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Abstract

We are currently developing Willow, a shared-memory multiprocessor whose design provides system
capacity and performance capable of supporting over a thousand commercial microprocessors. Most
recently, we have focused our attention on the design of a sixty-four processor prototype that tests
most of our ideas about scalability. The design of such a multiprocessor poses a number of challenges
to the computer architect. In this paper we describe the factors that traditionally have limited the
scalability of shared-memory systems. These include: enforcing sequential consistency, inefficient
synchronization, memory latency and bandwidth limitations, bus memory contention, the necessity
to enforce inclusion on lower-level caches, and limited 1/O bandwidth. We then describe how the
Willow architecture addresses each of these issues. Finally, we present data that evaluates the effect
of the major architectural innovations in Willow on the performance of several parallel applications.
These innovations include a hierarchical memory, cache, synchronization, and 1/O structure that
exploits program locality at all levels in the hierarchy, support for adaptive cache coherence, whereby
the coherence protocol used to manage each cache line is chosen based on the expected or observed
access behavior for that line, the use of a relaxed cache consistency model and aggressive write
buffering, and an efficient access combining protocol within the cache hierarchy. Our data was
obtained and confirmed using two different simulators, one a detailed hardware-level simulator, the
other an execution-driven simulator whose accuracy was validated against the detailed simulator.
The data related to 1/O was obtained from an analytical model developed for that purpose.

This work was supported in part by the National Science Foundation under Grant CCR-9010351, and by a National
Science Foundation Graduate Fellowship.



1 Introduction

There is an increasing demand and a compelling need for higher performance computing resources to
address computing problems of significant magnitude. Virtually all designers of high performance
computers, confronted with serious hardware limitations, have turned to some form of parallel
computing in order to obtain the raw processing power required to begin to address these tasks.
Having chosen to support multiple processors, the next issue facing the computer architect is the
structure of the memory subsystem. Basically, memory may be distributed (each program has a
block of memory directly accessible only to that processor), or shared (all processors can access all of
memory). Variations in the middle ground are also possible. NUMA (Non-Uniform Memory Access)
multiprocessors are a prevalent variation. In choosing between a shared, distributed, or hybrid

memory system, the designer has previously had to choose between competing design maxims:

1. Shared memory machines are easier to program. This is because the programmer does

not need to explicitly specify data motion (as is required with distributed memory machines).

2. Distributed memory machines are easier to build. It is easier to scale (increase the
number of processors in) a distributed memory machine because no single point of contention,
such as a bus connecting processors to memory, becomes a limiting bottleneck as the number

of processors increases.

We are therefore faced with the challenge of designing a shared memory machine that scales well.
Distributed shared memory, providing an abstraction of shared memory on distributed memory
hardware, has met with some success in this regard. Our experience with distributed shared
memory [11] has led to an understanding of the capabilities and limitations of this approach to
scalable shared memory. The primary disadvantage of distributed shared memory systems is that
light-weight parallelism cannot be supported due to the high latency associated with accessing
remote memory. The traditional problem with true shared memory is that contention for shared
memory becomes a limiting bottleneck above a few tens of processors. Recent research efforts have
begun to address this issue, and to investigate the feasibility of providing true shared memory on
large-scale multiprocessors [36, 3, 13, 32]. The Willow project at Rice University represents one
of these efforts. We contend that large-scale multiprocessors, providing both shared memory and
light-weight parallelism, offer an advantage, in terms of both cost and ease of programming, over
existing approaches to large-scale multiprocessing.

We are currently designing a sixty-four processor prototype of Willow, a shared memory mul-
tiprocessor that will ultimately provide memory capacity and performance capable of supporting
over a thousand commercial microprocessors. Our choice of a thousand as the target number of
processors was somewhat arbitrary. We wanted a number large enough to expose all fundamental
scalability problems, but small enough not to confront us with engineering and packaging challenges
beyond the scope of an academic effort.

In this paper we first describe the factors that traditionally have limited the scalability of
shared-memory systems. These include: enforcing sequential consistency, inefficient synchroniza-
tion, memory latency and bandwidth limitations, bus contention, the necessity to enforce inclusion
on lower-level caches, and limited 1/O bandwidth. We then describe how the Willow architecture



addresses each of these issues. Finally, we present the results of a number of experiments that
evaluate the effect on application performance, both individually and collectively, of the major

architectural innovations in Willow.

2 Why is Scalable Shared Memory Hard?

2.1 Bus and Memory Bandwidth

Shared-memory multiprocessors have traditionally had a structure like that depicted in Figure 1.
In such a system, each processor first presents an address to its local cache, then, in the case of a
cache miss, the address is presented to the single shared bus. A response is then generated by either
main memory or another cache connected to the bus. The scalability flaw in this arrangement is
readily apparent: as the number of processors increases, the bus will saturate at the point where the

memory can not keep up with the combined processor cache miss rate. For slow processors and fast

Figure 1 Basic Shared Memory System

memory, systems like that depicted in Figure 1 may be able to support twenty or thirty processors,
e.g., the Sequent Symmetry [38]. For fast processors the situation may be much worse. Consider
a system that uses 50Mhz RISC processors, and whose processor caches provide a hit rate of 98%
(2% miss rate). Assume further that cache lines are thirty-two bytes in size, that the bus has a
64-bit data path, and that on average memory can respond in 80ns (4 processor clocks). In such a
system, a cache miss will require 16 processor clocks, during which time the bus will be unavailable
to other processors. Thus, one out of every 50 processor cycles will incur a cache miss penalty of 15
cycles. In the scenario that we have just described, all available bus bandwidth will be utilized by
as few as four processors, even when exacerbating circumstances such as cache line victimization,
page faults, 1/0, and maintaining cache consistency are ignored. Even if bus bandwidth were to
be dramatically increased, contention for memory would lead us to the same conclusion: shared
memory systems as we have known them are no longer a viable design alternative for large-scale
systems.

