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Chapter 1

The NUMAchine Multiprocessor

1.1 Introduction

NUMAchine is a scalable,cache-coherent,shared-memorymultiprocessordesignedto be modular, cost-
effective andeasyto program[V

�
95]. The architectureof the NUMAchine multiprocessorconsistsof a

numberof stations connectedby a hierarchicalring interconnectionnetwork,asshownin Figure1.1. This
organizationprovidesmodularityfor incrementalgrowthin systemsize.

TheNUMAchinestationis shownin Figure1.2. Eachstationcontainsanumberof processorcardswith
caches,local memory,I/O, anda networkinterface. The networkinterfaceincludesa networkcachefor
cachingremotedata,andaring interfaceconnectedto thelocal ring. Thecomponentsof astationconsistof
commoditypartsfor cost-effectiveness.

Eachlocalmemoryimplementsaportionof theglobalsharedmemory, andthenetworkinterfaceincludes
anetworkcache,to cachedatafrom remotememorys.A hardwarecachecoherenceprotocolis implemented
in the local memoryandnetworkinterface. This sequentialyconsistantprotocolautomaticallymaintains
valid copiesof datain cachesthroughoutthesystemin orderto provideeaseof programming.

Central Ring
�

Local RingLocal Ring

Stations
�

Figure1.1: TheNUMAchinehierarchy
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MemoryI/O
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Interface

Network
  Cache

Procr Procr

Network Interface

Figure1.2: Componentsin aNUMAchinestation

1.2 Processor Card

Theprocessorcardis illustratedin Figure1.3.Theprincipalcomponentsof theprocessorcardaretheMIPSR4400
microprocessor, thesecondarycache,andtheexternalagent.TheprocessorcardalsocontainsFIFObuffers
to and from the NUMAchine stationbus,anda numberof local resourcesaccessiblethrougha separate
local businterface. Theseresourcesconsistof: (a) performancemonitoringhardware,(b) dedicatedreg-
istersfor interruptsandbarriers,(c) local I/O hardware,(d) EPROMmemory, and(e) an interfaceto the
Gizmo [PVL92], a separatesingle-boardmicrocomputer.

1.3 Memory Card

The memorycardis illustratedin Figure1.4. The memorycardconsistsof FIFO buffers to andfrom the
NUMAchine stationbus,DRAM for datastorage,SRAM for the directorymaintainedby the hardware-
implementedcachecoherenceprotocol,anda specialfunctions/monitoringunit.

1.4 Network Interface Card

The networkinterfacecardthat includesthe networkcacheis illustratedin Figure1.5. As with all cards
within astation,thenetworkinterfacecardalsocontainsFIFObuffersto andfrom theNUMAchinestation
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128
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In
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Figure1.3: NUMAchineprocessorcard

bus. Therearetwo separateFIFO buffersto thestationbusin orderto satisfythedeadlockavoidancepro-
tocol. OneFIFObuffer is for sinkable requeststhatcannotgeneratenewrequestswhentheyarriveat their
destination,andtheotherFIFObuffer is for non-sinkable requeststhatmaygeneratenewrequestswhenthey
arriveattheirdestination.Topreventdeadlock,thesetwoclassesof requestsarehandledseparatelytoensure
thatit isalwayspossibletoprocessall outstandingsinkablerequests.Sincesinkablerequestsdonotgenerate
anynewrequests,consumingthemfreesup anyresources(e.g.,buffer space)neededby outstandingnon-
sinkablerequests.Notethatthisdeadlockavoidanceis performedautomatically by thehardwarefor easeof
programming.

Theremainingcomponentsof thenetworkinterfacecardinclude:(a)SRAMfor assemblingpacketscom-
ing from thering, (b) DRAM for thenetworkcache,and(c) thecachecoherencecontrollersanddirectory
SRAM for thenetworkcache.
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Figure1.4: NUMAchinememorycard

1.5 I/O Card

Eachstationcansupportup to two I/O cards.TheI/O cardincludesa R4650processor, on boardmemory
anda PCIbusincluding4 SCSIcontrollers.

1.6 Software

The softwarefor the NUMAchine multiprocessorconsistsof applicationprogramsandsystemprograms.
Fromthepoint of view of applicationprograms,NUMAchinepresentsa flat addressspacethat is accessed
in thesamewayusingload/storeinstructionsfor bothlocalandremotememory. Thehardware-implemented,
sequentiallyconsistant,cachecoherenceprotocolautomaticallymaintainsvalid copiesof bothlocalandre-
motedatathroughoutthesystem.However, systemprogramsneedto distinguishbetweenlocalandremote
accessesfor dataplacementandmanagement,andalsomustbeableto overridethecachecoherenceproto-
col for initializationor application-specificoptimizations.In addition,systemprogramsrequirecontrolover
low-levelhardwarefeaturessuchasI/O.
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1.7 Organization of this Document

Thepurposeof this documentis to providedetailedhardwareinformationfor systemprogrammersof the
NUMAchinemultiprocessor, andto describeissuesrelevantto systemsoftware.

In PartII of this document,theNUMAchineaddressspaceis defined(Chapter2 onpage9), featuresof
theprocessorcardaredescribed(Chapter3 onpage16),andcachecoherencehardwareis discussed(Chap-
ter 4 on page25). I/O hardwareis discussed(Chapter5 on page31), anddetailsfor monitoringaregiven
(Chapter6 onpage36)

In PartIII of thisdocument,configurationandstartupof NUMAchineisdescribed(Chapter7onpage45),
testingis discussed(Chapter8 on page46), andotherdetailsof importancearediscussed(Chapter9 on
page47).

Furtherdetailson implementationfor variouscomponentsof theNUMAchinemultiprocessorarefound
in anumberof relateddocuments:

� cachecoherenceprotocolspecification[Grb96]

� designof stationbusandring hierarchy[Lov96]

� implementationdetailsof processorcard,revision1.0[ZLC
�

96]
(NOTE: this document is obsolete, but provides a useful overview that is the basis for later revisions
of the processor card.)

� implementationdetailsfor thememorycard,revision1.0[LGG
�

96]
(NOTE: this document is obsolete, but provides a useful overview that is the basis for later revisions
of the memory card.)

� implementationdetailsfor I/O card[Gus96]

� designof monitoringhardware[Lem96]

� overviewof theTornadooperatingsystem[O/S96]
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Chapter 2

Address Space

2.1 Address Space Definition

Theaddressspacefor theNUMAchinemultiprocessorhasmultipleviewsthatare,in largepart,determined
by the MIPS R4400microprocessormemorymanagementandaddresstranslation,whosedetailsarede-
scribedelsewhere[Hei94]. In NUMAchine,theR4400operatesin 64-bit mode.Thedifferentviewsof the
addressspacearedetailedbelow.

NUMAchine application developer address space. a virtual globaladdressspaceof 1 Tbyte( 	�
� bytes)
thatrangesfrom0x0000000000 to0xFFFFFFFFFF. Thisaddresscorrespondsto theR4400 user
process space.

NUMAchine system programmer address space: a virtual globaladdressspaceof 16Ebytes( 	��
 bytes)
thatrangesfrom 0x0000000000000000 to 0xFFFFFFFFFFFFFFFF.

� Thisaddressspacecorrespondsto theR4400 supervisor and kernel space.
� Not all of the16-Ebytespaceis usableby systemprograms;consult[Hei94] for details.In par-

ticular, thelowest1-Tbyteportionof this spaceoverlapswith theR4400userprocessspaceto
permitsystemprogramsto accesstheaddressspaceof thecurrentuserprocess.

R4400 physical address space: aglobaladdressspaceof 64Gbytes( 	��� bytes)thatrangesfrom0x000000000
to0xFFFFFFFFF. This is themaximumphysicalmemorythatcanbeaddressedby theR4400,i.e.,
only 36bitsof thepotential64-bitaddressspaceareused.

NUMAchine physical address space: aglobaladdressspaceof 1Tbyte( 	 
� bytes)thatrangesfrom0x0000000000
to0xFFFFFFFFFF.

