I n P

r o c ee d

in g

s of

t he 2

1st Ann

u

a l InternationalS

y m posium onComputer Architecture, April, 199

4, pp. 142-1

5

3. V

i

r t u a

l

M

e

m or

y Mapp ed

Net

work

I

nterfa

ce

for the

S

H

RIM

P MulticomputerM a

tt h

ia s

A

.

B l

u m ri

ch,

Kai Li,

Richard Alp

ert, Ce

zar

y

Du

b

nic ki, andEd

wardW.

F elten

Departmento f ComputerScience,

Princeton

Uni

versity , PrincetonN

J

0

8 5 44 Jonathan Sandberg

Panasonic

T echnologies,Incorporated,2 Research W ay , Princeton, NJ 08540A b

s t r a ct T h e ne

t

w o r k interf

a ce s of existin

g

m

u

lticom puters

require a signi�cant amount of software overhead to

provide protection and to implement message passing

protocols. This paper describes the design of a

low-latenc y

, high-bandwidth, virtual memory-mapped

network interface for theS

H R I M P multicomputer

project at PrincetonUniversity.Without sacri�cing

protection, the network interface achieves low latency

by using virtual memory mapping and write-latency

hiding techniques, and obtains high bandwidth by pro-

viding a user-level block data transfer mechanism. We

have implemented several message passing primitives

in an experimental environment, demonstrating that

our approach can reduce the message passing overhead

to a few user-level instructions.1

I

n t r o d u ct ion The new trend toward constructing parallel systems

from commodity, o�-the-shelf components o�ers a sig-

ni�cant cost/performance advantage over traditional

custom-designed parallel systems. The SHRIMP mul-

ticomputer pro ject at Princeton University studies

the use of commodity PCs or workstations and com-

mercially available routing backplanes to construct

scalable, high-performance multicomputers.Our focus

is on building a low-cost communication mechanism

whose latency and bandwidth are comparable to, or

better than, existing custom-designed multicomputers.

The design challenges for such a high-performance

communication mechanism are to minimize message

passing overhead, to accommodate multiprogramming

under a variety of scheduling policies without sac-

ri�cing protection, and to overlap communication

with computation. We address these challenges by

designing a simple, low-cost, custom network interface, and using it to connect commodity computing engines

with a commercially available routing backplane.

The �rst challenge is to minimize message passing

overhead. The cost of communication on existing

multicomputers with traditional network interfaces

is due almost entirely to the amount of CPU time

required to send and receive a message. Compared

to these software overheads, hardware communication

latencies are almost negligible.For example, on the

IntelD

E LTA multicomputer, sending and receiving a

message requires6

7 �sec, of which less than1 �sec

is due to hardware latency[

2 0 ]. The main reason

for such high overheads is that communication is

usually provided as a service of the operating system.

This is expensive because it requires several crossings

between user-level and kernel-level for each message,

and also because it prevents applications from using

the communication hardware in customized ways. Our

goal of low-overhead communication can be achieved

by supporting communication directly at the user

level.

The second challenge is to support multiprogram-

ming under a variety of scheduling policies, without

compromising protection. Some existing network in-

terface designs support user-level message passing, but

they either prohibit multiprogramming, or constrain

how processe s are scheduled. Systems that prohibit

multiprogramming use hardware to divide the machine

into partitions, and then run a single parallel job in

each partition. Systems that restrict multiprogram-

ming allow several parallel jobs to share a partition,

but guarantee protection only if certain scheduling

policies are used. For example, the CM-5 hardware

provides safe user-level communication, provided the

operating system uses strict gang scheduling in each

partition. Even under these constraints, the CM-5

network interface still requires signi�cant user-level

message handling overhead. The best case using the

active message mechanism requires3.3 �sec, or more

t h a n 1 00 S P A R C CP U c yc l e s , f o r soft ware messa ge

han dl ing [ 3 2 ] .

