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Abstract

We are currently investigating two di�erent approaches to scalable shared
memory� Munin� a distributed shared memory �DSM� system implemented
entirely in software� and Willow� a true shared memory multiprocessor with
extensive hardware support for scalability� Munin allows parallel programs
written for shared memory multiprocessors to be executed e�ciently on dis�
tributed memory multiprocessors� Unlike existing DSM systems� which only
provide a single mechanism for memory consistency� Munin provides multiple
consistency protocols� matching protocol to data object based on the expected
pattern of accesses to that object� We call this approach type�speci�c coher�
ence� Munin also employs a relaxed consistency model to mask network latency
and to minimize the number of messages required for keeping memory consis�
tent� Willow is intended to be a true shared memory multiprocessor� providing
memory capacity and performance capable of supporting over a thousand com�
mercial microprocessors� These processors are arranged in cluster fashion� with
a multi�level cache� I�O� synchronization� and memory hierarchy� Willow is
distinguished from other shared memory multiprocessors by a layered memory
organization that signi	cantly reduces the impact of inclusion on the cache
hierarchy and that exploits locality gradients� Willow also provides support
for adaptive cache coherence� an approach similar to Munin
s type�speci	c co�
herence� whereby the consistency protocol used to manage each cache line is
selected based on the expected or observed access behavior for the data stored
in that line� Implementation of Munin is in progress� we are still designing
Willow�

MUNIN

Introduction

Shared memory programs are generally easier to develop than distributed

memory �message passing� programs� because the programmer does not
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need to explicitly initiate data motion� Distributed memory machines�

however� scale better in terms of the number of processors that can be

supported� Hence� our goal is to provide the best of both worlds� the

relative ease of programming of the shared memory model and the scala�
bility of a distributed memory machine� Our performance goal is to pro�

vide execution e�ciency nearly equal to that of hand�crafted distributed

memory �message�passing� code for the same application�

Munin is a distributed shared memory �DSM� system that allows

parallel programs written for shared memory multiprocessors to be ex�

ecuted e�ciently on distributed memory multiprocessors� Munin�s user
interface is a consistent global address space� with thread and synchro�

nization facilities like those found in shared memory parallel program�

ming systems� Munin provides this interface via a collection of runtime

library routines that use the system�s underlying message passing fa�
cilities for interprocessor communication and that use kernel support

for page fault handling� Munin is unique among existing DSM sys�

tems �Cha	
� Li	�� Ram		� both in that it provides type�speci�c co�

herence and in that it uses a relaxed model of consistency for shared
memory�

Munin provides a suite of consistency protocols so that individual
data objects are kept consistent by a protocol tailored to the way in

which that object is accessed� Several studies of shared memory paral�

lel programs have indicated that no single consistency protocol is best

suited for all parallel programs �Ben

a� Egg		� Egg	
�� Furthermore�
within a single program� di�erent shared data objects often are accessed

in fundamentally di�erent ways �Ben

a�� and a particular object�s ac�

cess pattern can change during the execution of a program� Existing

DSM systems have not taken advantage of these observations� and have
limited their functionality to providing a single consistency protocol for

all programs and all objects� Munin uses program annotations� currently

provided by the programmer� to choose a consistency protocol suited to

the expected access pattern of each object� or to change protocols during
execution�

DSM systems such as Ivy� Clouds� and Amber �Li	�� Ram		� Cha	
�
are based on sequential consistency �Lam�
�� Sequential consistency re�

quires that each modi�cation to a shared object become visible imme�
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diately to the other processors in the system� In a DSM system� this

means that the system is required to transmit at least one message to

invalidate all remote copies of an object and then must stall until these

messages are acknowledged� Recently� several researchers in the shared
memory multiprocessor 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 bu�er writes

between synchronization points� thus reducing the latency of processor

stalls �Dub	�� Sch	�� Gha

�� Munin achieves similar advantage by us�

ing a software delayed update queue to bu�er pending outgoing write
operations� Use of the delayed update queue allows the runtime system