We are thus led to consider a hierarchical memory organization, such as that depicted in Fig-
ure 2. Here, lower-level intermediate caches are placed between the processor caches and global

memory. Since the intermediate caches are two to four times faster than memory, we ensure a



performance benefit by reducing the processor cache miss penalty. If intermediate cache C9 is two

Figure 2 Hierarchical Shared Memory System

time faster than memory, and its hit rate is a modest 75%, the processor cache miss penalty will
be reduced from 15 to 9 cycles. Unfortunately, the benefits of a hierarchical memory organization
have been limited by the attendant increase in memory latency, and by the necessity to enforce
inclusion on intermediate caches [6]. In particular, inclusion has limited the depth of the memory

hierarchy, as we will see in the next section.

2.2 Multi-Level Inclusion

Figures 3 and 4 demonstrate the significance of the multi-level inclusion (MLI) property. Initially,
the memory locations containing a and b are read by processors P1 and P2, respectively. Assume
that MLI holds for intermediate cache C3, but does not hold for intermediate cache C4. Suppose
that P1 updates a and P2 updates b. The resulting situation is shown in Figure 3. Now consider
what occurs when P1 reads b and P2 reads a. P2’s read will miss in caches C2 and C4, and the
(correct) current value will be supplied by cache C3 (depending on the exact cache protocol, C3
may first obtain an updated value from C1). P1’s read, on the other hand, will miss in caches
C1 and C3, but since C4 does not support MLI, the old (out-of-date) value of b will be provided
by memory. The resulting situation is shown in Figure 4. In this way, it is possible for processor
caches C1 and C2 to each hold b in a cache line in an exclusive modified state [5], a condition likely
to lead to incorrect program execution.

The need to enforce MLI thus requires that each intermediate cache contain the union of the
contents of all caches above it (nearer to the processor). The resultant geometric growth in cache
size effectively limits the depth of most cache hierarchies to two levels, thus directly impacting the

scalability of these systems.

2.3 Consistency and Synchronization

The scalability of memory hierarchies is also limited in systems that enforce sequential consis-
tency [35]. The necessity of propagating either invalidates or updates to topologically remote
processor-level caches forces some writes to exhibit very high latency. Furthermore, since most

shared memory multiprocessors employ an invalidation-based protocol, and a write to any part of



Figure 4 Multi-Level Inclusion (b)

a cache line will force an invalidation of the entire line, considerable interconnect bandwidth can
be wasted when fine-grained data sharing causes cache lines to “ping-pong” between caches. This
false sharing can serverely limit scalability. Update protocols, particularly write-through protocols,
can also consume interconnect bandwidth with unnecessary updates.

Synchronization between processors can also consume considerable interconnect bandwidth. In
most multiprocessors, synchronization primitives are implemented utilizing atomic read and read-
modify-write (RMW) operations, e.g., Test, and Test & Set. RMW operations attempt to read
and then indivisibly modify a synchronization variable (which may or may not be an ordinary
variable). In many multiprocessors, RMW operations are only supported in a particular region
of the address space, typically a globally accessible portion of the 1/O space. This approach to
synchronization support limits scalability in several ways. Perhaps the most serious limitation is
increased bus traffic due to RMW operations that fail (to acquire the synchronization variable),
e.g., spinlocks. In this case RMW operations may be repeated many times, consuming interconnect
bandwidth without contributing to the forward progress of the computation. Synchronization
operations that cause the processor to be relinquished in the event of synchronization failure avoid

this problem, but only for programs whose parallelism is very coarse-grained.



A second scalability limitation arises from the fact that more processors result in greater con-
tention for synchronization resources. This added contention, coupled with the associated increased
memory latency, results in a situation where processors will tend to remain longer in critical sec-
tions. This in turn will increase contention, further increasing average bus utilization and memory
latency, etc.

Finally, hardware support for synchronization, if provided, has traditionally been provided
as a global resource. All of the arguments made against global memory in Section 2.1 apply
equally well against global synchronization support. In fact, the argument is stronger against
global synchronization support, since synchronization accesses cannot usually be buffered. Systems
that use cache lines to ameliorate this effect do so at the expense of increased cache miss rates due
to synchronization variables victimizing cache lines used for instructions and data. This effect is
pronounced in applications that require considerable synchronization, since a single synchronization
variable must typically utilize an entire cache line.

Two methods for mitigating these effects suggest themselves: (1) reduce the number of highly
contended locks, and (2) prevent failed RMW operations from acquiring shared resources. In

Section 3 we will see that Willow employs both methods.

2.4 Input/Output

In a traditional shared-memory multiprocessor, such as that depicted in Figure 1, I/O exhibits the
same scalability problems as those encountered with bus and memory resources. If 1/O devices
are a global shared resource, every 1/O access must make use of the shared bus. As the number
of processors generating 1/O accesses increases, bus bandwidth and latency increase and the bus
saturates. This is a serious limitation on scalability, especially since 1/O accesses and global memory
accesses compete for bus the same bandwidth.

While a hierarchical memory structure (that retains global 1/0) alleviates the single-bus band-
width problem to the extent that access to global memory no longer dominates bus bandwidth,
this approach does not reduce the effect of the 1/O bottleneck. Moreover, it creates an equally
serious problem, since global 1/O can now cause invalidation and/or update traffic throughout the
memory hierarchy, thus severely impacting cache hit rates and miss penalties. We are thus led to
the conclusion that I/O resources must also be distributed throughout the memory hierarchy. We

will see how this is done in Willow in the next section.

3 The Willow Multiprocessor

In Section 2, we saw that the design of a scalable shared memory multiprocessor presents a number
of special problems to the computer architect. In Willow, we have attempted to address these issues
in an integrated manner, rather than in isolation. Perhaps the single common theme in the Willow
design is exploit locality at every opportunity. This theme is readily apparent in Figure 5. All
major system resources: memory, caches, synchronization support, and 1/0, are placed in a system
hierarchy that permits local access to these resources without impacting more global resources of

the same type. The processors in Willow are thus arranged in cluster fashion, with a multi-level



hierarchy of system resources beneath them. Willow is distinguished from other shared memory

multiprocessors by several characteristics:

e a hierarchical memory, cache, synchronization, and 1/0 organization that significantly reduces
the impact of inclusion [6] on the cache hierarchy, and that exploits program locality at all
levels in the hierarchy,

e support for adaptive cache coherence, whereby the coherence protocol used to manage each
cache line is chosen (or changed) based on the expected or observed access behavior for that
line,

e the use of a relaxed cache consistency model and aggressive buffering of writes to avoid the
adverse performance impact of unnecessary invalidation and synchronization, and

e an efficient combining protocol that supports the merging of access requests within the cache
hierarchy.