� This spaceis divided equallyamong16 stations,with the high-orderbits 39..36selectingthe
subrangefor eachstation.Outgoing36-bitphysicaladdressesgeneratedby theR4400aretrans-
formedby NUMAchine hardwareto 40-bit NUMAchine physicaladdressesusingthetransfor-
mationshownin Figure2.1on thefollowing page.

� In thecurrentR4400-basedimplementationof NUMAchine,bits31..28arealwayszeroafterthis
transformation.1

1Bits 31..28arezeroin thecurrentimplementationto supporta future implementationusingtheMIPS R10000microproces-
sor[MIP94], thathasa40-bitaddressrange;thetransformationfrom 36-bitaddressesto 40-bit addressesis only for theR4400.

9
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R4400

NUMAchine

60 56 52 48 44 40 36 32 28 0

magic per−station address portionring
mask

stn
mask

procr
mask

ring
mask

stn
mask stn

per−station address portionstn magic

0000

source procr/stn destination stn

27 26

Notes: (1) ‘stn’ identifies one of 16 stations in 4 encoded bits
                    whereas the pair ‘ring mask’ and ‘stn mask’ are
                    decoded routing masks from the 4 encoded bits.
             (2) ‘magic’ identifes one of 16 addressing functions in
                     4 encoded bits.
             (3) bits 27..26 serve as extensions for the magic bits
                    for certain magic bit values

Figure2.1: Assignmentof addressbits

� Sinceonly bits39..0areusedfor theNUMAchine physicaladdress,theremainingbits (63..40)
in the64-bitdatapathareavailablefor otherpurposes.Bits63..40arethereforeusedto holdrout-
ing information.Incoming40-bitNUMAchineaddressesaremappedbackinto 36-bitR4400ad-
dressesby simplyreversingthetransformation.SincetheR4400ignoresbits63..36of incoming
addresses,thesebits in theNUMAchine addressareleft unchangedby thereversetransforma-
tion. Detailsof theaddresstransformationandgenerationof routinginformationaredescribed
in thehardwareimplementationdocumentation[ZLC

�
96].

2.2 Magic Bits

Within theper-stationsubrangeof theNUMAchineaddress(i.e.,bits35..0),bits35..32arecalledthemagic
bits. Theirpurposeis to specifytheinterpretationof thesubrangeof theaddressspacegivenby theremain-
ing bits (27..0). Theper-stationsubrangeof theaddressspaceidentifiedby bits 35..32and27..0is divided
betweenphysicalDRAM memoryfor instructionsanddata,memory-mappedspecialfunctions,andspecial-
purposeregisters.Theinterpretationof themagicbits is givenbriefly in Table2.1on thenextpage,along
with a referencein thisdocumentwheremoredetailsareavailable.

Notethatdueto theaddresstransformationshownin Figure2.1,themagicbits in R4400 addresses
arein bits 31..28.Whensystemsoftwareconstructsaddresses,eitherfor normalmemoryaccesses
or for specialfunctions,the magicbits mustbe correctlyspecifiedin bits 31..28of 36-bit R4400
addressessothataftertransformationinto40-bitNUMAchineaddresses,themagicbitsarecorrectly
shiftedto bits35..32.

Unless otherwise noted, all addresses in the remainder of this document are 40-bit NUMAchine
addresses. The corresponding36-bit R4400addressis obtainedby performingthe reverseof the
transformationin Figure2.1.
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Table2.1: Interpretationof magicbits

MagicBits Detailed
35..32 Macro Brief Description Reference

0x0 MGC LOCAL MEM Alias for local memory card
DRAM accesses (used only
during exception processing)

Section4.2

0x1 MGC PROCR Accesslocalresourcesonproces-
sorcard(Gizmoboard,resetcon-
troller, EPROM,etc.)

Chapter3

0x2� MGC NC WB Network cache forced DRAM
writebackby address

Section4.3

0x3� MGC NC DRAM LOCK Uncached, atomic networkcache
DRAM accessby index

Section4.3

0x4 MGC MON Access special functions and
monitoring

Chapter6

0x5� MGC MEM UPDATE Initiate update from memory
card(uncachedwrite)

Section4.2

0x6� MGC NC KILL Network cachekill operationof
cacheline by address

Section4.3

0x7� MGC NC PREFETCH Networkcacheprefetchof cache
line by address

Section4.3

0x8
�

MGC REM INT MON Remotewrites to interruptregis-
ters or monitoring hardwareon
anyprocessorcard

Section3.4

0x9� MGC NC CMD Networkcacheoperationsby in-
dex: forced DRAM writeback,
uncachednormalDRAM access,
uncachednormalSRAM access,
uncachedatomicSRAM access

Section4.3

0xa MGC MEM SRAM LOCK Uncached, atomic memorycard
SRAM access

Section4.2

0xb MGC MEM DRAM LOCK Uncached, atomic memorycard
DRAM access

Section4.2

0xc MGC MEM BCAST Initiate broadcast from memory
card

Section4.2

0xd MGC MEM SRAM Uncached memorycard SRAM
access

Section4.2

0xe MGC IO I/O operations Chapter5
0xf MGC NORMAL Normal memory or network

cacheDRAM access(cachedor
uncached)basedon station bits
in address

Sections4.2,4.3

� Thetargetstationis determinedby thefilter mask register in theexternalagent(seeSection3.2onpage17).�
Thetargetstationis determinedeither by thefilter maskregisteror thestationbits in theaddress.
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2.3 Magic Extension Bits

Forsomemagicbit values,additionalinformationis needed.To conveythisadditionalinformation,address
bits27..26areusedasmagic extension bits. Theinterpretationof theextensionbits is specificto eachmagic
bit valuethatrequiresthem;consultthereferencesgivenin Table2.1on thepagebefore.

2.4 Maximum Physical DRAM Memory

ThelocalDRAM memoryin eachstationisaccessedwith themagicbitsseteitherto0x0or0xf (seeTable2.1
ontheprecedingpage).Sincetheper-stationaddressrangefor physicalDRAM memoryis limited to 28bits
(whenusingtheR4400),themaximumphysicalDRAM memoryperstationis 256Mbytes( 	���� bytes).For
16stations,thetotal DRAM capacityis therefore4 Gbytes( 	 � � bytes).2

Althoughthememorycardis designedfor thefull capacityof 256Mbytes,it hasonly beentestedwith
16 Mbyte SIMMs, for a total of 128Mbytesof memory. Two memorycardscanbeusedon a stationbus,
however.

2.5 Constructing Addresses in System Software

Systemsoftwaremustconstructappropriateaddressesin orderto accessmemoryor performspecialfunc-
tions. To aid in this task,a numberof conveniencemacrosareprovidedfor systemprogrammersto setthe
contentsof individual fieldsof anaddress(seeAppendixA on page49 for moredetailson thesemacros).
Addressesareconstructedby ORing togetherthedesiredfield contents.For example,to readthememory
cardSRAM contentsfor a cacheline whosehomememoryis in station0x5, themagicbits mustbesetto
0xd (seeTable2.1on theprecedingpage)andthestationbits mustbesetto 0x5. Assumingfor illustrative
purposesthattheoffsetfor thecacheline in thehomememoryis 0x3a45f00,thefollowing C codewill then
constructandaccesstheappropriateaddress,placingtheresultin thevariableSRAM data:

{
long SRAM_data;
long *SRAM_data_addr;

SRAM_data_addr =
(long *) (NUMA_STN (0x5) | NUMA_MGC (0xd) | 0x3a45f00);

SRAM_data = *SRAM_data_addr;
}

Althoughamacrois providedfor settingthemagicfield to anarbitraryvalue,symbolicmacrosarealsopro-
videdasa mnemonicdeviceto avoidhavingto consultTable2.1 on thepagebefore.For memorySRAM
access,themacroMGC_MEM_SRAM generatesthedesiredmagicbits. Theabovecodecouldbemodifiedas
follows:

SRAM_data_addr =
(long *) (NUMA_STN (0x5) | MGC_MEM_SRAM | 0x3a45f00);

2In animplementationusingtheMIPSR10000,bits31..28canalsobeusedtoaddressDRAM memory, increasingthemaximum
physicalmemoryperstationto 4 Gbytes( ���� bytes),andthetotal for 16stationsto 64 Gbytes( ����� bytes).
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Themacrosshift the givenvaluesto theappropriatepositionin the 36-bit R4400address,i.e., the re-
sultingaddressin SRAM_data_addr will be0x5d3a45f00. This addresswill thenbeconvertedauto-
maticallyto a40-bitNUMAchineaddresswhenit leavestheR4400,andwill alsohavetherequiredrouting
informationembeddedin thehigh-orderbits63..40.

