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This is the final report on the work doae under the Flexible Memory Systems AASERT fellowship 
(Grant #F49620-94-l-0462). During the funding period, progress was made in wo major areas: 

, M-Machine Hardware: The memory system architecture of the M-Machine was finalized RTL 
(Verilog) implementation of the memory system was continued. (RTL implementaUon began before 
ihe"t jt of the funding period) At the end of the funding period. RTL models of the M-Mtd..n. s 
cache and external memory interface had been developed. The external memory interface had been 
integrated with a model for the M-Machine's off-chip memory, and integration of the cache' banks 

and external memory interface had begun. 
. Runtime Software: System software for the M-Machine w„ developed which use the novel features 

of the M-Machine to implement shared memory in software with hardware assistance, demonstrating 
that the M-Madiine's memory mechanisms are sufficient for implementation of shared memory. 
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Nicholas Carter and William J. Dally 

July 17r 1996 

Abstract 

This is th. final report on the work done under the Flexible Memory Systems AASERT"fellowship 
(Grant #F49620-94-l-0462). During the funding period, progress «as made in two major areas- 

. M-Machine Hardwire: The memory system architecture of the M-Machine was finalized. RTL 
^eribS rmpkraenUtion of the memory system was continued. (RTL implementat.on be*»« before 

KS Adding period) At the end of the funding period RTL ^^^Z^ 
cache and external memory interface had been developed. The external memory mterf.vx had been 
i "egra'ed with a model for the Machine's off-chip memory, and integral of the cache banks 

and external memory interface had begun. 
. Runtime Software: System software for the M-Machine was developed which use the novel features 

of he M-Machine to implement shared memory in software with hardware umunee, demonstrate 
that the ^Machine's memory mechanisms are sufficient for implementat.on of shared memory. 

1 Introduction 

^SS1» «» »»•» '.-««»<* "» ii-»i"M"- -p"1 ot his °n|oi"5 """""" ™  • 

Lit    'he machTne to one shared memory model, or to provide no hardware to support shared memory. 

p„».d»h«dw«..^,T"'^^n^S» alto» th. M-lUchUKV b«d-"« u> J««"»™ 

riSriSTbLd»"< -hit« >J.« «fc»K- «,»!■« «*™« m.w««li.n. This model -lb« 

invoked. 

2 Progress and Accomplishments 
T»,, AASERT award covered work ou the memory system of the M-Machine as part of the M-Machine 
Jro ect S cTntues to this da, During the period covered by the award, progress was made ,n the 
Leu of architectural refinement, RTL Implementation, and Run-Time Software- 
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2.1 Architectural Refinement 
Durirr the p-ricd covered, a number of refinements ™cre made JO the architecture of the M.Machine's 
niemorv <vstem.   Due to the fact that the basic architecture of the M-Machinc was fairiy wHl-drfu.cd. 
the architectural refinements that were made were minor rdinctuenis as opposed  lo major change*. 
Refinements Lo the M-Machine architecture during this time period: 

. The external memory system was made responsible for generating all event queue enirie» for events 
tafed by the memory system. If the cache bubs detect an event, the request is forw.ird.-d to the 
EMI for handling. Previously, the architecture had called for the cache bank.- to crncr*.* event 
queue entries for events that they detect. This architecture change was made to nmplifv the cache 

banks. 
. The event queue format was changed to improve the performance of the runtime software by having 

the hardware generate data that the runtime software was having to compute, and including both 
the physical and virtual addresses of a memory event in the event queue entry to eliminate the need 
for the event handlers to perform an address translation- 

• The PUTCSTAT instruction was revised so that it atomically flushes a data block from the on- 
chip cache, changes the block status of that block to the specified value, and returns the previous 
block status of the block. This change was made because the runtime software needs the ability to 
determine the status of a cache block immediately before the block is invalidated in the cache, and 
providing an atomic instruction to do this was the only way to provide this function. 

2.2 RTL Implementation 
The RTL implementation of the M-Machine continued throughout the funding period. During the funding 
period the RTL for the cache banks and the EMI were completed to a sufficient level that integration 
testing of the entire memory system could begin. By the end of the funding period, the inrgrated 
memo'rv system could perform reads and writes to both the caches and the external memory, and could 
detect and handle events by writing event queue entries into the event queue. Theschematic: design for 
the cache datapath was begun during the funded period, and completed shortly after the funded period. 

2.3 Run-time Software 
During the funded period, work was begun on implementing the run-time system of the M-Machme. 
including software handlers to allow the execution of shared-memory programs on the M-Machine, w 
remote memory handlers have been implemented on the M-Machinc, one which implements a cached 
shared-memory scheme, and one which implements an uncached shared-memory scheme. The .mole- 
mentation of these memory handlers serves to drive the refinement of the memory system architecture 
and to demonstrate that the M-Machine;s memory system mechanisms can be used to ■mplemcnt shared 

memory successfully. 

3    Publications 
Two major publications were made based on the work covered by this award. In 10/94. the paper "Hard- 
ware Support for Fast Capability-Based Addressing," which describes the memory protection scheme of 
the M-Machinc. was published in the proceedings of the 6th International Conference on Architectural 
Support for Programming Languages and Operating Systems (ASPLOS VI). In 11/93. the paper The 
M-Machine Multicomputer,» by Marco Fiilo tl. al was published in the MICRO-28 conference. This 
paper described the architecture of the M-Machinc including a description of the memory system and 
preliminary results from the nn-time system. Copies of both of these papers are included with this 

report. 
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4    Conclusion 
During the period covered by this award, a number of refinemenis were made lo the memory system 
architecture, significant progress was made on the implementation of the M-Macliine hardware, and 
run-time software was written to demonstrate the feasibility n: the M-Machinc's memory system « a 
platform for implementing shared memory, 
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