Our goal in the design of Willow is to provide hardware support in those areas where such
support is most beneficial to performance, and to relegate to software those areas of system support
requiring greatest flexibility.

3.1 Hierarchical Architecture

Willow has a tree-like bus hierarchy that contains two types of modules. At the processor level,
the leaves of the tree are processor-cache modules. All other levels consist of cache-memory mod-
ules. The simplicity of this scheme is of practical importance; a Willow system of arbitrary size
is constructed of only two kinds of printed circuit boards. Figure 5 depicts Willow with a cluster-
ing factor of four, that is, four processor-cache modules are arranged in a cluster that share the
processor-level bus with a memory-cache module. Four memory-cache modules on this level are
arranged in a cluster that shares a bus with a memory-cache module on the next level. This fan-in
continues until the lowest level is reached where only one memory-cache module exists. At this
level, a high-speed (approximately 1 Gb/sec) global interconnect provides direct communication
between the cache component of the lowest level module and all of the memory components of all
the memory-cache modules. In a symmetrical Willow system of 1024 processors, a clustering factor
of four implies one level of processors and five levels of memory-cache modules. The appropriate
clustering factor is an implementation technology dependent decision; we discuss this choice further
in Section 4.1.

Each memory-cache module in Willow contains system memory, an intermediate cache, and
control and synchronization support hardware. Each memory communicates with the level above
it (i.e., toward the processors) via an intracluster bus, and communicates with any other memory
using the global interconnect. Physical memory is divided among the memory-cache modules.
These modules are uniformly addressed via a global address space. When an access request is
presented on a bus, the memory and cache components of the module simultaneously compare the
address. Since each memory module occupies a unique portion of the global address space, memory
modules can immediately determine if they can satisfy a given memory request. If the data is not
located in the local memory, and also misses in the local cache of the current module, the request

is propagated down to the next level. If data is not found on the path from the processor to



Figure 5 Willow System Architecture

the memory module at the root of the hierarchy, the request is satisfied by the correct memory
module over the global interconnect. Thus all system memory in Willow is logically dual ported.
One port is connected to the local bus, the other to the global interconnect. Depending upon the
expected or observed access behavior for the remotely accessed data, this request is satisfied in one
of two ways: (1) If the access is expected to be infrequent, a software directory-based cache entry
is maintained at the target memory level that points to the requesting processor. On subsequent
accesses, this directory cache will update or invalidate (over the global interconnect) remote copies
of the data as appropriate. (2) If the remote access is a precursor to a significant number of
accesses by several processors neighboring the requesting processor, it is more efficient to allow the
data request to be satisfied through the most global bus-based cache, and then to “bubble-up”
through the cache hierarchy. In this way, subsequent accesses by neighboring processors will be
satisfied by a cache near the processor level, thus reducing the impact on global system resources.
Placing memory in the hierarchy in this way provides two architectural advantages. First, inclusion-
induced cache growth in lower-level caches is sublinear, rather than geometric, as a result of this
memory “absorbing” localized references into the hierarchy. This architecture is also particularly
well suited to multiprogrammed workloads, since it is possible for multiple parallel applications to

proceed without competition for any system resources.



Data placement assumes special importance in Willow. Because we have observed that most
parallel programs exhibit strong locality, we have optimized the Willow architecture to be able to

exploit this locality.

3.2 Adaptive Caching and Relaxed Consistency

Traditionally, shared memory multiprocessors have only provided a single memory consistency
protocol. For example, existing machines use an invalidate-based or an update-based consistency
protocol, but not both. Willow supports multiple consistency protocols, selected on a per-cache-
line basis based upon the expected or observed behavior of the data object of which the cache
line is a part. Moreover, this protocol can be changed during the course of the execution of the
program. In an earlier study [8], we found that a large percentage of shared memory accesses can be
characterized by a small set of access patterns, and for which efficient consistency protocols exist.
This indicates that a system with multiple consistency protocols should improve the performance
of most parallel applications, and that this approach is both manageable and advantageous.
Recently, several researchers in the shared memory community have advocated the use of relaxed
consistency models that force the programmer to make synchronization events in the program visible
to the memory consistency mechanism. By requiring this visibility, the memory hardware is able to
buffer writes between synchronization points, thus reducing the latency of processor stalls [16, 43,
28, 2]. Willow’s adaptive caching protocols can therefore support a variety of well-known consistency

models:

Sequential Consistency — all reads and writes are totally ordered [35]
Processor Consistency — allows reads to bypass buffered writes [31]

Weak Consistency — allows reads and writes to be buffered, but all must complete prior to any
synchronization access [17]

Release Consistency — allows reads and writes to be buffered, but all must complete prior to
release [28]

The protocol to be employed for a particular cache line is held within the state bits for that line.
These bits are set when loading the new line based upon the address of the shared data within the
global address space. The shared data address space is partitioned by convention for this purpose.
This simple scheme allows the user or compiler to control cache behavior via simple directives to
the loader. Many variations in cache consistency protocols are possible. A protocol is defined by

the answers to several questions related to how accesses are handled:
1. On a write, are other copies of shared data updated or invalidated?
2. When is the update or invalidate propagated, i.e., can it be buffered?
3. If writes are buffered:
(a) When must the buffer be flushed (e.g., on which synchronization events)?

(b) Can reads bypass buffered writes?

Thus coherence protocols determine when writes by one processor become visible to other proces-

SOTS.