By usingtheseconveniencemacros,systemsoftwareneednotbeconcernedwith theprecisebit positions
of thevariousfields.Themacroshidethesedetailstosimplify thedevelopmentof systemssoftwareandallow
for futureportability.

2.6 Interconnect Routing Protocol and the NUMAchine Address Space

The addressspaceof the NUMAchine multiprocessorpresentsapplicationprogrammerswith a coherent,
shared-memoryprogrammingmodelsupportedentirely in hardware.Althoughsystem-levelprogrammers
canalsotakeadvantageof thishardware-supportedmodel,theymayalsoexercisemoredirectcontrolover
theroutingof requeststhroughtheinterconnectionnetwork.In ordertoexercisemoredirectcontrol,system-
levelprogrammersmusthavesufficientknowledgeof theinterconnectprotocolthatgovernsthetransmission
of requestsandresponses.To this end,releventaspectsof the interconnectprotocolarepresentedin this
sectionfor thebenefitof system-levelprogrammers.Furtherdetailsareavailablein NUMAchine Hardware
Reference and Maintenance Manual [CGG

�
97].

2.6.1 Packet Format

The varioushardwarecomponentsof theNUMAchine multiprocessorcommunicateby exchanginginfor-
mationin unitsof packets. Theformatof thebasicNUMAchine packetis givenin Table2.2. Eachpacket
containsa setof commandbits,and64address/databits. Parity/ECCbitsarealsoprovidedfor errordetec-
tion. Therearetwo typesof packets:

� aheader packet(Addressandcommand),

� andadata packet(DataanddataID).

Table2.2: BasicNUMAchinepacketformat
Field Size(num.of bits)

Command/dataID 16
Commandparity 2
Address/data 64
Address/dataparity 8

2.6.2 Packet Sequences

Requestsandresponsesaresentthroughttheinterconnectasasequenceof packetsconsistingof oneheader
packet,followedby zeroor moredatapackets.Theprincipalpacketsequencesaregivenin Table2.3onthe
nextpage.

Theheaderpacketin eachsequencecontainstheaddressof thedatain question,specificallya40-bitNU-
MAchine addressaugmentedwith routinginformation,ashighlightedby theboldboxesshownin Figure2.2
on thefollowing page.
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Table2.3: PrincipalNUMAchinepacketsequences

Packetsequence Headerpackets Datapackets

Readrequest,cachedor uncached 1 0
Interventionrequestfor cacheddata 1 0
Uncachedreadresponse 1 1
Cachedreadresponse 1 8 or ���

�
Uncachedwrite request 1 1
Cachedwrite request(blockwrite or writeback) 1 8 or ��� �
Updaterequestfor cacheddata 1 1
Invalidationrequestfor cacheddata 1 0�
Note: 8 packetsfor 64-bytecachelines,16packetsfor 128-bytecachelines.

60 56 52 48 44 40 36 32 28 0

magic per−station address portionring
mask

stn
mask

procr
mask

stn
mask stn 0000

source procr/stn destination stn

27 26

ring
mask

local ring 0 local ring 1

local ring 2local ring 3

global ring

1000 0001

0010 0001

0100 0001

NUMAchine
         address

40−bit address

0001 0001
0001 0010

0001 0100
0001 1000
�

station 0 on
local ring 0

Station 0 on each local ring
is the first station downstream
from the global ring connection.

Figure2.2: Assignmentof uniquestationandring addresses

2.6.3 Control Over Packet Routing

All componentpacketsin anoutgoing packetsequencefrom theR4400areroutedtogether, accordingto the
informationin theheaderpacket.

� Thedestinationstationfor normalmemoryrequests(e.g.,magic=0xf)is determinedautomaticallyby
thehardwarebasedonthecontentsof bits39..36of aNUMAchineaddressin theheaderpacket.These
bits aredeterminedby thevirtual-to-physicalmemorytranslationwithin theR4400,followed by the
translationof the36-bitR4400physicaladdressinto a40-bitNUMAchineaddress;thelateroperation
is performedby theexternalagenthardwareassociatedwith eachprocessor.
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� The4-bit stationidentifier in bits 39..36is decodedinto an8-bit filter maskthat is placedin routing
bits47..40of theNUMAchineaddress.Thesourceidentifierbits63..52arealsoset.Bothoperations
areperformedby theexternalagenthardwareassociatedwith eachprocessor.

However, somerequestsutilize thefilter mask register to explicitly specifyoneor moredestinationsfor
anoutgoingrequest.

� Eachprocessor’sexternalagenthasa separatefilter maskregisterwhosecontentscanbewritten by
systemsoftware.

� Forcertainmagicbit combinationsin requestsissuedby theprocessor, theattachedhardwareautomat-
ically substitutesthecontentsof thefilter maskregisterinto theroutingbits 47..40of a NUMAchine
address.

� Thesubstitutionmayalsobeenabledcontinouslyundersoftwarecontrolfor all outgoingaddresses.

� Thisoverridecapabilityinvolvesa two-stepprocess:

(a) thedesiredbit valuesarewritten to a specialmaskregisterin theexternalagenthardware,

(b) aspecialmagicbit combinationfor write requestsinstructstheexternalagentto usethecontents
of themaskregisterfor thedestinationroutingbits.

� Notethatthesource routinginformationin bits63..52cannotbeoverriddenunderanycircumstances;
this informationis crucialfor properroutingof responses to outgoingrequests.

Furtherdetailsregardingthefilter maskregisteraredescribedin Section3.2onpage17.
To usetheoverridecapabilitywith thefilter maskregister, it is necessaryto understandthehierarchical

routingprotocolusedin NUMAchine.

� The64-processorNUMAchinemultiprocessorprototypeconsistsof a hierarchicalarrangementof up
to four local ringsconnectedto aglobalring, asshownin Figure2.2ontheprecedingpage.

� Oneachlocal ring, thereareup to four stations,eachwith up to four processors.

� In orderto transferdataacrossthehierarchyof theNUMAchinemultiprocessor, everystationonev-
ery ring needsa distinctaddress.A stationis uniquelyidentifiedby thecombinationof its ring and
stationnumberto form a ring/stationmaskthat is usedto identify bothsourceanddestinationin the
NUMAchineaddress,asshownin Figure2.2on thepagebefore.A distinctstationandring address
is automaticallyassignedto eachstationatpowerup.



Chapter 3

Processor Card

*** THE MATERIAL IN THIS CHAPTERIS SUBJECTTO CHANGE.***

Thebehaviorof thehardwarehasnot beenfinalized.

Theaddressrangeselectedwith magic=0x1 or ‘MGC PROC’isusedtoaccessresourceswhicharelocal
to eachprocessorcard.Themagicextensionbits27..26areusedto selectaspecificresourceandfunctionfor
reador write operations.Table3.1providesa brief descriptionfor eachpossiblebit combinationandgives
referenceswheremoredetailsareavailable.