We re q uire our mechanism to su pport general mul -

tiprogramming, which is needed on parallel systems

for the same reasons as on uniprocessor systems :

it allows useful processing during I / O and paging,

and it supports interacti ve jo bs well. Restricting

multiprogramming, as the C M- 5 does with its gang-

scheduling requirement, is probably not the right

choice for a research machine. Having hardware

that supports general multiprogramming gives us the

ability to e xperiment with various scheduling policies,

and allows us to support the best scheduling algorithm,

whatever it turns out to be.

The third research challenge is to support the

overlap of communication and computation e �ectively.

This requires a communication mechanism with very

low transfer initiation overhead in order to use the

transfer time e�ectively. Some multiprocessors address

this issue through multithreading, but the commodity

processors and operating systems targeted for use

in a SHRIMP system do not support rapid con-

text switching. Therefore, we provide two types of

low-overhead transfer initiation mechanisms in the

SHRIMP networ k interface: one with no overhead and

one requiring a few user-level instructions. Neither

of these mechanisms requires any operating system

assistance to send or receive a message.

This paper describes the virtual memory-mapped

network interface for the SHRIMP multicomputer

being designed at Princeton University. By taking a

system-level design approach that considers not only

the hardware latency, but also the operating system

and user-level overhead, we are able to move protec-

tion related work out of the critical message passing

path and provide applications or compilers with the

ability to overlap communication with computation

without using multiple threads of control. We have

implemented several message passing primitives in

an experimental environment, demonstrating that our

approach can reduce the message passing overhead to

a few instructions.

2 M a i n I d ea s

There are three main ideas in our network interface

design: providing applications with a virtual memory-

mapped interface, separating destination (and hence

protection ) from data movement, and delivering up-

dates to mapped memory in an overlapped fashion.

These ideas lead to a simple network interface with

greatly reduced message passing overhead.

Our virtual memory network interface allows the

virtual memory of a sending process to be mapped to

the virtual memory of a receiving process in such a

way that ordinary memory store instructions by the

sending process cause data to be propagated to the

virtual memory of the receiving process. This can

be used to support a simple, exible message passing

mechanism, or a programming model with many of the

properties of shared memory.

Application % sends % data sends/bu�er

force 100 100.0 3 8 40.0

maghydro 100 100.0 112.5

tomcatv 100 100.0 64.3

euler 100 100.0 800.0

matmult 51 99.8 3.2

moldyn 25 53.0 19.8

Table 1: D o m i n an t d e stination sendin g c ha racteristics

for vario us mu lticom puter applications

The separation of destination from data movement

is motivated by the communication structure of many

multicomputer applications. To analy ze communica-

tion patterns of multicomputer programs we collected

communication traces from a number of applications

running on a 16-node iPSC/860 under N X/2 (Table 1).

For each send bu�er we identi �ed a \dominant destina-

tion ", de�ned as the destination (determined by node,

address and message type) of the greatest number of

sends originating from this send bu�er. Four of our

applications (force , magh ydro, tomcatv, euler) have

very regular communication patterns and all the data

is sent to the dominant destinations. For matmult, half

of the messages are sent to dominant destinations, but

they account for nearly all of the data transmitted.

Moldyn has the least regular communication structure,

with only a quarter of all messages sent to the

dominant destinations, accounting for a little more

than half of the total data sent. Overall, the tested

applications have basically regular communication and

nearly all of it proceeds along paths to the dominant

destinations, indicating that we can improve the over-

all performance of most of the applications by making

sends to the dominant destination cheaper.

This can be accomplished by separating destina-

tion speci�cation from data speci�cation in message

passing primitives. Traditional s e n d primitives usually

have the form:

send (des t in ati on , send - b u f, nb ytes ... )

w h e re d e s t i n ati on u su a ll y c o n ta ins the destination

node -id , process-id, and other in for mation used to

build a messa ge header and chec k protection . The

send - b u f and nb ytes speci �cations are used to tell

the network interface where the data is.