3.3 Synchronization Support

We have designed two forms of hardware support for synchronization. The first is a Conditional
Test & Set operation [30] that significantly reduces the number of failed RMW operations. The
second is a distinguished synchronization memory that provides efficient access to synchronization
variables.

Conditional Test & Set is an extension of the well-known Test & Set operation that is sup-
ported in many extant multiprocessor architectures. QOur implementation of Conditional Test &
Set reduces the number of bus accesses required for a successful RMW operation to the minimum
number attainable in the single bus case, and to a number near to the minimum in a hierarchical
bus architecture. This is achieved by conditionally scheduling all synchronization bus accesses.
A Conditional Test & Set operation performs a Test & Set in the processor cache, which will
write-through to the bus if the Test phase returns a zero value (indicating that the lock is not cur-
rently held). These bus writes arbitrate for control of the bus with all other processors attempting
to acquire the lock variable. The first such processor that successfully arbitrates for bus mastership
performs the write. This action updates the value of the lock variable in all other processor caches,
thus causing subsequent Test & Set operations to spin in the processor cache. This successful bus
write also unschedules the pending bus writes of the other processors, and a failure to hold the lock
variable is returned to these requesting processors.

Willow provides a dedicated region of memory for synchronization variables that is replicated
at each level of the memory hierarchy. For access purposes, this memory appears as an extra
region in each cache, but the synchronization memory differs from cache memory in two important
ways. Since the synchronization memory is fully mapped (as if it were always resident in the cache),
there is no need for cache address tags to be associated with each “line” of synchronization memory.
Eliminating these tags reduces synchronization latency by a factor of two, since an address compare
is not required to determine a synchronization cache “hit” prior to a data access. Furthermore, the
synchronization memory does not consume either memory or cache resources. In particular, by not
using ordinary cache lines to hold synchronization variables, we avoid the adverse impact on cache
miss rates due to synchronization-induced victimization.

The synchronization region is quite large (256K locks). This is feasible because the amount of
state required to implement a synchronization variable is small. Even tree-structured barriers can
be implemented with a few bits per line. This region directly maps all synchronization variables
accessible at that level. More global regions are effectively replicated in higher-level synchronization
memorties, thus allowing synchronization accesses to exploit program locality in the same manner
as other access. In the extremely unlikely event of an application that requires more than the
provided number of the hardware synchronization variables, the programmer transparently uses

regular memory and cache to supplement the synchronization memory provided.

3.4 Cache Design

Figure 6 depicts the (simplified) internal structure of an intermediate cache in Willow. The upper
and lower sets of tags allow simultaneous address comparison on the upper and lower buses. Only in

the event of a cache hit is the actual data accessed. Write buffers are provided for both the upper



and lower buses, the “Up Queue” and “Down Queue”, respectively. These buffers are snooped,
and provide the necessary state to support split transactions. Both read and write combining

is supported in the cache, thus reducing traflic forwarded to more global regions of the memory

hierarchy.
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Figure 6 Simplified Cache Architecture

4 Performance Evaluation

In order to validate our design, we simulated the execution of several parallel applications on a
variety of architectural variations. We compared these results to the performance of the same ap-
plications on a baseline single-bus configuration. We report the results of four programs: MP3D,
SOR, Gaussian Elimination, and Matrix Multiplication. We used two different simulators to evalu-
ate our design, one using the execution-driven approach (PARCSIM, a.k.a. RPPT [15, 18]), and the
other using a cycle-level simulator derived from the the Sun Microsystems MPSAS simulator [22].
Most of the results reported use the execution-driven simulator. The detailed simulator was used
to validate the execution-driven results, and to obtain detailed information regarding program ex-
ecution, resource contention, pipeline effects, cache contention, write buffer management, and bus

arbitration.

4.1 Results

Our primary metric for comparing the performance of different schemes has been processor uti-
lization. Our goal was to minimize the frequency and duration of processor stalls due to memory
access and synchronization latency. As expected, a hierarchical structure always outperformed the
single bus architecture as the number of processors is increased, which supports the results reported
n [20]. Our results indicate that the decrease in contention for the shared resources provided by a
hierarchical scheme outweighs any increase in memory access latency.

Except as noted below, all caches were direct-mapped with a 32 byte line size and used a write-

back-with-invalidate protocol for the caches at all the levels of the hierarchy. We employed a split
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transaction bus. The processor level caches were 64 kbytes in size and the ratio of the cache sizes
from one level to the next in the hierarchical bus architecture was 1:4. We used a clustering factor
of four; in other words, there were four processors/node per cluster. Figures 7 through 10 present
speedup results for the indicated applications. Speedup was computed by comparing the execution
time for each run with the execution time on a single processor with a 64 Kbyte direct mapped

cache and a 32 byte line size.

Our implementation of SOR, partitions the matrix into horizontal bands, which, depending on
the matrix dimensions, may cause more cells to exist on partition boundaries than with other
partitioning schemes. The advantage to this approach is that we can vary the amount of sharing,
without having to increase the data size, by changing only the dimensions of the matrix. SOR
(Figure 7) shows superlinear speedup up to 64 processors. This is due to thrashing in the cache
when the number of processors is small, because the total cache memory of all the processors will
not hold all the data. As the number of processors is increased, the total cache size is increased,
and the algorithm runs faster. It is appropriate to question the claim of superlinearity, since the
hardware resources available in the multiprocessor case are considerably greater than those available
in the single processor case. To explore this claim we performed an experiment assuming an infinite
cache for the uniprocessor case. Using this result as the baseline for speedup comparisons, instead

of the more realistic 64KB first level cache, we achieve a speedup of 52 for the 64 processor case.

Matrix multiplication (Figure 8) requires essentially no communication between the processes
working to compute their individual elements. As a result we expect large speedups. We achieve a
maximum speedup of 55 using 64 processors. The reason that we do not achieve perfect speedup is
that the processor-level caches are not large enough to hold all of the data. Therefore, these caches
experience misses due to cache victimization during the computation for each result element. This
miss rate does not change as processors are added since the matrices map on top of one another
in the cache, and every processor reads the entire source matrix. The source matrices were not
duplicated and placed in memory at each processor level, but were global, magnifying the problem

as the number of layers in the hierarchy was increased.