to merge modi�cations to the same object transparently� which greatly

reduces the number of messages required to maintain consistency and

causes Munin programs to combine data motion and synchronization as
is done in hand�coded message passing programs� All objects use the

same delayed update queue� so updates to di�erent objects destined for

the same remote processor can be combined as well� The delayed up�

date queue is �ushed whenever the consistency semantics in force require
strict ordering of write operations� e�g�� when a local thread releases a

lock or arrives at a barrier�

Munin di�ers from recent scalable shared memory multiproces�

sors �Aga

� Len

� that have used relaxed consistency models to min�

imize processor stalls during writes to shared memory� These multi�

processors can su�er from frequent read misses� which signi�cantly af�
fect performance� Munin�s use of type�speci�c coherence addresses this

problem of excessive read misses� We have found that an update�based

consistency protocol is superior to an invalidation�based protocol if the
invalidate protocol will result in an excessive number of reloads after

invalidation �reloads are read misses�� By taking advantage of semantic

hints� Munin can frequently load shared data before it is accessed� for

example� by moving the data protected by a lock when lock ownership
is transferred� This allows us to reduce or hide the latency associated

with the corresponding read misses�

In addition to the delayed update mechanism� Munin employs several

other well known consistency mechanisms as part of its multiple protocol
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approach to type speci�c coherence �Ben

b�� These mechanisms include

replication� migration� invalidation� and remote load�store� We use each

of these mechanisms for the particular types of shared data objects for

which they are most appropriate�

We have based many of our design decisions on the results of a study
of sharing and synchronization behavior in a variety of shared memory

parallel programs� in which we observed that a large percentage of shared

data accesses fall into a relatively small number of access type categories

that can be supported e�ciently �Ben

a��

Our approach to the design of Munin can therefore be summarized
as follows�

�� Understand sharing and synchronization in shared memory parallel
programs�

�� Exploit this understanding by developing e�cient consistency mech�

anisms for the observed sharing behavior�

�� Match mechanism to type using user�provided information�

The remainder of this section describes our progress toward achieving

these objectives�

Sharing in Parallel Programs

Type�speci�c coherence requires that there be a relatively small number

of identi�able shared memory access patterns that characterize the ma�

jority of shared data objects� and for which corresponding consistency
mechanisms can be developed� In order to test our approach� we studied

a number of shared memory parallel programs written in C�� �Str	��

using the Presto programming system �Ber		� on the Sequent Symme�

try shared memory multiprocessor �Lov		�� The selected programs are
written speci�cally for a shared memory multiprocessor so that our re�

sults are not in�uenced by the program being written with distribution

in mind and accurately re�ect the memory access behavior that occurs
when programmers do not expend special e�ort towards distributing the

data across processors� Presto programs are divided into an initialization
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phase� during which the program is single�threaded� and a computation

phase�

Six programs studied in detail were� Matrix multiply� Gaussian elim�

ination� Fast Fourier Transform �FFT�� Quicksort� Traveling salesman

problem �TSP�� and Life� Matrix multiply� Gaussian elimination� and
Fast Fourier Transform are numeric problems that distribute the data

to separate threads and access shared memory in predictable patterns�

Quicksort uses divide�and�conquer to dynamically subdivide the prob�

lem� Traveling salesman uses central work queues protected by locks to
control access to problem data� Life is a �nearest�neighbors� problem

in which data is shared only by neighboring processes� Other programs

studied include parallel versions of minimum spanning tree� factorial�

SOR� shellsort� prime sieve� and a string matching algorithm�

Methodology

We collect logging information for a program by modifying the source

and the run�time system to record all accesses to shared memory ���

microseconds to record each access�� These program modi�cations are

currently done by hand� A call to a logging object is added to the pro�
gram source after every statement that accesses shared memory� The