Our approach is to use virtual memory-mapped

segments for all message passing primitives. The tradi-

tional send primitive becomes two separate primitives :

ma p (send-buf , destination, re cei ve-buf )

send(send-buf, nbytes ...)

where the map primitive is a kernel call that per-

forms protection checking and stores memory mapping

information on the network interface, and the send

primitive initiates data transfer completely at user

level. Creating a mapping is relatively slow, but once

the mapping has been established, send can be used

repeatedly to transfer data with minimal overhead.

Although the mapping allows one-way data transfer

only, communication can be made bidirectional by

adding a complementary mapping in the reverse di-

rection.

The results in Table 1 suggest that mapping data

structures to their dominant destinations and sending

data from user level should lead to very e �cient com-

munication for many applications. Since the number

of sends to the dominant destination per send bu �er

is high for all applications e xcept m a tm u lt, the higher

cost of mapping becomes insigni�cant. Those applica-

tions re quiring more sophisticated communication can

use the basic primitives to implement user-level send

and receive operations with the required amount of

bu�ering and copying.

The network interface supports two transfer strate-

gies: aut omat i c u p dat e and deli be rate update. Under

automatic update, a sending process can map the

memory of its data structures as send bu�ers, eliminat-

ing the need for an explicit send call. Any time the

sending process writes to a mapped (outgoing ) data

structure, the newly written value is automatically

propagated to the virtual memory of the destination

process which is mapped to. The sending process

continues its computation as the value is propagating.

Automatic update requires the network interface to

snoop the C PU ’s memory store operations, and re-

quires the CPU to use a write-through caching strategy

for its mapped memory. This method overlaps com-

munication and computation at the user level without

using multiple threads.

Under deliberate update, newly written values are

not propagated immediately, but only after the sending process issues an explicit send command. Our

network interface uses deliberate updates for user-

level block data transfers to achieve high-bandwidth

communication with no operating system overhead.

3 S H R I M P S y s t e m

The S H R I MP system is a new multicomputer being

designed at Princeton University. Each node in the

SHRIMP multicomputer is an Intel Pentium Xpress

PC system [1 5 ] and the interconnect is an Intel

Paragon routing backplane. These state-of-the-art

components allow SHRIMP to take advantage of the

latest available technology at a fraction of the cost of

current multicomputer systems.

The Xpress PC consists of a Pentium CPU [ 2 8, 1 6]

with a second-level cache connected to DRAM memory

modules and I /O bus adapters (EISA [ 3] or PCI [25])

via the Xpress memory bus. Memory can be cached

as write-through or write-back on a per-virtual-page

basis, as speci�ed in process page tables. The caches

snoop DMA transactions and automatically invalidate

corresponding cache lines, keeping consistent with al l

main memory updates. The PC baseboard has a mem-

ory extension connector which carries the ma jority of

the Xpress bus signals, as well as a number of system

expansion connectors (EISA or PCI).

The Intel Paragon routing backplane is a two-

dimensional mesh of Intel iMRC routers [31], which

are essentially faster and wider versions of the Caltech

Mesh Routing Chip [8]. The backplane supports

deadlock-free, oblivious wormhole routing [ 9] and pre-

serves the order of messages from each sender to each

receiver.

The custom designed SHRIMP network interface is

the key system component which connects each Xpress

PC system to the processor port of an iMRC router on

the routing backplane. The current generation of the

network interface is being designed to connect to both

the Xpress memory extension connector and an EISA

expansion connector ( Figure 1). Outgoing data, des-

tined for other nodes, is snooped directly o� the Xpress

memory bus through the memory extension connector.

Since this connector does not provide the capability

for mastering the Xpress bus, incoming data from

other nodes is transferred to main memory through the

EISA expansion bus without involving the CPU. The

snooping cache architecture of the Xpress PC system

insures that the caches remain consistent with main

memory during this transfer. Therefore, a SHRIMP

system can use normal, cacheable DRAM memory as

INTERCONNECT

L1 CPU

CACHE

PENTIUM

CACHE

L2

MEMORY

MAIN

Xpress Bus

Other devices...