MP3D is a particle simulator; the program divides up the space into cells and keeps track of
each individual particle as it moves within this space. When two or more particles enter the same
cell in the same time step, the particles collide in some random way. We ran the program configured
as in [44]. MP3D (Figure 9) performs relatively poorly, even with a hierarchical architecture. As
reported in [44], this is because of the large number of invalidation misses caused by the random
nature of the sharing of the space array. The performance of MP3D on Willow is comparable to

that reported for the Dash multiprocessor [36].

Gaussian elimination (Figure 10) achieves reasonable speedups even with a matrix size of 128 x
128 on 64 processors. Since each row of the matrix is read-shared during only one iteration, and is
written by only one processor during the previous iterations, a write-back-with-invalidate protocol
is appropriate. The speedup achieved is about 40 for 64 processors. This is because of the small
size of the matrix used and the fact that the amount of work done by each processor per iteration
decreased on every iteration. Hence, the amount of time spent in synchronization, relative to the

time spent in computation, is large.

11



Willow Prototype Performance

The results presented thus far have assumed a copyback cache at every level in the hierarchy. Since
the Willow prototype will use the Cypress CYC605 MMU/Cache Controller [1] for the processor-
level cache, chip set [1], we evaluated configurations that were restricted to the cache protocol
options available in the CYC605. Figure 11 depicts how the previous configuration compares with
a system implemented using the CYC605 as the processor-level cache. Since the Cypress 605 does
not support split-transactions on its bus, we expected this configuration to do less well than the
previous system. This was indeed the case, with the copyback architecture showing speedups of 61.5
and 55 for the oblong and square SOR matrices, respectively. The CYC605-based system (write-
through at first level, non-split transaction bus) exhibited a speedup of 56.5 on 64 processors for
the oblong (8192 x 8) case, and 49.5 on 64 processors for the square (256 x 256) case.

The main goal of our study of hierarchical multiprocessors is to find the right combination of
architectural features that will yield a scalable multiprocessor. The complement of this theme is to
remove those features that do not significantly contribute to performance. With that in mind, we

examined several architectural features of Willow in isolation.

Hierarchical Memory

Some hierarchical bus multiprocessors place all memory on the most global bus, e.g., [14]. This is
reminiscent of interconnection multiprocessors with processors and caches separated by a switching
network. We have designed Willow with memory modules on each of the hierarchies of buses. This
allows us to take advantage of locality in any level of the memory hierarchy. This is especially
useful when all of the data fits in the local memory and the second-level cache. For SOR, we see
an 8% improvement using hierarchical memory against the case in which the same data is moved
to the global memory. Somewhat counter-intuitively, hierarchical memory may in some cases do
worse than the global memory case. This occurs when the data fits entirely within the second-level
cache and the memory modules on that bus are significantly slower than the second-level cache (in
our case they are twice as slow). Figure 12 depicts this situation. The architecture simulated was
identical to the previous experiments, except for varying the placement of memory and the size of
the cache (in the infinite cache case).

We expect that hierarchical memory will be most useful in two common but diverse cases. The
first case is when the application program exhibits poor parallelism. In this case, the operating
system can map the program to a memory module closer to the processors it will be using, which
will reduce the contention for more global system resources (memories and buses). The second case
that hierarchical memory will be useful is when the parallel program contains more data than any
cache can hold, and this data is used primarily by a small set of closely-coupled processors. Many

experiments with natural phenomena exhibit this behavior.

Adaptive Caching, Write Buffers, and Relaxed Consistency

In Section 3.2, we described how researchers in the shared memory community have advocated the
use of relaxed consistency models. Figure 13 shows the performance of SOR as the cache protocol

and write buffer size is varied. The configuration of the hierarchy is the same as before, with a 64
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Kbyte processor cache and split transaction buses. We simulated several protocols, including write-
back-with-invalidate-when-shared and write-through-when-shared. As can be seen from Figure 13,
in the absence of write buffers, write-through-when-shared did poorly compared to write-back. We
varied the write buffer size from 1 to 8 words. The performance of the write-through-when-shared
protocol improved as the write buffer size increased, but still did worse than the write-back-with-
invalidate protocol. This is because the sharing in SOR is fairly coarse grained. A process writes
every byte in a line before it is read by its neighboring process. Hence, a fairly large write buffer
is needed to hide the latency of the writes, and write-through exhibits worse performance than

write-back because of the larger number of visible bus accesses.

Synchronization

According to Amdahl’s Law, the maximum achievable speedup of a parallel program is limited by
the fraction of the program that must be executed serially. The limit imposed by Amdahl’s Law is in
fact a conservative estimate. In general, parallel programs will perform more poorly than Amdahl’s
Law predicts [19, 23], because communication costs in a parallel computation tend to increase as the
number of processors involved in the computation increases. These communication costs include
process partitioning and scheduling, and synchronization. It was clear from our earlier studies
that synchronization would be a major performance consideration in systems with a large number
of processors. For example, in Figure 6 we see that a global barrier implemented with a single
counter protected by a Test & Set (TAS) lock requires fewer than 5000 cycles to synchronize for
multiprocessors with eight or fewer processors. This is less than one percent of the execution times
for these applications. Using the Test & Test & Set (TATAS) lock to protect the global barrier
brought the overhead down to 2000 machine cycles. Unfortunately, the overhead associated with
both TAS and TATAS increases exponentially as the number of participating processors increases.
A TATAS barrier requires 60 thousand cycles to synchronize when implemented in a three-level
hierarchy with 64 processors. The TAS barrier takes over one million cycles to synchronize.

There are two problems with global barriers: (1) bus contention when locks are released, and
(2) the serialization of accesses to the counter associated with the counter. Using Conditional
Test & Set, we eliminate the first problem, however barrier access is still serialized. To solve the
second problem, we can create a hierarchy of barriers so that multiple processors can update the
counters within their barriers in parallel. Processors that reach their respective barriers last thus
enter the barrier at the next level. Although this hierarchical series of barriers is more complicated
than a centralized barrier, removing the serial bottleneck significantly decreases the time required
to synchronize.