Table3.1: Addressspacefor processorcard

MagicBits Address Detailed
35..32 27..26 Op Brief Description Reference

0x1 00 R DisableincomingFIFO(usesreadto giveproces-
soracknowledgement)

Section3.1

W Write thefilter mask(FM) registerandFM enable
bit, andenableincomingFIFO

Section3.1

01 R Disableparitycheckingfor incomingdata Section3.3
W Write thefilter mask(FM) registerandFM enable

bit, andenableparity checkingfor incomingdata
Sections3.2,3.3

10 R/W Accessinterruptregistersandlocalmonitoring Sections3.4,6.2.1
11 R/W Accesslocalbus(includesGizmobus) Section3.5

3.1 Controlling the Incoming FIFO Buffer

A readwith magic=0x1andbits27..26=00disablestheincomingFIFObuffer to theprocessor. This feature
is intendedto guaranteethatnoexternalinvalidationsor interventionsmodify theprocessorcachecontents
while systemsoftwareperformsaspecialfunctionin thecache.Theresponseto thisreadoperationdoesnot
containvalid data;it is usedonly asanacknowledgementindicatingthattheFIFOhasbeendisabled.

16
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A write with magic=0x1andbits27..26=00re-enablestheincomingFIFOfor normaloperation.There
is noacknowledgementin thiscase.Thewrite simultaneouslymodifiestheFM register(seeSection3.2).

Note: Issuinga readrequestthatmissesin the cachebeforetheFIFO is re-enabledresultsin un-
defined behaviorandshouldbeavoided.Disablingof theFIFO is intendedonly for shortintervals
whereit is necessaryto guaranteethatthecachecontentsarenotaffectedby externalrequests.

3.2 Filter Mask Register

In normaloperation,thedestinationof outgoingrequestsfrom theprocessoris determinedautomaticallyby
hardwarefrom thestationbits in theaddress,i.e., theroutinginformationin bits 47..40of theNUMAchine
addressis derivedfrom bits 39..35(seeFigure2.1 on page10). The filter mask(FM) registerassociated
with eachprocessorpermitssystemsoftwareto overridethedestinationof individualoutgoingrequests(this
isdoneautomaticallyfor certainmagicbit values),or for all outgoingrequests(thismustbeenabled/disabled
explicitly). Thecontentsof theFM registerarecopiedinto bits47..40in outgoingaddresseswhenthisover-
ride featureis enabledeitherautomaticallyor explicitly.

Thecontentsof theFM registeraremodifiedby anuncachedwrite with magic=0x1,andbits27..26=00
or 01. Bits 47..40in thedatafor thewrite mustcontainthenewfilter mask.To enablethesubstitutionof the
FM registercontentsinto all subsequentoutgoingwrites(for normalmemoryaccesses,i.e.,magic=0xf),the
FM enablebit (addressbit 25)mustbesetwhenwriting theFM register. Note that it is not possible to set the
enable bit without setting the FM register. The contents of data bits 47..40 are alwayswritten into the FM
register when magic=0x1 and address bits 27..26=00 or 01. As longastheFM enablebit is set,all outgoing
addresses(with magic=0xf)havetheFM registercontentssubstitutedin bits 47..40.TheFM enablebit is
clearedwith anuncachedwrite to theFM registerwith addressbit 25=0.Normally, theFM enablebit would
notbeset,andtheFM registersubstitutionis doneautomaticallyfor individual addressesbasedonthemagic
bits.

For example,if themask0x11 is to bewritten to theFM register, andFM registersubstitutionis to be
enabledfor all outgoingrequests,systemsoftwaremustconstructa NUMAchine addressfor anuncached
write suchthat:

� addressbits35..32= 0x1 (magicbits),

� addressbits27..26= 00 (or 01),

� addressbit 25= 1.

Thedata(i.e., thenewfilter mask)for thewrite musthavebits47..40=0x11.

NOTE: Thereis a smallproblemin thatin orderto write theFM registerwhile keepingtheincom-
ing FIFOin thedisabledstate,it is necessaryto knowwhetherparitycheckingis currentlydisabled.
This is becauseaddressbits 27..26mustbe01 to keeptheFIFOdisabled(a write with addressbits
27..26=00enablestheFIFO).However, awrite with bits27..26=01enablesparitycheckingin addi-
tion to updatingtheFM register. To disableparity checkingagain,a readwith bits 27..26=01must
immediatelyfollow thewrite. Normally, parity checkingis disabledonly whendebugging,hence
writing theFM registerwith bits 27..26=01is safe,sinceit keepsparity enabled.
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3.2.1 Initiating Cache Line Broadcasts from the Processor

TheFM registerpermitsthegenerationof cachelinebroadcastsdirectlyfromtheprocessor(broadcaststhrough
thememorycardaredescribedin Section4.2onpage26). Thisspecialoperationshouldnormallyperformed
only by systemsoftwareusingthefollowing procedure:

1. Thecacheline to bebroadcastis loadedinto theprocessorcache.

2. TheFM registeris written with a filter maskwhich specifiesmorethanonedestination.In thesame
write operation,theFM enablebit is set(seeSection3.2on theprecedingpage).

3. UsingtheCACHE instructionof theR4400[Hei94, p. A-44], thecacheline in questionis forcedto
bewrittenback.As thecacheline leavestheprocessorandenterstheoutgoing FIFO,theFM register
contentsaresubstitutedinto theoutgoingaddress.

4. TheFM enablebit is clearedwith awrite to theFM registerto returnto normaloperation.

Note: It is possiblefor thecacheline in questionto beejectedfrom thecachebeforeit canbewritten
backexplicitly. TheCACHEinstructionis thenappliedto whatevercacheline residesin thecache
locationcorrespondingto the addressin question,hencetheremay bea broadcastof someother
cacheline.

Note: If anuncachedwrite isperformedwith magic=0xf,andtheFM registerisactive,theuncached
writeswill bebroadcastto thelocationsspecifiedby thecontentsof theFM register.

3.3 Controlling Parity Checking for Incoming Data

A readwith magic=0x1andbits 27..26=01disablesparity checkingfor incomingdatain theFIFO buffers
thatareexternalto the processor.1 Theresponseto thereaddoesnot containvalid data;it servesonly as
anacknowledgement.This feature is intended only for debugging DRAM and SRAM accesses to the mem-
ory card or network cache. By disabling parity checking, no interrupt is generated on parity errors, which
permits debugging software to examine data as it arrives.

A write with magic=0x1andbits 27..26=01enablesparity checking.Thereis no acknowledgementin
thiscase.Thewrite simultaneouslymodifiestheFM register(seeSection3.2on theprecedingpage).

3.4 Interrupt and Barrier Registers

With magic=0x1andbits27..26=10in anaddress,aprocessormayreador write its interruptregisters.With
magic=0x8,theregistersof otherprocessorsmaybewritten(but not read).Thefollowing sectionsprovide
detailsonaccessto theinterruptregisters.

3.4.1 Register Addresses and Operation

Therearetwo interruptregisterswhich areseparatelyaddressable.Theaddressesaregivenin Table3.2on
thenextpage;addressbits 21..6and2..0arenot usedandshouldbesetto zero. Theregistersmayberead
destructivelyor nondestructively(i.e.,contentsclearedor preserved).Notethatremoteaccessesarelimited

1Paritycheckingby theR4400is determinedat boot time from thededicatedserialconfigurationROM. Thedetailsfor R4400
configurationaredescribedelsewhere[Hei94]. Section3.5.2onpage21of thisdocumentdiscusseshowsystemsoftwaremaycon-
trol R4400configuration.
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Table3.2: Interruptandbarrierregisteraddresses

Magic Address Address Address
Register 35..32 27..26 25..22 5..3

Hardware 0x1 (local;write) 10 000X 000
Interrupts 0x1 (local;destruct.read) 10 000X 000

0x1 (local;nondestruct.read) 10 1110 000
0x8 (remote;write) seeTable3.5onpage21 000X 000

Software 0x1 (local;write) 10 000X 001
Interrupts 0x1 (local;destruct.read) 10 000X 001

0x1 (local;nondestruct.read) 10 1110 001
0x8 (remote;write) seeTable3.5onpage21 000X 001

Barrier 0x1 (local;write) 10 000X 010
0x1 (local;destruct.read) 10 000X 010
0x1 (local;nondestruct.read) 10 1110 010
0x8 (remote;write) seeTable3.5onpage21 000X 010

Note: remotereadsareundefined.