EISA Bus

INTERFACE

NETWORK

F

i g u r e 1

: A S

H R I M P n o d e w i t h networ k interf a ce se

n d and recei ve bu

�ers f or message passing wi t hout any special hardware.

Note that future versions of theXpress

P

C system will provide mastering capability for the Xpress mem

- ory bus

, thereby simplifying the bus interface of the ne

xt generation

SH R I MP networ k interface.

3

. 1 P h y s i c a l M e m o ry Mappi n g The network interface implements virtual memorymapping as described in Section

2 by using a ph y sica lmemory mapping mechanism.Each page of local physical memory can be

\mapped out

" to a physical page of some other node in the system.

We say that this other page is \mapped in", since it is the destination of data sent from the mapped-out page.

The physical mapping information is retained in a

Network Interface Page Table, described in Section

4. To create a virtual memory mapping from one node to another, the network interface re

quires a m a p system call to set up the appropriate physical mapping information in the page tables of both network interfaces, and con

�gure the physical pages which are mapped out for write-through caching.

After the map call establishes the physical memory mapping, the network interface snoops all writes to the mapped memory directly o� the Xpress bus, packeti zes them, and sends the packets to the routing backplane

(Figure 1

). A packet consists of routing information, the absolute mesh coordinates of the intended receiver, destination memory address, data, and a CRC checksum to detect network errors.

Physical space memory spaces

memory spaces memory

space memory

Physical

Virtual Virtual

NODE A NODE B

INTERCONNECT

FIFO

Outgoing

Packetizing

Interface Chip

Network

EISA DMA Logic

INTERCONNECT

Network

Table

Page

Interface

Checking

Unpacking/

Incoming FIFO

EISA Bus

Xpress Bus

F i g u r e 3 : S H R I M P N e t w o r k I nter f a ce Data Pat h

4 T h e Ne t w o r k I nter f a ce

Figure 3 s h o ws the d ata path o f the S H R I M P

virtua l memor y -mapped networ k interfa ce . The key component of the network interface is the

Network

Interface Page Ta

ble (NIPT ). The NIPT has one entry for each page of physical memory on the node

, and contains information about whether, and how, the page is mapped.

Each page table entry speci �es the destination node and physical page number which is mapped to, and includes various �elds to control how data is sent and received.

To illustrate how the network interface works, consider how the components of the datapath cooperate to propagate a written value from one node to another, assuming that a mapping has already been created.

This e

xample does not explain all the features of the network interface

; it is meant merely to illustrate the datapath through one simple case.

The source process writes to mapped memory, which takes place on the

Xpress memory bus since mapped out pages are cached as write-through. It is convenient to think of the address of this write as a physical page number and an o

�set on that page.

While the write is updating main memory, the network interface snoops it and indexes into the

NIPT using the page number to reveal that the page is mapped out.

Using the destination and physical mapping information from the NIPT entry along with the original o�set from the write address, the network interface constructs a packet header. The written data is appended to this header, and the now-complete packet is put into the

Outgoing FIFO. When it eventually reaches the head of the FIFO, the Network

Interface

Chip (NIC) in jects it into the network.

When the packet arrives at the destination processor, the NIC puts it into the Incoming FIFO. Once it reaches the head of this FIFO, the page number is again used to index into the NIPT to determine if that page has been mapped in. The destination address from the packet is used by the EIS

A DMA logic to transfer the data directly to main memory.