Figure 14 presents results for the SOR algorithm using an 8192 x 8 matrix and several software
barrier mechanisms. The configuration of the hierarchy is the same as before. TATAS synchroniza-
tion was used for the barrier, so contention was an important factor in these results. An oblong
matrix reduces the amount of sharing relative to the data size, which means that most of the loss
in performance is due to the barrier synchronization at the end of each iteration. We plot graphs
for SOR using a central barrier, an arrival tree barrier, and a combining tree barrier [39]. As can
be seen, the performance of the central barrier is poor since it serializes each process’s arrival at

the barrier. Contention, although a secondary consideration, is also a factor. The arrival tree bar-
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rier does better, but does not benefit from performance gains obtained by distributing the barrier.
The combining tree barrier does the best, approaching optimal performance. Using Conditional
Test & Set, instead of Test & Test & Set, we saw a small (less than 1%) improvement in over-
all performance. The benefits of Conditional Test & Set are small in this instance because the
barriers are distributed and the number of processors accessing each barrier is small (four in this

case).

Clustering Factor

The fan-in at each level of the hierarchy affects program performance. If this clustering factor is too
high (high fan-in), then contention becomes a concern since potential bus masters experience high
bus access latencies. If the clustering factor is too low, maximum attainable speedup is reduced. We
simulated several different configurations with varying clustering factors at each level to determine
how sensitive the performance of applications programs was to the clustering factor. We employed
an architecture most like the Willow prototype: three levels, 64 processors, a write-through cache
protocol at the processor-level caches and a write-back protocol for the rest of the caches.

We ran SOR with a matrix size of 256 x 256 and 288 x 288. The reason we use different
matrices is so all processors can be assigned the same number of rows to work on. Since 3 is not
a factor of 256, we use the slightly larger matrix for the configurations with three processors on
the first level bus. The average amount of time per matrix element stays nearly the same for both
matrices, so the comparison is valid. Figure 16 depicts the sensitivity of SOR to the clustering
factor. Configurations of four processors at the first level perform worse than most configurations
with fewer processors at the first level, even though the second level buses are heavily loaded. This
is because the write-through protocol generates enough traffic to increase the average time for a
request to be satisfied. With fewer processors doing writes, the first level bus is better able to
handle the write traffic. Efficiency also falls off if the second level bus is over-loaded, which occurs
when there are more than 16 clusters connected to the second level bus.

To show that the main difference between the configurations is the added write traffic on the
first level bus, we examined the performance of SOR with an 8192 x 8 element input matrix. This
matrix is the same size as the previous square matrix, and the same amount of write traffic takes
place, but the contention for shared elements is reduced. We see that performance improves because
the latency of invalidating shared copies on updates is greatly reduced. By eliminating most of
the shared traffic, we also reduce the number of transactions outside of the first level cluster, thus
exposing the costs of the write transactions on the first level bus.

It is possible to improve the performance of the four-processor-per-first-level-bus case. Since
SOR exhibits a large fraction of writes to private data, we could reduce the write traffic by imple-

menting a copy-back or write-through-on-shared protocol.

Hierarchical Input/Output
The Models

We have developed an analytic model for the purpose of evaluating the 1/O behavior of large-scale
shared memory multiprocessors. Three different models were developed: a multilevel, multipro-

cessor system like Willow that implements layered 1/0; a similar system without layered 1/0; and
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a baseline system with one system bus shared by all processors, one large disk cache, and several

disks. These models were developed using Yacsim, a discrete event-driven simulation language [34].

The Baseline Model

The baseline model consists of a single bus system with one disk cache and 21 disks attached
to the system bus. Each of the 21 disks is modeled as a queue with an exponentially distributed
average service time of 25ms and uses the shortest job next (SJN) scheduling algorithm. To model
contention, the bus itself is modeled as a queue with a first come first serve (FCFS) scheduling
discipline and an exponentially distributed service time whose average is 4.5ms. The disk cache is
not modeled directly as the cache access time is dwarfed by the service time of the other resources
in the system. The service time required for disk cache access may be considered to be included in
the arbitration time for the bus queue.

There are 64 processors, each of which may issue one 1/O job at a time. In our simulations,
these processors block until the 1/O job is completed. The model can therefore be viewed as a
closed network of 64 jobs that are either queued for service or delayed at the processor. When
issued, a job requests and receives service from the global bus queue. If a cache hit is obtained, the
job returns immediately to the issuing processor. Otherwise, the job requests and obtains service
from a randomly selected disk and returns across the global bus to the issuing processor. The
processor then “thinks” for an exponentially distributed amount of time (whose average is varied
over different runs of the simulation) and re-issues its job. The simulation is run for 42,000 disk
accesses, and the average time a job waits in each queue for service is calculated at each step in
the simulation. The results of these simulations are shown in Figure 17. The various curves in
each figure represent different average times between I/O requests (“think times”). The Y axis
represents the average time a job must wait in the resource’s queue, including service time by the
resource. The X axis is the baseline level cache hit rate for the disk cache. The effects of cold-starts
and cache filling are modeled by adjusting this baseline cache hit rate according to the number
of accesses determined to have hit in the cache. Thus, the hit rate will vary over the life of the

simulation.

Hierarchical System with Non-Layered I/0

The second model is that of a hierarchical system, again with 64 processors. Each group of 4
processors is attached to a local bus and 4 of these buses are attached to a cluster bus. The resulting
4 cluster buses are connected to the global bus yielding a 3 level system with 64 processors at the
highest level. A disk cache is associated with each bus. Each bus is represented by a separate FCEFS
queue in the model. The local bus queues have an average service time of 4.5ms. The 4 cluster bus
queues have service times of 3ms, as does the global bus queue. The model contains 21 disk queues
(with the same characteristics as in the base model) attached to the global bus.

