| MAGIC
the parallelism decomposition as well as the data allo-
cation. Finally, the process of tuning a code for larger
processor counts and specific architectures requires sig-
”iﬁ‘?a”t acjvancgs. The parallgl programming task brogdly Fig. 11. Each node in the FLASH architecture includes a pro-
defined—including programming models, load balancing, grammable communication controller, called MAGIC. MAGIC
Synchronization, and memory |oca|ity optimization_is the handles _aII _internode commL_mication, including coherence a_nd
most critical challenge facing more effective use of parallel SYnchronization. MAGIC consists of a superscalar processor with

. custom interfaces and special instruction support for protocol code
computing. operations.

How should synchronization be supported@e under-
Iylng cache—cc_)here_nce structure p_row_des one _mechamsmA_ The Stanford FLASH Multiprocessor
for implementing simple synchronization primitives such )
as locks and barriers. Our explorations and those of other 10 €xplore a number of these issues, our research group
researchers have shown that these simple synchronizatiof@t Stanford began a project called FLASH [12]. Fig. 11
primitives can have poor performance in larger multipro- Shows a picture of a FLASH node. The key innovation in
cessors, especially under high contention. Designing more FLASH is the use of a programmable communications con-
flexible synchronization mechanisms that have low latency troller called memory and general interconnect controller
in low contention situations, but also scale well under high (MAGIC) in each node.

contention, is becoming more important as processor counts A Programmable controller has several benefits. First, the
grow. controller can implement different scalable coherence pro-

How can large-scale multiprocessors deal with the chal- {0C0Is, based on processor count and application character-
lenges of reliability and fault toleranceScalable multipro- ~ 1SticS, including complex protocols unsuitable for hardwired
cessors offer the advantage of scaling up performance byimplementation. Second, MAGIC can also provide support
adding processors. If, however, the reliability of a multi- for high-performance message-passing protocols that are in-
processor decreases as it becomes larger, the attractivenedggrated with the coherence mechanisms. Third, the replace-
of such computers is decreased. Ideally, the reliability seenMent Of special-purpose hardware with a programmable
by an individual application should depend on the resourcesProcessor reduces parts count while retaining flexibility
(processors, memory, etc.) that the application uses rathefthat can be used for many purposes, such as implementing
than on the total size of the computer. Unfortunately, this Synchronization. Fourth, a programmable controller can
is not the case today, and faults in one node can eaS”ylncorporate support for fault detectlon, encapsulation, and
affect other nodes that are not involved in the computation. €COVery. Last, such a controller can include performance-
Furthermore, the tighter coupling and more implicit sharing Monitoring code in the core of the communications path

that are supported in a cache-coherent shared memonf19]- The key challenge we are exploring in FLASH is
environment complicate the problem of fault containment whether we can achieve these benefits without unreasonable

sacrifices in performance or cost.

and recovery.

How should DSM multiprocessors deal with increasing
remote latencyASH explored several approaches: re- VIl CONCLUDING REMARKS
laxed consistency; prefetching; and cluster caches. COMA  The development of cache-coherent DSM has been an in-
provides another method for reducing some types of re- teresting process. Like other engineering research projects,
mote latency. The Alewife project explored the use of it was motivated by the need to solve a problem and, in the
multithreading for hiding remote latency. (Multithreading process, has led to new understanding of multiprocessor
uses multiple threads of execution, automatically changing architecture as well as parallel software systems. While
which thread is executing when a long latency event is cache-coherent DSM was originally developed for large-
incurred.) The best approach or combination of approachesscale parallel multiprocessors, continuing rapid increases
remains open. in microprocessor performance and the resultant demand
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on memory bandwidth both lead to the observation that [2] A. Agarwal, R. Bianchini, D. Chaiken, K. Johnson, D. Kranz,

DSM techniques are likely to be used for smaller numbers
of processors. Already, several of the major vendors of bus-
based multiprocessors have switched to DSM designs. It is
likely that cache-coherent DSM will soon be the dominant
architectural approach for multiprocessors with as few as
four or more processors.

We believe that moderate-scale DSM multiprocessors
(16-64 processors) are likely to become one of the most
important architectures for large-scale commercial comput-
ing. These computers can provide high performance, fault
containment and recovery, and efficient use of resources.
Whether such multiprocessors will be built with custom
nodes or whether they will be built from standard two to
four processor clusters will be determined by the potential
performance and functional advantages of a custom node
versus the cost advantages of a commodity two to four
processor node.

Economic issues will also play a key role in the future
of very large DSM multiprocessors (above 64 proces-

(3]

(4]
(5]

(6]

J. Kubiatowicz, B.-H. Lim, K. Mackenzie, and D. Yeung,
“The MIT Alewife Machine: Architecture and performance,” in
Proc. 22nd Int. Symp. Computer ArchitectuBgnta Margherita
Liguire, Italy, June 1995, pp. 2-13.

T. Brewer and G. Astfalk, “The evolution of the HP/convex ex-
emplar,” inProc. COMPCON Spring'97: 42nd IEEE Computer
Society Int. Conf.Feb. 1997, pp. 81-86.

“Butterfly parallel processor,” BBN Lab., Cambridge, MA,
Tech. Rep. 6148, 1986.

H. Burkhardt lll, S. Frank, B. Knobe, and J. Rothnie, “Overview
of the KSR-1 computer system,” Kendall Square Research,
Boston, MA, Tech. Rep. KSR-TR-9202001, Feb. 1992.

D. Callahan, K. Kennedy, and A. Porterfield, “Software
prefetching,” inProc. 4th Int. Conf. Architectural Support for
Programming Languages and Operating SysteSanta Clara,
CA, Apr. 1991, pp. 40-52.

7] L. Censier and P. Feautrier, “A new solution to coherence

(8]

(9]

sors). The key question for such computers is whether [10]

the market is significantly large to justify the engineering

investment to develop the coherence mechanisms, interconyy g

nect, and operating systems support for these large-scale

multiprocessors. It appears that the technical issues for sucH2l

multiprocessors are reasonably well understood (at least
for a few hundred processors), and a large-scale integrated
cache-coherent multiprocessor could be built today. Alter-
natively, very large processor counts might be achieved by
hooking together DSM nodes with 64 to 128 processors

using standard off-the-shelf interconnect. Although such (14

“clustered” multiprocessors will probably have a lower
design and manufacturing cost, they are likely to provide

lower performance, introduce significant new performance 15

challenges, and require new operating systems support.

[1

3]

In the end, the needs of applications and the economic[16]

resources available to invest in multiprocessors for these
applications are likely to dictate how they will be built.
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