The system

ow control mechanism is very simple. If the Incoming FIFO becomes full (exceeding some programmable threshold), the NIC will cease to accept more packets from the network, possibly causing Outgoing FIFOs on other network interfaces to cease draining. If the Outgoing FIFO becomes full (exceeding another programmable threshold), the

CPU is interrupted and waits until the FIFO drains. A full Incoming FIFO will eventually drain to memory, allowing the NIC to accept network packets. Since the routing network is deadlock-free, all packets will eventually be delivered to their destinations, allowing stalled Outgoing FIFOs to drain. Since the CPU does not write to any mapped pages while it is waiting, the

Outgoing FIFO cannot over ow.

4 . 1 S u pp o r t i n g Auto m ati c Up dat e

Recall that \automatic update " means that an update to a mapped-out page initiates data transfer immediately (often called \eager" or \anticipatory" sharing). There are two implementations of automatic updates: single-write and block-write. The two implementations o�er the same semantics, but di�er in performance. While single write is optimi

zed for low overhead, block write is optimized for e

�cient network bandwidth usage.

When the network interface snoops a memory write o� the memory bus, it always looks up the referenced page in the NIPT. If the referenced address is mapped out for single-write automatic-update, the network interface packetizes the data of the write and sends the packet to the network immediately, as described in the beginning of Section

4. If the address is mapped for block-write automatic-update, the network interface bu�ers the data into the Outgoing FIFO without sending it out immediately. Subse

quent writes are merged into the same packet if they are consecutive, occur within the same page, and occur within a programmable time limit from one another. Otherwise, the packet is terminated and sent.

The automatic-update method used in the network interface is an e�ective way to overlap communication with computation. The CPU issues regular memory

5

                          nbytes = 0
put data in Send Buffer

                            ;

                          while(nbytes = 0)
while(nbytes <> 0)

                          consume received data

  ;

nbytes = buf_len

Send Buffer

nbytes

Receive Buffer

nbytes_{copy}^{optional}

Process i Process j

Send Buffer 2

flags

Receive Buffer 1

Receive Buffer 2

flags

Send Buffer 1

Iterations 1, 3, ...

Iterations 0, 2, ...

c o n t r a st , o ur auto mat ic -u p dat e sc heme lets a producer and consumer share data

without re quirin g a timeconsuming remote access

.

Se veral parallel architectures use multiple threads

[ 22, 2 9, 2, 1 ] to overlap communication with computation.

These approaches require applications or compilers to create multiple threads on each node, and require the node

C P U to switch thread conte xts ver y

fast. The idea of automatic-update data delivery in our networ

k interface is derived from the Pipelined R A M network interface [19]. The PRAM network interface allows physical memory mapping only for a small amount of memory on the network interface

board.

7 C o n c l u s ions

The S HR IMP pro ject is using commodity components, and a custom-designed network interface to build a new multicomputer with communication based on remote virtual memory mapping. The SHRIMP network interface o

�ers advantages of both exibility and performance over traditional multicomputer network interfaces.

The communication abstraction o�ered by

SHRIMP has many advantages over those o�ered by most other multicomputers. Separating destination speci

�cation from data movement allows the common case of communication to execute entirely at user-level, even in the presence of arbitrary multicomputer scheduling policies. The tradeo� in the memory mapped communication model is its property of connection-oriented communication. Certain programs may need to use the same data bu�ers to communicate with more than one node in the system, requiring the use of extra bu�ering and copying, or changing mappings.

As a consequence of user-level communication,

SHRIMP does not impose any bu�er management policy on applications. This exibility allows applications, user-level libraries, or compilers to develop their own, customi

zed, low-overhead bu�ering strategies.

One interesting feature of the virtual memorymapped network interface is that it snoops the memory bus of the local node. Using a single-write automaticupdate mapping, this feature allows the local CPU to see only the cache write latency when sending data, and to overlap its subsequent instruction executions with network communication.

In this paper, we have presented limited experimental results on a few message passing primitives.

We are currently carrying out a more careful study to compare the remote virtual memory-mapped communication model with other message passing models.

As mentioned in the paper, we are in the process of prototyping our network interface for the

Xpress Pentium PC system and the Paragon routing backplane.