The flow of a job through the system is as follows. The local level disk cache, cluster level cache,
and finally the global cache are tested for a cache hit. On a hit at any level, the job returns to the
processor by passing through the bus queues of the levels above it. On a miss, the job passes to the
bus queue directly below it. On a global cache miss, the job enters the disk queue of a randomly

selected disk (for simulation purposes). The job then returns to the processor via the global bus
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queue, the cluster bus queue, and finally the local bus queue. In addition, the block is “cached” in
every level between the global bus and the local bus of the requesting processor. This is simulated
by incrementing the number of hits in each cache by 1. The termination criterion for the simulation

was once again the completion of 42,000 disk requests. The results are shown in Figure 18.

Hierarchical System with Layered I/0

The final model implements layered 1/O by distributing the 21 disks among the various local
and cluster buses described in the preceding model, one disk per bus. In addition, the system
contains a queue representing the global interconnect described in Section 3. This FCEFS queue
has an exponentially distributed service time with an average of 3.85ms. This includes the time to
send /receive a request for data, or the data itself, as well as the time spent waiting to gain access
to the global interconnect token ring network.

When a request for a disk block is issued from a processor, the block address will contain
information that specifies exactly which disk contains the needed data. Only those disk caches in
the path between the processor and the target disk need be checked for a cache hit. For example,
if the block is known to be on the cluster disk, only the local and cluster disk caches are tested
before the job enters the cluster disk queue.

If an address for a block that is located in a remote disk (one located on another cluster or
local bus) is generated, the request will first be filtered down to the global level. A miss in all
three levels will cause the job to pass through the interconnection network, gain access to the bus
of a randomly selected disk, pass through the disk queue for service, and return to the requesting
processor through the interconnect. The simulation results for 42,000 disk requests are shown in
Figure 19. The cache hit rates shown are varied according to the same scheme as the other two
models.

Simulation Results
We expected the results for the base system case to be the worst of the three due to the fact that
every request issued from any processor must pass through a single bus queue. This global bus
queue quickly becomes a bottleneck for the system. In Figure 17, we see that when the 1/O requests
are generated quickly enough (as in the 50ms curve), the global bus queue becomes saturated, as
the vast majority of jobs in the system wait for control of the bus. The 50ms curve is invariant with
increasing cache hit rates because every request, whether it hits in the cache or not, must arbitrate
for the bus. As requests are spread further apart, some jobs in the bus queue have time to complete
their service requirement before others get queued, resulting in a lower wait time. Wait time falls
off at high cache hit rates as jobs are allowed more “think time”. Results for the disk queue show
relatively low waiting times regardless of “think time” or cache hit rates with an average time
around 29ms (recall that the service time of one job is 25ms). As expected, the bus queue is the
major bottleneck in this system, preventing many jobs from queuing at the global disk.
In Figure 18, we see an improvement in the wait times for the global bus queue, especially at
higher cache hit rates. As more requests get satisfied in the local and cluster caches, fewer jobs
require service from the global bus and the wait time decreases. Again, spreading the 1/O requests

out further reduces the wait times by allowing jobs to empty out of the queue before new ones take

19



their place. The data for the disk queues again shows an average waiting time of around 29ms for
all cache hit rates.

Figure 19 shows the results of implementing layered 1/0O in a hierarchical system such as Willow.
Moving the disks into the upper levels of the hierarchy reduces the chance that a request will have
to filter through the entire tree before being serviced. Thus, far fewer requests will reach the global
bus, thereby reducing the amount of traffic on the global bus and lowering the waiting time for this
resource.

In order for layering to be an effective method, the impact on other system resources of placing
the disks at different levels must be minimal. The effects on the other queues in the system are
shown in Figures 20 through 21. Figure 20 shows waiting times for the layered 1/O case normalized
to the non-layered 1/O case. These results show a higher wait time for service by the global disk
than in the unlayered case. This is because there is only 1 global disk in the hierarchical scheme
instead of 21, causing more requests to be queued at the global level. Figures 21 and 22 represent the
local and cluster bus wait times for the layered approach normalized to the unlayered, hierarchical
approach. Figure 22 shows that there is a slightly longer average wait time on the local bus for the
layered 1/O approach for frequently issued 1/O requests (the 50 and 200 ms curves). This is because
requests are being generated at the local level that will not be passed down to the cluster level (if
the data is known to be in the local disk). The overall time required for the local disk accesses is
less than in the non-layered case in which the job will travel the entire tree before being serviced in
the global disk. This extra latency in the non-layered case gives the local bus queue slightly longer
to empty out, resulting in a lower average wait time for the local bus queue. Figure 21 shows that

the cluster bus waiting times are almost identical for the layered and non-layered cases.

5 Related Work

Previous research in this area has taken two primary paths: (1) providing an abstraction of shared
memory on distributed memory hardware [37, 12, 41, 7, 24, 13], and (2) providing support for true
shared memory [40, 36, 3, 32, 38].

Our first efforts focused on distributed shared memory. We began by examining the sharing
and synchronization characteristics of a variety of shared memory parallel programs [8]. We found
that the access patterns of a large percentage of shared data objects fall into a small number of cat-
egories for which efficient, and fairly simple, coherence mechanisms exist. Based on these findings,
we developed a multiple-protocol adaptive cache coherence mechanism that exploits semantic infor-
mation about the expected or observed access behavior of particular data objects. Using adaptive
caching, we were able to develop Munin, a high-performance distributed shared memory (DSM)
system [11].