Presto run�time system was modi�ed so that thread creations and de�

structions are recorded� as are all synchronization events� The end of
each program�s initialization phase is logged as a special event so that

our analysis tool can di�erentiate between the initialization and the com�

putation phase�

A program executed with logging enabled generates a series of log

�les� one per processor� Each log entry contains an Object ID � a Thread

ID � the Type of Access � and the Time of Access� Examples of Type of
Access include creation� read� write� and lock and monitor accesses of

various types� Time of Access is the absolute time of the access� read

from a hardware microsecond clock� so the per�processor logs can be

merged to form a single global log�

We can specify the granularity with which to log accesses to objects�
The two supported granularities are object and element � At object gran�

ularity� an access to any part of an object is logged as an access to the
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entire object� At element granularity� an access to a part of an object

is logged as an access to that speci�c part of the object� For example�

the log entry for a read of an element of a matrix object indicates only

that the matrix was read at object granularity� but indicates the speci�c
element that was read at element granularity�

Our study of sharing in parallel programs distinguishes itself from

similar work �Egg		� Sit		� Web	
� in that it studies sharing at
the programming language level� and hence is relatively architecture�

independent� and in that our selection of parallel programs embodies a

wider variation in programming and synchronization styles�

An important di�erence between our approach and previous meth�

ods �Sit		� So	�� is that we only log accesses to shared memory� not all

accesses to memory� Non�shared memory� such as program code and lo�
cal variables� generally does not require special handling in a distributed

shared memory system� A useful side e�ect of logging only accesses to

shared memory is that the log �les are much more compact� This allows

us to log the shared memory accesses of relatively long�running programs
in their entirety� which is important because the access patterns during

initialization are signi�cantly di�erent from those during computation�

Logging in software during program execution combines many of
the bene�ts of software simulation �So	�� and built�in tracing mecha�

nisms �Sit		�� without some of the problems associated with these tech�

niques� As with software simulation� with software logging it is easy to

change the information that is collected during a particular run of the
program� For example� if only the accesses to a particular object are of

interest� such as the accesses to the lock protecting a central queue� only

the logging associated with that object need be enabled� On the other

hand� software�based logging does not slow down program execution to
the extent that software simulation of the program and architecture does�

Unlike with address tracing techniques� it is possible to collect higher�

order information about particular accesses� For example� we can log an
attempt to acquire a monitor� successful acquisition of the monitor� or

sleeping on a monitor condition variable� This information is not easily

recreated from a standard address trace�

The �exibility� power and low overhead of our system does not come

without cost� Only accesses to shared memory performed by the appli�
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cations program and run�time system are collected� so our system su�ers

from what Agarwal refers to as omission distortion �Sit		�� the inability

of a system to record the complete address stream of a running program�

The omission distortion is not signi�cant in this case because we are not
trying to determine how any particular cache consistency mechanism

will perform� but rather are attempting to characterize patterns of shar�

ing that are common in parallel applications programs� Also� because
only accesses to shared memory are collected� our logs may experience

temporal distortion in the sense that periods with frequent accesses to

shared memory will be slowed down to a greater extent than periods

when accesses to shared memory are infrequent� Since the temporal dis�
tortion in this case is limited by synchronization events� which constrain

the relative ordering of events� temporal distortion is also not a serious

problem�

Categories of Sharing� Intuitive De�nitions

The results of our study support our approach� in that we have identi�ed

a limited number of shared data object types� Write�once� Write�many �
Producer�Consumer � Private� Migratory � Result � Read�mostly � and Syn�

chronization� We classify all shared data objects that do not fall into

one of these categories as General Read�Write�

Write�once objects are read�only after initialization� Write�many ob�

jects frequently are modi�ed by several threads between synchronization
points� For example� in Quicksort� multiple threads concurrently mod�

ify independent portions of the array being sorted� Producer�Consumer

objects are written �produced� by one thread and read �consumed� by

a �xed set of other threads� Private objects� though declared to be
shared data objects� are only accessed by a single thread� Many parallel

scienti�c programs exhibit �nearest neighbors� or �wavefront� commu�

nication whereby the only communication is the exchange of boundary

elements between threads working on adjacent sub�arrays� The boundary
elements are Producer�Consumer and the interior elements are Private�

Migratory objects are accessed in phases� where each phase corresponds

to a series of accesses by a single thread� Shared objects protected by
locks often exhibit this property� Result objects collect results� Once

written� they are only read by a single thread that uses the results� Read�
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mostly objects are read signi�cantly more often than they are written�

Synchronization objects� such as locks and monitors� are used by pro�

grammers to force explicit inter�thread synchronization points� Synchro�

nization events include attempting to acquire a lock� acquiring a lock�
and releasing a lock� The remaining objects� which we cannot character�

ize by any of the preceding classes� are called General Read�Write� The

categories de�ne a hierarchy of types of shared data objects� When we
identify an object�s sharing category� we use the most speci�c category

possible under the following order �from most speci�c to least speci�c��

Synchronization� Private� Write�once� Result � Producer�Consumer � Mi�

gratory � Write�many � Read�mostly � and General Read�Write�

Results of Sharing Study

The general results of our analysis can be summarized as follows�

General Results

� There are very few General Read�Write objects� Coherence mech�

anisms exist that can support the other categories of shared data

objects e�ciently� so a cache consistency protocol that adapts to

the expected or observed behavior of each shared object will out�
perform one that does not�

� The conventional notion of an object� as viewed by the program�

mer� often does not correspond to the appropriate granularity of
data decomposition for parallelism� Often it is appropriate to

maintain consistency at the object level� but sometimes it is more

appropriate to maintain consistency at a level smaller or larger

than an object� Thus� a cache consistency protocol that adapts to
the appropriate granularity of data decomposition will outperform

one that does not�

� Type�speci�c coherence signi�cantly reduces the amount of bus
tra�c required to maintain consistency� This improvement is caused

by the fact that many programs perform a large number of writes to

shared data objects between synchronization points� so many up�
dates to the same data object are combined before they are even�

tually propagated� Additionally� type�speci�c coherence requires
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the same amount of bandwidth as write�invalidate� but when the

cache line size is small� it does so with fewer messages �thus� the

average message is proportionally larger��

Speci�c Results

� With object�level logging� Write�many accesses dominate other

forms of shared data access� The other sharing category into which

a large portion of the accesses fall at object�level granularity is
Write�once�

� Parallel programs in which the granularity of sharing is �ne tend

to have their underlying �ne grained behavior masked when the
logging is performed on a per�object basis� The access behavior

of many programs are considerably di�erent when examined per

element� For example� in the Life program� when examined on

a per�object basis� virtually all shared accesses are Write�many�
However� when examined by element� 	� percent of the shared

data is in fact Private �the interior elements of the board� and ��

percent is Producer�Consumer �the edge elements��

� The average number of di�erent objects accessed between synchro�

nization points indicates the average number of delayed updates

that will be queued up at a time� If this number is small� as the

data indicate� managing a queue of delayed updates �thus pro�
viding a relaxed model of memory consistency� does not require

signi�cant overhead�

� Write�many objects are written about one�half as many times as
they are read� Large numbers of accesses occur between synchro�

nization points� We call a series of accesses to a single object by any

thread between two synchronization points in a particular thread a

�no�synch run�� The large size of the no�synch runs indicate that
delayed update o�ers substantial performance improvement� No�

synch runs di�er from Eggers�s �write�runs� �Egg		� in that they

do not end when a remote thread accesses the object� but rather
whenever a thread synchronizes� Intuitively� write�runs end when

a standard consistency mechanism� such as a write�invalidate or
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write�update scheme that enforces sequential consistency� would

enforce consistency� No�synch runs end when the programmer re�

quires consistency�

� The data recorded for locks indicate that the same thread fre�
quently reacquires the same lock� thus facilitating local optimiza�

tion of lock acquisition� Also� the number of threads waiting on the

same lock is usually quite small� indicating that lock arbitration
will not require excessive network tra�c�

Type�speci�c Coherence Mechanisms

Existing software distributed shared memory systems �Cha	
� Li	�� Li	
�

Ram		� have provided only a single memory consistency protocol� These

systems typically use either an invalidation�based or an update�based
consistency protocol� but not both� Munin allows a separate consistency

protocol for each shared data object� tuned to the access pattern of that

particular object� Moreover� the protocol for an object can be changed

over the course of the execution of the program� We have shown that a
large number of shared memory accesses can be captured by a small set

of access patterns� for which e�cient consistency protocols exist� indicat�

ing that this approach is both manageable and advantageous �Ben

a��

We have developed memory consistency techniques that can e�ciently
support the observed categories of shared data objects �Ben

b�� This

section brie�y describes these mechanisms in the context of the sharing

categories that they serve�

Write�many objects appear in many parallel programs wherein sev�

eral threads simultaneously access and modify a single shared data object
between explicit synchronization points in the program� If the program�

mer knows that individual threads access independent portions of the

data� and the order in which individual threads are scheduled is unim�

portant� the program can tolerate a controlled amount of inconsistency
between cached portions of the data� The programmer uses explicit syn�

chronization �such as a lock or monitor� to denote the points in the

program execution at which such inconsistencies are not tolerable� De�
layed updates allow Write�many objects to be handled e�ciently� When

a thread modi�es a Write�many object� we delay sending the update
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to remote copies of the object until remote threads could otherwise in�

directly detect that the object has been modi�ed� In this manner� by

enforcing only the consistency required by the program�s semantics� we

avoid unnecessary synchronization and reduce the number of network
packets needed for data motion and synchronization�

If the system knows that an object is shared in Producer�Consumer

fashion� it can perform eager object movement � Eager object movement
moves objects to the node at which they are going to be used in advance

of when they are required� In the nearest neighbors example� this in�

volves propagating the boundary element updates to where they will be
required� In the best case� the new values are always available before

they are needed� and threads never wait to receive the current values�

Migratory objects are accessed by a single thread at a time �Web	
��
Typically� a thread performs multiple accesses to the object� including

one or more writes� before the next thread starts accessing the object�

Such an access pattern is typical of shared objects that are accessed

only inside a critical section or through a work queue� The consistency
protocol for migratory objects migrates the object to the new thread�

provides it with read and write access �even if the �rst access is a read��

and invalidates the original copy� This protocol avoids a write fault and

a message to invalidate the old copy when the new thread �rst modi�es
the object�

Synchronization objects are supported by distributed locks� More

elaborate synchronization objects� such as monitors and atomic integers�
can be built on top of this� When a thread wants to acquire or test

a global lock� it performs the lock operation on a local proxy for the

distributed lock� and the local lock server arbitrates with the remote lock

servers to perform the lock operation� Each lock has a queue associated
with it that contains a list of the servers that need the lock� This queue

facilitates e�cient exchange of lock ownership� This mechanism is similar

to that proposed by Goodman� et al �Goo	
b��

Several categories of shared data objects can be handled in a straight�

forward fashion� Private objects are only accessed by one thread� so

keeping them coherent is trivial� Replication is used for Write�once ob�
jects� Read�mostly objects are also candidates for replication since reads

predominate writes� Result objects are handled by maintaining a sin�
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gle copy and propagating updates to this copy using the delayed update

mechanism� Finally� General Read�Write objects are handled by the

most convenient of the available consistency mechanisms�

Status

We are currently implementing Munin on an Ethernet network of SUN

workstations� This implementation will allow us to assess the runtime

costs of the delayed update queue and the other type�speci�c coherence

mechanisms� as well as their bene�ts relative to standard consistency
mechanisms�

In the Munin prototype system� the server associated with each pro�

cessor is a user�level process running in the same address space as the

threads on that processor� This makes the servers easier to debug and
modify� which serves our goal of making the prototype system expand�

able� �exible and adaptable� We will be able to add mechanisms should

we discover additional typical memory access patterns� We will be able

to pro�le the system to evaluate system performance� and determine
the performance bottlenecks� Running at user�level� the Munin servers

will have access to all operating systems facilities� such as the �le server

and display manager� which will facilitate gathering system performance

information�

The Munin prototype currently supports only six sharing types� Read�
only� Migratory� Producer�Consumer� Concurrent�write�shared� Result�

and Reduction� The sharing types Write�once and Write�many have

been renamed Read�only and Concurrent�write�shared� respectively� since

these terms more closely describe the manner in which objects of these
types are accessed� Reduction is a new category for objects that are

accessed via Fetch and � operations� Such operations are equivalent to

a lock acquisition� a read� a write� and a lock release� Reduction objects

are implicitly associated with a lock� and this lock is created automati�
cally by the system at the time that the reduction object is created� An

example of a reduction object is the global minimum in a parallel mini�

mum path algorithm� which would be maintained via a Fetch and min�
Reduction objects will be be treated as migratory objects� but Munin

will execute the operation in�place at a �xed location�
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WILLOW

Overview

Although we believe that Munin will provide an e�ective computing en�
vironment for a large class of shared memory applications� programs that

exhibit �ne�grain parallelism and synchronization cannot be adequately

supported due to the high latency associated with accessing remote me�

mory� However� with true shared memory multiprocessors� contention
for shared memory usually becomes a limiting bottleneck above a few

tens of processors� Recent research e�orts have begun to address this

issue� and to investigate the feasibility of providing shared memory on
large�scale multiprocessors �Len

� Aga

� Che
�� Goo		� SCI

�� The

Willow project at Rice University represents one of these e�orts� It is our

belief that large�scale multiprocessors� providing both shared memory

and �ne�grain parallelism� will o�er an advantage� in terms of both cost
and ease of programming� over existing approaches to large�scale multi�

processing� Therefore� the research question that we have posed is� Is

it possible� using available technologies� to design a true shared memory

machine capable of supporting on the order of �


 processors� Our
work to date suggests that an a�rmative response is indicated�

We are currently designing a sixty�four processor prototype of Wil�
low� a shared memory multiprocessor intended to ultimately provide me�

mory capacity and performance capable of supporting over a thousand

commercial microprocessors� These processors are arranged in cluster

fashion� with a multi�level cache and memory hierarchy� Willow is dis�
tinguished from other shared memory multiprocessors by several char�

acteristics�

� a layered memory organization that signi�cantly reduces the im�
pact of inclusion �Bae		� on the cache hierarchy� and that exploits

locality gradients �variations in locality between �local� and �re�

mote���

� support for adaptive cache coherence� an approach similar to

Munin�s type�speci�c coherence� whereby the consistency protocol
used to manage each cache line is selected based on the expected

or observed access behavior for the data stored in that line�
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� an e�cient distributed update protocol that supports both read

combining and write merging in the cache hierarchy�

� support for a range of relaxed consistency protocols so as to avoid

the adverse performance impact of unnecessary synchronization�
and to allow aggressive bu�ering and reordering of write opera�

tions�

� the use of layered I�O to provide symmetric multiprocessing� and

� hardware support for hierarchical synchronization�

Our goal in the design of Willow is to provide hardware support in

those areas where such support is most bene�cial to performance� and

to relegate to software those areas of system support requiring greatest

�exibility� Thus� in the design of Willow� we take particular care to
provide e�cient support for lightweight threads� simple synchronization

�locks and barriers�� fast context switching� and low�latency memory

access� One of Willow�s novel features is the manner in which cache
consistency is supported� Instead of attempting to devise a single pro�

tocol best suited for all applications� we employ an adaptive scheme�

With adaptive caching� each cache line can be managed with a consis�

tency protocol most appropriate to the manner in which the cache line is
being used� Cache lines can employ any of the following update mecha�

nisms� write�through� write�back on any synchronization �lock release or

acquire�� write�back on release� write�back on acquire� write�back when�

ever convenient� or no write�back �i�e�� read�only�� Supporting di�erent
update mechanisms allows us to provide a range of consistency models�

Sequential all reads and writes are totally ordered �Lam�
�

Processor allows reads to bypass bu�ered writes �Goo	
a�

Weak allows reads and writes to be bu�ered� but all must complete prior
to any synchronization �e�g�� a lock release or acquire� �Dub	��

Release allows reads and writes to be bu�ered� but all must complete

prior to release �Gha

�
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Status

We have identi�ed and addressed what we believe to be the most serious
impediments to scalability� enforcing sequential consistency� ine�cient

synchronization� memory latency and bandwidth limitations� bus satura�

tion� memory contention� the necessity to enforce inclusion on lower�level
caches� and non�symmetric I�O� We are evaluating the preliminary de�

sign of Willow� a scalable shared memory multiprocessor whose design

addresses each of these issues in a substantive manner� We have de�ned

a basic system architecture and are validating this design using detailed
simulation and analytic techniques� This architecture is depicted in Fig�

ure ��

Willow has a tree�like bus hierarchy that contains two types of mod�

ules� At the processor level� the leaves of the tree are processor�cache

modules� All other levels consist of cache�memory modules� Figure �
depicts Willow with a clustering 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 second level� This fan�in continues until the lowest level

is reached where only one memory�cache module exists� At this level�

a 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

�
�� processors� a clustering factor of four implies one level of processors

and �ve levels of memory�cache modules�

Each memory�cache module contains memory� a cache� and control

and synchronization 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 a
request appears on a bus� the memory and cache components of the

module simultaneously look up the address� The address space is parti�

tioned so that a memory module can determine if it can satisfy a memory
request� If the data is not located in the memory or cache of the mod�

ule� the request is propagated down to the next level� If data is not
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Figure �� Willow System Architecture

found on the path from the processor to the memory module at the root
of the hierarchy� the request is satis�ed by the correct module over the

global interconnect� Since all of the processors can access any part of

the address space� Willow is a true shared memory system�

Data placement assumes special importance in Willow� Because we
expect most parallel programs to exhibit strong locality� we have opti�

mized the Willow architecture to be able to exploit this locality� Ex�
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amples of this optimization include distributing memory over the levels�

using adaptive caching� and placing I�O on the intrasystem busses� Part

of our approach has been to try to build upon our relevant experience

with Munin� a distributed shared memory system developed at Rice� by
exploiting information about shared data access behavior and by incor�

porating our ideas about adaptive caching and relaxed consistency�

CONCLUSIONS

We have described two di�erent approaches to scalable shared memory

that we are currently developing at Rice University� Munin� a distributed

shared memory system implemented entirely in software� and Willow� a
true shared memory multiprocessor with extensive hardware support for

scalability� Munin is designed to allow parallel programs written for

shared memory multiprocessors to be executed e�ciently on distributed

memory multiprocessors� Willow is intended to be a true shared memory
multiprocessor providing memory capacity and performance capable of

supporting over a thousand commercial microprocessors� Implementa�

tion of Munin is in progress� we are still designing Willow�

We have described our goals and methods in the design of both sys�

tems� and we have described their distinguishing features� For Munin�

these features include support for multiple consistency protocols� match�
ing protocol to data object based on the expected pattern of accesses to

that object �type�speci�c coherence�� and a relaxed model of memory

consistency to mask network latency and to minimize the number of
messages required for keeping memory consistent�

The distinguishing features of Willow include a layered memory or�

ganization that signi�cantly reduces the impact of inclusion on the cache
hierarchy and that exploits locality gradients� and support for adaptive

cache coherence� an approach similar to Munin�s type�speci�c coherence�

whereby the consistency protocol used to manage each cache line is se�
lected based on the expected or observed access behavior for the data

stored in that line�
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