Table3.3: Externalaccessto interruptregisters
InterruptReg. Bits Accessiblefrom NUMAchinebus?

Hardware 31..16 no; anydatasuppliedin thesebits is ignored;
bits20..16arededicatedlinesfrom procr. card

15..0 yes;write only

Software 31..0 yes;write only

to writesonly; remotereadsareundefinedandshouldbeavoided.Thehardware interruptregistercontains
32bits. Thesoftware interruptregisterhasa minimumof 32bitsandmaybeextendedto 64bits. Accesses
to eitherinterruptregistermustusea datasizeof either32bits or 64 bits,with properaddressalignmentto
32-bitor 64-bitwordboundaries.For64-bit accesses,thelower 32bitscontainsvalid datawhenaccessing
32-bit interruptregisters.

Thelocalprocessormayreador writeall bitsof bothregisters.Table3.3indicateswhichbitsarewritable
by externaldevicesfrom the NUMAchine bus. Whenwriting to the hardwareinterruptregisterfrom the
NUMAchinebus,databits31..16areignored.

Barrierregistersare32 bits (extendibleto 64 bits). Theydo not generateinterrupts.Hence,theymust
bepolledby theprocessorto determineif bitsareset.Thecontentsof barrierregistersarenormallysetwith
broadcastuncachedwrites.Theaddressesaregivenin Table3.2.

Writing any valueto eitherthehardwareregisteror softwareregistertriggersan interruptfor the local
processor. Writing a ‘1’ to aspecificbit positionis usedto indicatethesourceof theinterrupt.

Whenaninterruptservicereturnis invoked,it shouldnormallyreadtheinterruptregisters.Readingan
interruptregisterperformsthreefunctions:(a)thecurrentinterruptiscleared,(b) thecontentsof theinterrupt
registerarereturnedasthereadresponse,and(c) theregisterisclearedtozeroafterits contentsareread.Note
thatboth registersmustbereadto determinethesourceof the interrupt. The interruptis clearedwhenthe
first registeris read.



CHAPTER3. PROCESSORCARD 20

Table3.4: Hardwareinterruptregisterbit assignments

Bits Mask(Hex) Description

31..26 reserved
25 0x2000000 monitoringcounter3overflow
24 0x1000000 monitoringcounter2overflow
23 0x0800000 monitoringcounter1overflow
22 0x0400000 monitoringcounter0overflow
21 0x0200000 monitoringcounterSRAM overflow(notyet implemented)
20 0x0100000 UART (with connectoracrossbus)haspendingrequest;this inter-

rupt shouldbemaskableso thatonly oneprocessorperstationis
interrupted.

19 0x0080000 ToomanyNACKs or retriesfor busrequest
18 0x0040000 Busaccesstimeout
17 0x0020000 Interruptreceivedeitherfrom Gizmo,on-boardDUART, or Reset

controller (seeSection3.5.2on the following page). Readreset
controllergeneral-purposeregistertodeterminesourceof interrupt
(seeTable3.8onpage23).

16 0x0010000 “Gizmo dead”interruptif no readresponsefrom Gizmointerface
beforetimeoutoccurs

15..3 0x000fff8 Software-programmableinterruptsfor Mem. specialfunctions,
Monitoring,andI/O

2 0x0000004 Ring Interfaceerrorpacketreceived
1 0x0000002 Networkcachecoherenceerror
0 0x0000001 Memorycardcoherenceerror

3.4.2 Bit Assignments

Thehardwareinterruptregisteris 32 bits. Theupper16 bits arereservedfor on-boardhardwareinterrupts
andaccessibleonly from thelocalprocessor. Thelower16bitsarewritablefrom theNUMAchinebus.The
bit assignmentsaredetailedin Table3.4.

Therearenofixedbit assignmentsfor thesoftwareinterruptregister;it maybeusedin anymanner.
Therearenofixedbit assignmentsfor thebarrierregister;it maybeusedin anymanner.

3.4.3 Remote Writes

The interruptregistersfor otherprocessorsmay be written with magic=0x8. Addressbits 27..26selecta
specificfunction,asshownin Table3.5 on thefollowing page.Remotereadsarenot permitted.Notethat
writesto monitoringhardwareof otherprocessorsareperformedusingthesamemagicbit value;detailsare
givenin Chapter6 onpage36.

Forexample,if processor1 writesto theinterruptregistersof processors2 and0 in thesamestation,the
requiredNUMAchineaddressmustconsistof:

� bits39..36= 0101(‘1’ in thebits for processors2 and0),

� bits35..32= 0x8(themagicbitssetfor remoteaccess),
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Table3.5: Remotewritesof interruptregistersor monitoringof otherprocessors
**** IS THIS TABLE CORRECT?????****

** IS THEREA DIFFERENCEBETWEEN10AND 11 FORREMOTEWRITES?***
MagicBits Address

35..32 27..26 Op Brief Description

0x8 0X W Write to interruptregistersor monitoringof aprocessorin the same
station. Thetargetprocessoris selectedby bits 39..36in theNU-
MAchineaddress.(Remoteaccesstomonitoringisdetailedfurther
in Chapter6 onpage36).

1X W Write to interruptregistersor monitoringof aprocessorin another
station.Thetargetstationis determinedby thecurrentFM regis-
ter contents,andtheprocessorwithin thestationby bits 39..36in
theNUMAchineaddress.(Remoteaccesstomonitoringisdetailed
furtherin Chapter6 onpage36).

� bits27..26= 00(accessregisterin samestation).

Notethata processormaywrite to its ownregisterby selectingitself in bits39..36.
To write registersof processorsin otherstation(s),theFM registermustfirst bewrittenwith thedesired

routingmaskfor oneor morestations(seeSection3.2onpage17); theFM enablebit neednot beset,since
themagicbits will automaticallyselecttheFM registercontents.Normally, whenmorethanonestationis
selected,all processors in eachstationareselectedsincethis is typically a global interrupt. In this case,
bits 39..36would be1111. Whenselectinga specificprocessorin anotherstation,theroutingmaskshould
uniquelyspecifya singleremotestation,andonly onebit shouldbesetin bits39..36.

3.5 Local Bus Address Space

With magic=0x1andbits 27..26=11 in anaddress,the local bus is accessed.A numberof devicesarecon-
nectedto thelocalbus,andbits23..20dictatewhichdeviceis accessed,asdetailedin Table3.6on thenext
page.Addressbits25..24arenotusedfor localbusaccesses.Thelocalbusis accessedwith uncached reads
or writes.

TheGizmointerfaceandtheresetcontrollerarediscussedin thefollowing sections.Monitoring is dis-
cussedin Chapter6 onpage36,andthelocalUART is discussedin Chapter5 onpage31.

3.5.1 Gizmo Interface

3.5.2 Reset Controller

Whentheresetcontrolleris selected,addressbits 4..1selectthedesiredfunction,asspecifiedin Table3.7
onthefollowing page.WhenaccessingtheGeneralPurposeRegisters(i.e.,addressbits4..1=1000or 1010),
Tables3.8onpage23and3.9onpage24providetheinterpretationof thedatabitsfor uncachedreads/writes.
This interfacesupportsonly 16-bit, 32-bit and64-bit accesses.The data is in the UPPER 16 bits of 32-bit
words for both reads and writes.