We expect to complete our �rst working hardware by the third quarter of 199

4.

Ac kno wl e d ge men ts

We would like to thank Otto J. Anshus,

Douglas W. Clark, and Richard J. Lipton sincerely for their numerous contributions to the SHRIMP project and to this paper. We are also grateful to the anonymous referees for their helpful comments. This work was supported by

National Science

Foundation Grant CCR-9 020 89 3, ARPA and

ONR under contracts N00014-91-J-4039, and Intel Supercomputer Systems Division. Matthias

Blumrich and Richard Alpert were supported in part by ARPA Fellowships in High Performance Computing administered by the Institute for Advanced Computer

Studies, University of Maryland.

Re fe rences

[ 1 ] A n an t A ga r wa l , Da v i d C hai k en, Kirk J ohn son, David

Kran

z, John K u biatowi cz, Ki yoshi Kurihara, Beng -

Hong Li m, Gino Maa, and Dan Nussbaum . The M IT

Alewi

fe machine : A large-scale distributed-memory multi

processor. Technical Report MIT /LC S/TM- 4 54,

Massachusetts Institute of Technology, June 1

991. [

2] Robert Alverson, David Callahan, Daniel Cummings,

Brian Koblenz, Allan

Porter �eld, and Burton Smith.

The Tera computer system. In

P r o c ee d i n g s o f In ter - n

ationa l Conference on S u perco mputing, pages 1 { 6, 199

0. [

3] BCPR Services Inc. EIS A Speci �cation , Version 3 . 1 2,

1992.

[4] Roberto Bisiani and Mosur Ravishankar. PL

US: A distributed shared-memory system. In Proceedings of 1

7t h ISCA, pages 115{124, May 1990.

[5] Shekhar Borkar, Robert Cohn, George Co

x, Thomas

Gross, H.T.Kung, Monica Lam, Margie Levine, Brian

Moore,

Wire Moore, Craig Peterson, Jim Susman, Jim

Sutton, John Urbanski, and Jon Webb. Supporting systolic and memory communication in iWarp. In

Proceedings of 17th ISCA, pages

70{ 81, May 1990.

[6] Cray Research, Inc. Cra

y T3 D System Architecture

O vervie w, 1993. Manual HR-04033.

11

[ 7 ] W i lli a m J . Dall y , R oy Da vi so n, J. A. S t ua rt Fis k e,

Gre g Fyler, Jo hn S. Keen, Ri char d A. Lethin, Michael

Noakes, and Peter R. Nuth. The message -driven

processor : A multicomputer processing node with e

�cient mechanisms. I EEE M i c r o, 1 2 (2 ):2 3 {3 9, April

1992. [

8] William J. Dally and Charles L. Seit z. The torus routing chip.

Di s tri b ut e d Co m puti n g, 1:187{19 6, 1986.

[9] William J. Dally and Charles L. Seitz. Deadlock-

free message routing in multiprocessor interconnection networks. IEEE

Tr ansactions on Computers, C- 36(

5):5 47{553, May 1987. [1

0] G. S. Delp, D. J. Far ber, R. G. Minnich, J. M. Smith, and M. C. Tam. Memory as a network abstraction.

IEEE

Net wor k, 5(4):34{41, July 1991.

[11] Dana S.

Henry and Christopher F. Joerg. A tightlycoupled processor-network interface.

In Proceedings o f

5t h Internationa l Conference on Architectural Support for Programming

Languages and Operating S ystems, pages 111{122,

October 1992.

[12] Mark Homewood and Moray McLaren. Meiko CS-2 interconnect elan { elite design. In Proceedings of

Hot Interconnects

’ 9 3 Symposium, August 1993.

[13] Jiun-Ming Hsu and Prithvira

j Banerjee. A message passing coprocessor for distributed memory multicomputers. In Proceedings of Supercomputing ’9

0, pages

720{729, November 1990.