One of the first multiprocessors to recognize the need for non-uniform memory access (NUMA)
was the Cm* [26]. The Cm* uses commercially available microprocessors in a general purpose
cluster bus-based shared-memory multiprocessor configuration. However, the Cm* does not use
caches, resulting in possibly excessive traflic for reasons other than coherency maintenance. Other
examples of multiprocessor designs that do not use caches are the the BBN Butterfly [42] and the
ILLIAC IV [25], both of which use multistage interconnection networks instead of buses.
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Cedar [27] is a cluster-based architecture that connects clusters of eight processors through a
global shuffle-exchange based interconnect to shared memory. Each processor has local memory
associated with it. Cedar uses a combination of high speed shared memory, a macro data-flow

model of computation, and compiler technology to achieve high performance.
The Data Diffusion Machine (DDM) [33] and Kendall Square Research’s KSR1 [10] are both

cache-only memory architectures. They use distributed main memory and directory-based cache
coherence. One disadvantage of this approach is that allowing migration of data at the memory
level requires a mechanism to locate the data on a miss [45]. The coherence protocol is also made

more complex since the last copy of a data item must be migrated, rather than replaced.

The Wisconsin Multicube [32] is a cache-coherent, shared-memory multiprocessor whose design
scales to over a thousand processors. Its topology is that of a grid of buses, with processing elements
and caches at every intersection in the grid. It uses an invalidation based protocol, with a maximum
of 32 processors per bus and very large snoopy caches. Our research has shown that placing 32
high performance processors on a single bus taxes the architecture heavily, resulting in potential
poor performance for many algorithms.

The Stanford DASH multiprocessor [36] is another NUMA machine that distributes memory
among the processing nodes. It uses distributed directory-based cache coherence and maintains
cache coherence by sending point-to-point messages between the nodes on an interconnection net-
work. Fach node is a bus-based cluster of four processors, thereby utilizing the bus’s snooping
capability. DASH hides network latency through the use of release consistency, and by providing
memory access operations for prefetching and delivering data.

Like DASH, Alewife [3] is a cache-coherent, directory-based, shared-memory multiprocessor
whose network is a low-dimension mesh. Its main difference structurally is each node contains
a single SPARC-based processor, rather than a cluster. The April processor was designed to
hide the latency of network communication by supporting fast context switching, coarse grain
multithreading, and full/empty bit synchronization. We have also studied the effect of using fast
context switching to hide network latency [9].

Several commercial multiprocessors (Sequent Symmetry [38], DEC Firefly [46], Encore Multi-
max [21]), have been built with a shared bus architecture. Since shared bus architectures do not
generally scale well, several hierarchical-bus architectures have been proposed.

Wilson [47] proposes a cache-coherent multiprocessor architecture with hierarchical buses. Like
Willow, caches are placed at every level, linking processor to bus and every level to every other
level. Wilson’s design does not provide for memory at each level, which introduces a bottleneck
if the caches are not large enough to fit all the program’s accessed addresses. Wilson also uses a
single cache consistency protocol.

The ParaDiGM shared-memory multiprocessor [14] is structurally similar to our multiprocessor.
It is a hierarchical-bus cluster multiprocessor. Its memory is distributed amongst the clusters and
at the bottom of the hierarchy. The hierarchy of buses is complemented by a network connecting
the clusters together. Therefore, data can be passed between clusters in two fashions — through the
hierarchy of buses or over the network. The caches connecting levels of buses are large, directory-
based caches, whose coherence protocols are implemented primarily in software. Software-based

coherence gives the programmer flexibility but increases the off-cluster access time.
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Archibald [4] presents a distributed write adaptive snooping protocol that dynamically deter-
mines whether a block is being actively shared. He extends the protocol to cluster-based hierarchical
multiprocessor organizations, introducing cluster ownership for writing. Copies in other clusters
are invalidated on a write in any cluster. Since cluster controllers do not contain data, all traffic
must go to the processor level to obtain modified information. Willow provides copies of shared
data throughout the hierarchy to reduce latency for reads and to reduce contention on the processor

and intermediate buses.

6 Conclusions

We have described the architecture of the Willow shared-memory multiprocessor, and have moti-
vated our design with a discussion of the architectural challenges associated with such an undertak-
ing. We discussed the issues that affect scalability, most notably enforcing sequential consistency,
inefficient synchronization, memory latency and bandwidth limitations, bus contention, the ne-
cessity to enforce inclusion on lower-level caches, and limited 1/O bandwidth. We described how
each of these issues is addressed in the Willow design. We then presented an evaluation of the
Willow architecture based on the execution performance of several parallel programs. This data
was obtained using two different simulators, one a detailed hardware-level simulator, the other an
execution-driven simulator.

Additionally, the data related to 1/O was obtained from an analytical model developed for that
purpose. Using this model, we showed that layering 1/O in a hierarchical system reduces contention
for shared resources, particularly the global bus, while at the same time incurring little additional
penalties for service at other resources. These results were moderately dependent on the cache
hit rates at the various bus levels. Further work with actual applications needs to be performed
to confirm these results. We are presently developing this capability for the Willow architecture
simulator.

The results of our evaluation demonstrate the scalability of the Willow architecture to the
extent that we have thus far been able to test it. We are currently developing a sixty-four processor
prototype that tests most of our ideas about scalability. This machine will be used to further

evaluate the Willow architecture.
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Figure 7 SOR, 256*256 Matrix Figure 10 GE, 128*128 Matrix

Figure 8 Mat Mult, 128*128 Matrix Figure 11 SOR, 8192*8 Matrix

Figure 9 MP3D Speedup Figure 12 SOR: Dist. vs. Global Memory
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Figure 13 SOR: Various Protocols, Figure 14 SOR: Different Software
256*256 Matrix ‘ Barriers, 8192*8 Matrix
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type of lock protecting the counter
levels of TAS TATAS
hierarchy processors cycles processors | cycles
8 5400 8 2100
one level 16 23000 16 6300
64 one million 64 60000
8 1900 8 1500
two levels 16 6100 16 3300
64 21300 64 7700
8 1200 8 1200
three levels 16 2000 16 2000
64 3000 64 3000

Figure 15 Average Number of Cycles to Get from One Barrier to the Next

Figure 16 Efficiency of Different Branching Factors
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Figure 17 Base Global Bus Queue Figure 20 Normalized Global Disk Queue

Figure 18 Non-Layered Global Bus Queue Figure 21 Normalized Local Bus Queue

Figure 19 Layered Global Bus Queue Figure 22 Normalized Cluster Bus Queue
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