In Tables3.8onpage23and3.9onpage24,settingabit performsthespecifiedfunctiononwrites,and
asetbit onreadsindicatesthatthecorrespondingconditionis true. Whenoverridingtheprocessorconfigu-
rationbootROM values,Table3.8onpage23indicatestheinterpretationof bits7..1.Notein Table3.8that
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Table3.6: Localbusaddressspace

Magicbits Address Address
35..32 27..26 23..20 Description

0x1 11 0000 SelectsGizmoif present,otherwiselocalEPROM
0001 SelectsGizmoif present,otherwiselocalEPROM
001X SelectsGizmoif present,otherwiselocalEPROM
0100 Selectsresetcontroller
0101 SelectsFLEX programmerfor Alteradevices
011X SelectsmonitoringSRAM
1000 SelectslocalEPROM
1001 SelectsFLEX programmingEPROM
101X SelectslocalUART
110X SelectsGizmo,if present,otherwise

raise“Gizmo-dead”interruptwith
garbagedatareturnedfor reads

111X undefined

Table3.7: Resetcontrolleraddressspace

Magicbits Address Address Address
35..32 27..26 23..20 4..1 Description

0x1 11 0100 00XX reservedfor bootROM programming
0100 optionalgasplasmadisplay
0101 undefined

�
011X undefined

�
1000 GeneralPurposeRegister#1
1001 undefined

�
1010 GeneralPurposeRegister#2
1011 undefined

�
1100 lower2 digitsof 7-segmentdisplay
1101 upper2 digitsof 7-segmentdisplay
111X undefined

�
�
Writesareignored;readsreturngarbagedata.

Requredbecauseonly 32-bitand64-bitaccessessupported.

writeswith bit 0=0andbit 5=1 duplicatethefunctionof writeswith bit 13=1. This featureis providedfor
backwardcompatibilityonly andshouldnotbeusedfor newdesigns.

Theresetcontrollerdirectlycontrolsoneof thehardwareinterrupts(bit 17in Table3.4onpage20). This
interruptcanbesetin oneof thefollowing ways:

� DUART interrupt(GPregister#1,bit 13 is set),

� configurationerror(GPregister#1,bits14and/or9 set),

� interruptsentfrom Gizmo(write GPregister#1,bit 13; a readof GPregister#1bits 9, 13, and14 is
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Table3.8: ResetControllerGeneralPurposeRegister#1

Data Description
bits Read Write

15 procr. scndrycacheline size=128bytes makeanNMI request
14 busCLinesize!= procr. CLinesize —
13 DUART interruptis present sendinterruptfrom Gizmo
12 controlDUART interrupts;0 disable,1 enable
11 controlLBI interfaceaccessfor R4400;0 disable,1 enable
10 procr useECC systemresetrequest
9 procr useECC!= bus useECC busresetrequest
8 softresetcause(0 NMI,1  warmreset) processorwarmresetrequest

7..1 R4400processorconfigurationbootROM overridevalues
(defaultsmaybechangedby reprogramminghardware)
bits7..5: processor-to-system-interfaceclockspeeddivisor;

defaultis 001whichmeansdivide-by-3
(Note: a write with bit 0=0andbit 5=1performsthesame
functionasbit 13=1,i.e., interruptfrom Gizmo.
Providedfor backwardcompatibilityonly.)

bit 4: mostsig. bit of secondarycachereadtime
bit 3: mostsig. bit of secondarycachewrite time
bit 2: ECC/parityselect(0 ECC,1 parity)
bit 1: secondarycacheline size(0 64bytes,1 128bytes)

0 controlR4400processorconfigurationbootROM override;
0 disable,1 enable

(Normally, this featureshouldbedisabled; shouldonly beenabled
immediatelyprior to a resetoperationto reconfigureprocessors)

zero);this interruptis alsocausedby theterminalkeyboardconnectedto theGizmo.
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Table3.9: ResetControllerGeneralPurposeRegister#2
Data Description
bits Read Write

15..14 num processors[1..0]! 1 —
13..12 num memories[1..0](onebit is for pres-

encedetect.,otherbit is #memcards! 1)
—

11..9 Revisionnumber —
8 — —
7 UART Poll RequestOut —
6 I/O presencedetect —
5 Bus CL size —
4 Bus useECC —
3 externalclk sel(1 75MHz,

0 50MHz); internalclk is double
—

2 poll req —
1 UART Flow ControlOut (R/W); default=0
0 UART Flow ControlIn —



Chapter 4

Cache Coherence Hardware

TheR4400processorusedin NUMAchinepermitsbothcachedanduncacheddataaccessesonaper-memory-
pagebasisasindicatedin its TLB. Forcachedaccesses,theR4400furtherpermitsaccessesto becoherentor
non-coherent.NUMAchine implementsa directory-basedcachecoherencein thehardwareexternalto the
R4400[V

�
95]. Thedirectoryinformationis maintainedfor eachcacheline in high-speedSRAM memory

whichisseparatefromtheDRAM usedfor instructionsanddata.Normally, only thehardwareimplementing
thecoherenceprotocolaccessesthedirectorySRAM.However, thedirectorySRAMis accessibleby system
programsfor initialization,aswell asfor implementingapplication-specificcoherencepolicies.Thecontents
of thedirectorymaybeexaminedor modifiedwith uncached readsandwritesfrom theR4400,with magic
bitssetappropriatelyto indicatethatit is theSRAM, andnot theDRAM, which mustbeaccessed.

4.1 Cache Coherence, Cache Consistency, and Uncached Accesses

Cachecoherence is a propertywhich appliesto an individual cacheline andmeansthat the cacheline is
guaranteedsystemwide to bein exactlyoneof thefollowing two states:

� either thereis only exactlyonevalid copyof thecacheline, locatedin eithera processorcacheor a
networkcache(theexclusive state),

� or thereareoneor moreidentical valid copiesof thecacheline, oneof which must be in its home
memory(theshared state).

Notethata cacheline in theexclusivestateis not valid in its homememory.
Statetransitionsfor a givencacheline follow a strictdiscipline:

� Shared  exclusive: this transitionis initiatedwith oneprocessorwishesto modify thecontentsof a
cacheline, andrequiresthatall othercopies,includingtheonein thehomememory, areinvalidated
prior to performingthemodification.

� Exclusive  shared: this transitionis initiatedeitherwhentheonly valid copyis returnedfrom a pro-
cessoror networkcacheto thehomememory, or arequestto readthecacheline by aprocessorwould
requirethatanadditionalcopybemadefor anothercache.Thetransitionto sharedis completedprior
to fulfilling thenewrequest.

� Shared  shared: in responseto a readrequest,a copyof thecacheline is providedfrom wherevera
valid copyexists,i.e., from thehomememory, or from a networkcache.

25
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� Exclusive  exclusive: this transitionis initiatedeitherwhenthereis only onevalid copyof a cache
line in a processorcache,andanotherprocessorwishesto modify it, or whenthereis only onevalid
copyin a networkcacheanda processorwishesto modify it. Thevalid copyis movedto thecache
of the processorrequestingit, andinvalidatedat its previouslocationto satisfythe requirementfor
exactlyonevalid copy. This transitionis alsoinitiated whenthe only valid copy is ejectedfrom a
processorcache,andis movedto a networkcache(if it cannotbemovedto the networkcacheand
mustbereturnedto its homememory, thenthestatebecomesshared;seethedescriptionin anearlier
bullet).

TheR4400andthecoherencehardwareimplementedin NUMAchinetogetherensurecachecoher-
encesystemwidefor agivencacheline providedthatall processorsusingthecacheline accessit in
thecached, coherent modeof operation.

Cacheconsistency isapropertywhichappliestomultiplecachelinesandcharacterizestheobserved order
by different processors of modificationsto thosecachelines.Thekeywordsin thispropertyare“observed”
and“different processors.”For example,if a givencacheline is modifiedfour times,but a givenprocessor
only readsthecacheline once,it observesonly onemodification.However, whatmattersis therelationship
betweenthis observationandmodificationsof other cache lines. Furthermore,it is thecomparisonof the
observationsacrossdifferentprocessorswhich determinethenatureof cacheconsistency.

If it canbeshownthatall processorsobservethesameorderof cacheline modificationsfrom anyvalid
concurrentexecutiononmultipleprocessors,andthatthisordercouldalsobeachievedbyanyvalidserialex-
ecutionof thesamecodeonasingleprocessor, thenthemultiprocessorexecutionissaidtoexhibitsequential
consistency.

The R4400andthe coherencehardwareimplementedin NUMAchine togetherensuresequential
cacheconsistencysystemwidefor agivenmultiprocessorexecutionprovidedthatall processorsac-
cesscachelinesin thecached, coherent modeof operation.