[14] Intel Corporation. Paragon

XP /S Product O verview,

1991.

[15] Intel Corporation. E

xpress Platforms Technical Prod - uct Summary

: System Overview, April 1993.

[16] Intel Corporation. Pentium Processor Data

Book,

1993.

[17] Andrew W. Wilson Jr. Richard P. LaRowe Jr. and

Marc J. Teller. Hardware assist for distributed shared memory. In Proceedings of

13th International

Conference on Distribute d Computing Systems, pages

246{255, May 1993.

[18] Charles

E. Leiserson, Zahi S. Abuhamdeh, David C.

Douglas, Carl R. Feynman, Mahesh N. Ganmukhi, Je

�rey V. Hill, Daniel Hillis, Bradley C. Kuszmaul,

Margaret A. St. Pierre, David S. Wells, Monica C.

Wong, Shaw-Wen

Yang, and Robert Zak. The network architecture of the Connection Machine CM-

5. In Proceedings of

4th ACM Symposium on Parallel

Algorithms and Architectures, pages 272{285, June

1992.

[19] Richard J. Lipton and Jonathan S. Sandberg. PRAM:

A scalable shared memory. Technical Report CS-TR-

180-88, Princeton

University, September 1988.

[20] Richard J. Little

�eld. Characterizing and tuning communications performance for real applications. In

Proceedings of the

First Intel DELTA Applications

Workshop, pages 179{190, February 1992.

[21] Creve Maples. A high-performance, memory-based interconnection system for multicomputer environments. In Proceedings of Supercomputing ’90, pages

295{304, November 1990.

[22] R.S. Nikhil, G.M. Papadopoulos, and Arvind.

*T: A multithreaded massively parallel architecture. In

Proceedings of 19th ISCA, pages 156{167, May 1992.

[23] Steven Nugent. The iPSC

/2 direct-connect communication technology. In Proceedings of 3rd Conference on

Hypercube Concurrent Computers and Applications, pages 51{60, January 1988.

[24] John Palmer. The NCUBE family of highperformance parallel computer systems. In Proceedings of 3rd Conference on Hypercube Concurrent

Computers and Applications, pages 845{851, January

1988.

[25] PCI Special Interest Group. PCI Local Bus Speci

�cation

, Revision 2 .0, April 1993.

[26] Paul Pierce. The N

X/2 operating system. In Proceedings of 3rd Conference on Hypercube Concurrent

Computers and Applications, pages 384{390, January

1988.

[27] R.F. Rashid, A. Tevanian, M. Young, D. Golub,

R. Baron, D. Black, W. Bolosky, and J. Chew.

Machine-independent virtual memory management for paged uniprocessor and multiprocessor architecture. In Proceedings of 2nd International Conference on Architectural Support for Programming Lanugages and Operating Systems, pages 31{41, October 1987.

[28] Avtar Saini. An overview of the Intel Pentium processor. In Compcon Spring ’93, pages 60{62,

February 1993.

[29] Burton J. Smith. A pipelined, shared resource MIMD computer. In Proceedings of International Conference on Parallel Processing, pages 6{8, 1978.

[30] Alfred Z. Spector. Performing remote operations e�- ciently on a local computer network. Communications of the ACM, 25(4):246{260, April 1982.

[31] Roger Traylor and Dave Dunning. Routing chip set for

Intel Paragon parallel supercomputer. In Proceedings of Hot Chips ’92 Symposium, August 1992.

[32] Thorsten von Eicken, David E. Culler, Seth Copen

Goldstein, and Klaus Erik Schauser. Active messages:

a mechanism for integrated communication and computation. In Proceedings of 19th ISCA, pages 256{266,

May 1992.

[33] Larry D. Wittie, Gudjon Hermannsson, and Ai Li.

Eager sharing for e�cient massive parallelism. In

Proceedings of the 1992 International Conference on

Parallel Processing, pages 251{255, August 1992.

1 2