Uncached accessesbypasscachesanddirectly accessmemory. TheNUMAchine coherencehardware
doesnot performanystatetransitionwhenservicinguncachedaccesses.Hence,thememorycontentsof a
givencacheline maybemodified,whichmaythenno longermatchcopiesof thecacheline throughoutthe
system.

Furthermore,buffering of outgoingreadandwrite requestsin the externalagentassociatedwith each
processordoesnot guaranteethatanuncachedwrite reachesmemorybeforeanuncachedreadfor thesame
addressissuedlaterby thesameprocessor. This is dueto thefact thattheoutgoingbuffersprovideabypass
pathfor all readrequestswhich canpermitanuncachedreadto reachmemorybeforeanearlieruncached
write.

TheR4400andthecoherencehardwareimplementedin NUMAchine do not provideeithercache
coherenceor sequentialconsistencyif uncachedaccessesaremadeto a cacheline in memory. In
particular, sequentialconsistencyis notensuredevenfor asingleprocessor.

4.2 Memory Card

Thememorycardcontainsmuchof thecachecoherencehardwarein additionto providingtheDRAM mem-
ory for instructionsanddata.Applicationprogramsnormallyaccessonly theDRAM memory. Systempro-
grams,however, mayalsoaccesstheSRAMmemoryusedto storestateinformationfor thecachecoherence
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Table4.1: Magicbitscombinationsfor accessingMemoryCard

MagicBits
35..32 Macro Description

0x0 MGC LOCAL MEM Alias for local memorycardDRAM accesses(used only
during exception processing)

0x4 MGC MON Accessspecialfunctionsandmonitoring
0x5� MGC MEM UPDATE Initiateupdate from memorycard(uncachedwrite)
0xa MGC MEM SRAM LOCK Uncached, atomic memorycardSRAM access
0xb MGC MEM DRAM LOCK Uncached, atomic memorycardDRAM access
0xc MGC MEM BCAST Initiatebroadcast from memorycard
0xd MGC MEM SRAM Uncached memorycardSRAM access
0xf MGC NORMAL NormalDRAM access(cachedor uncached)

� Thetargetstationis determinedby thefilter mask register in theexternalagent(seeSection3.2).

protocol.Systemprogramsmayalsoexploit specialfunctionsimplementedin thememorycardto perform
specializedtaskssuchasinitializationof theDRAM or SRAM. Table4.1 providesthemagicbit combina-
tionsthatareusedto accessvariousfeaturesof thememorycard.Theremainderof thissectiondescribesthe
detailsof accessingDRAM, SRAM, andspecialfunctionsonthememorycard.

4.2.1 Normal DRAM Access

Processorsmayreador write thecontentsof theDRAM memoryby issuingaddressescontainingthemagic
bit combinationMGC NORMAL and(seeTable4.1).

Whenusedfor uncached accesses,MGC NORMAL allowsupto8bytestobereadorwrittenatonetime.
Uncachedaccessesdo not alterthecacheline statesincetheydonot requireenforcementof coherence.

Whenusedfor cached, coherent accesses,MGC NORMAL readsor writesanentirecacheline of either
64 bytesor 128bytes.For coherentaccesses,thecacheline stateis affected,andadditionalactionmaybe
takenby thehardwareto enforcecoherence.

Whenusedfor cached, noncoherent accesses,MGC NORMAL alsoreadsor writesanentirecacheline
of either64bytesor 128bytes.Forreads,therequestingstationis addedto thefilter maskfor thecacheline,
but no coherence-enforcement actions are taken sincetheaccessis noncoherent.Theupdatingof thefilter
maskis providedmerelyasa conveniencefor thebenefitof systemsoftware,sincenoncoherentaccessare
mostlikely to beusedfor application-specificsoftwarecachecoherence.Systemsoftwaremayaccessthe
stateof agivencacheline to determinewhichstationshavemadenoncoherentrequestsfor thecacheline.

4.2.2 Aliased Local DRAM Accesses

Duringexceptionprocessingin systemsoftware,themagicbit combinationMGC LOCAL MEM is usedto
ensurethataccessesaremadeto the local memoryon thesamestationastherequestingprocessor. Apart
from thisguaranteeof localmemoryaccess,thefunctionalityof MGC LOCAL MEM is otherwiseidentical
to MGC NORMAL. Thereasonfor adedicatedmagicbit combinationfor localmemoryaccessis to permit
theuseof commonexceptioncodethatis independentof thestationonwhich it is executed.
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4.2.3 Atomic DRAM Accesses

Processorsmayatomically accessthecontentsof theDRAM memoryby issuingaddressescontainingthe
magicbit combinationMGC MEM DRAM LOCK and(seeTable4.1).Atomicaccessto thememoryisonly
availablethroughuncachedaccesses,hencethemaximumamountof datathatmaybeaccessedatomicallyis
8 bytes.Atomicaccessfor largerdataquantitiesthroughprocessorcachesrequirestheuseof critical sections
with anexclusivelock protectingtheaffecteddatastructures.

Useof MGC MEM DRAM LOCK requiresadherencetoaspecifictwo-stageprotocol.Thefirststageis
read-and-lock andthesecondstageis write-and-unlock. A processorwishingto makeanatomicDRAM ac-
cessperformstheread-and-lockbyissuinganuncachedreadrequestwith themagicbitssettoMGC MEM DRAM LOCK.
Whentherequestis receivedat thetargetmemory, thehardwarefirst locksthecacheline, thenreadsandre-
turnstherequesteddata.Oncethecacheline is locked,subsequentnormalreador write requests(cachedor
uncached)from othersourcesarerejectedwith anegativeacknowledgement.

Whentheresponsedataarrivesat theprocessorthatissuedtheread-and-lockrequest,thelockingof the
cachelineensuresthatresponsedataagreeswith thedatain memory. Therequestingprocessormaythenper-
formthewrite-and-lockby issuinganuncachedwritewith themagicbitssettoMGC MEM DRAM LOCK,
accompaniedby thedatato bewritten to thememorylocation. Whenthewrite-and-lockrequestarrivesat
the targetmemory, the DRAM contentsarewritten, thenthecacheline is unlockedto permitnormaldata
accesses.

4.2.4 Update Operations

TheR4400processorsupportsanupdateoperationfor maintainingcachecoherence[Hei94]. However, NU-
MAchinedoesnotsupporttheupdateoperationsissueddirectlyby theR4400.Instead,NUMAchinerequires
thataprocessorperformanuncachedwrite with magic=0x5to thehomememoryof thedatafor theupdate.
Thememorythenusesthedirectoryinformationto identify thestationsthatmayhavea copyof thecache
line to beupdated.Theupdaterequestis thenissuedby thememoryasa multicastto oneor morestations.
NUMAchine further restricts update operations to exactly 64 bits that must be properly aligned. Theper-
stationbitsof theaddressissuedwith magic=0x5identify thecacheline to beupdated.Theindividual64-bit
wordof thecacheline to beupdatedis determinedby theloweraddressbits.

4.2.5 Cache Line Broadcast Operations

4.2.6 Normal and Atomic Accesses of SRAM Directory Contents

ToaccesstheSRAMdirectorycontentsmaintainedin thememorycardof eachstation,themagicbitsmustbe
setto MGC MEM SRAM LOCK or MGC MEM SRAM. In eithercase,anuncached reador write mustbe
usedto accessthedirectorycontents.Note that for uncached accesses to the directory, all addresses MUST
BE aligned with cache line boundaries. Undefined behavior results if addresses are not properly aligned.

MGC MEM SRAM LOCK allowsatomicaccessto thedirectory;anuncachedreadlocks thecacheline
in additionto returningits directorycontents,while anuncachewrite unlocks thecacheline in additionto
replacingits directorycontents.MGC MEM SRAM readsor writesthedirectorycontentswithout locking
andunlocking.

Theremainingbitsof theper-stationaddressareusedto determinewhich cacheline SRAM stateis ac-
cessed.Thehardwaredeterminestheindexfor thecacheline in theSRAM memoryfrom theaddress.For
a maximumof 256Mbytes( 	 �"� bytes)of DRAM, theindexis givenby bits28..6for 128-bytecachelines,
andbits28..5for 64-bytecachelines.

Theformat of thedatatransferredwith the uncachedreador write correspondsdirectly to theSRAM
directorycontents.The interpretationof thedirectorycontentsfor thememorycardis given in Table4.2.
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Table4.2: Interpretationof directorycontentsfor memorycard(R/W in dataportion)

Bits Mask(Hex) Description

63..17 Unused
16..9 0x1fe00 Filter mask(bits16..13for ring, bits12..9for station)

8 0x00100 Reserved
7..4 0x000f0 Processormask(bit 7 is for processor3, bit 4 is for processor0)
3 0x00008 Valid (1) or invalid (0)
2 0x00004 Locked(1) or unlocked(0)

1..0 0x00003 Reserved

Table4.3: Magicbitscombinationsfor accessingNetworkCache
MagicBits

35..32 Macro Description

0x2� MGC NC WB ForceDRAM writebackby addressfrom networkcache
0x3� MGC NC DRAM LOCK Uncached,atomicnetworkcacheDRAM accessby index
0x6� MGC NC KILL Networkcachekill operationof cacheline by index
0x7� MGC NC PREFETCH Networkcacheprefetchof cacheline by address
0x9� MGC NC CMD Networkcacheoperationsby index: forcedDRAM write-

back,uncachednormalDRAM access,uncachednormal
SRAM access,uncachedatomicSRAM access

� Thetargetstationis determinedby thefilter mask register in theexternalagent(seeSection3.2).

Becausebits0..16areused,uncachedaccessesmustbefor at least3 bytes,with thestartingaddressaligned
to acacheline boundary.

4.2.7 Special Functions

Detailsfor specialfunctionssupportedby thememorycardareprovidedin Section6.3.1.

4.3 Network Cache

Thenetworkcachemaintainslocalcopiesof datafromremotestations.Thecachedlocalcopiesareaccessed
transparently;thehardwareautomaticallyperformsremoteaccessesonlywhenthereisnocachedlocalcopy.
Applicationprogramsnormallyaccessonly theDRAM in thenetworkcache.Systemprograms,however,
mayalsoaccesstheSRAM usedto storestateinformationfor thecachecoherenceprotocol. Systempro-
gramsmayalsoexploit specialfunctionsimplementedin thenetworkcache.Table4.3providesthemagic
bit combinationsthatareusedtoaccessthenetworkcache.Theremainderof thissectiondescribesthedetails
of accessingDRAM, SRAM, andspecialfunctionsonthememorycard.
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Table4.4: Interpretationof directorycontentsfor networkcache(R/W in dataportion)

Bits Mask(Hex) Description

63..40 Unused
39..23 0xffff800000 Tagfor cacheline (magicbits 35..32notcheckedby networkcache)
22..16 0x00007f0000 Unused
15..14 0x000000c000 Reserved

13 0x0000002000 Databit (1=datareceivedfor interventions)
12..9 0x0000001e00 Processorcountingmaskfor interventions

8 0x0000000100 Assurancebit (1=processormaskis exact)
7..4 0x00000000f0 Processormask(bit 7 is for processor3, bit 4 is for processor0)
3 0x0000000008 Valid (1) or invalid (0)
2 0x0000000004 Locked(1) or unlocked(0)
1 0x0000000002 Local (1) or global(0)
0 0x0000000001 Not-in bit (1=datafor cacheline not in station)

INITIAL VALUES: tagis setfor a local cacheline, assurancebit is set,all otherbitsarezero.
Theinitial valuesmustbesetby systemsoftwarefor correctoperation.

4.3.1 Normal and Atomic DRAM Data Accesses

4.3.2 Forced Writebacks

4.3.3 Cache Line Kill Operations

4.3.4 Cache Line Prefetch Operations

4.3.5 Normal and Atomic Access of SRAM Directory Contents

To accessthedirectorycontentsmaintainedin thenetworkcacheof eachstation,themagicbitsmustbeset
to #�$&% . An uncached reador write mustbeusedto accessthedirectorycontents.Note that for uncached
accesses to the directory, all addresses MUST BE aligned with cache line boundaries. Undefined behavior
results if the address is not properly aligned.

Theremainingbits of theper-stationaddressin theuncachedoperationareusedto determinehow the
directoryisaccessedandwhichcacheline is accessed.Theaddressbits27..26in theaddressdictatewhether
or notthedirectoryis to beaccessedatomically(10=atomic,11=normal).Thecacheline is selectedby index
in thenetworkcache,i.e.,usingthelow-orderbitscorrespondingto thesizeof thenetworkcache(excluding
thebitsspecifyingtheoffsetwithin acacheline). With an8-Mbytenetworkcache,theindexis givenby bits
22..6for 64-bytecachelines,andby bits22..7for 128-bytecachelines.Bits 39..23form thetag.

Whenthenetworkcachedirectoryiswritten,thetagportionof thedirectorycontentsis locatedin thedata
packetin thesamepositionit wouldappearin the40-bitNUMAchineaddress.Whenreadingthedirectory,
thetagportionis returnedaspartof theresponsedataalongwith theremainderof thedirectorycontentsfor
thecacheline.

Theformatof thedirectorydatacontentswhicharetransferredwith theuncachedreador write is given
in Table4.4. Sincebits39..0areusedfor reads,uncachedreadsmustaccessat least5 bytes.Sincebits15..0
areusedfor writes,uncachedwritesmustaccessatleast2 bytes.In bothcases,theaddressesmustbealigned
with cacheline boundaries.
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I/O Hardware

Supportfor I/O in NUMAchine is distributedacrossstations.EachNUMAchinemaycontainup to two I/O
cards.I/O hardwareis implementedonseparatecardsto offloadasmuchI/O overheadaspossiblefrom the
R4400processorsin eachstation.EachI/O cardincludesaseparateprocessorandlocalmemoryto perform
low-leveloperationssuchascommunicatingwith I/O devicesandformattingdata.

5.1 Address Space

The R4400processorsmay invoke I/O operationsby issuingaddresseswith magic=0xe,asshownin Ta-
ble5.1. Thedestinationstationfor anI/O requestmaybeselectedby settingthestationbits39..36appropri-
atelyin theNUMAchineaddress.Becausetheremaybeup to two I/O cardsin eachstation,addressbit 27
providesthemeansof selectingtheappropriatecard.

Table5.1: NUMAchineaddressspacefor I/O operations

MagicBits Address
�

35..32 27 Op Brief Description

0xe 0=I/0 card#1 R/W Routescommands/datato I/O hardware.
1=I/0 card#2 (Dest.stationbasedonstationbits39..36)�

Checkingof addressbit 27 is currentlydisabledaddressingof multiple I/O cardsmustbe done
throughsoftware

Note: Table5.1doesnot defineanyspecificI/O behaviorbecauseit is determinedentirelyby soft-
ware that executes locally on each I/O card. Theexternalagenthardwarefor eachR4400recognizes
commandswith magic=0xeandroutesthemto theappropriateI/O card.TheI/O cardhardwareac-
ceptsandbuffersthesecommands.Thesoftwareexecutingon theI/O cardis thenentirelyrespon-
siblefor all aspectsof processingthesecommands,communicatingwith I/O devices,formattingap-
propriateresponsesfor therequestingNUMAchineprocessors,andsendingtheseresponsesbackto
therequesters.

To formatappropriateresponses,systemprogrammerswriting codefor theI/O cardhaveaccessto the
Command field of headeranddatapackets(seeTable2.2onpage13). This capabilityis alsousedto allow
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NUMAchineI/O hardwaretodirectlyaccesstheMemoryCardin localor remotestations.This access is pro-
vided only for packets generated from the I/O card; normalsystemsoftwarerunningontheR4400processors
cannotaccesstheCommandfield.

Full detailsregardingthebit assignmentsandencodingsfor theCommand fieldin headeranddatapackets
areavailablein NUMAchine Hardware Reference and Maintenance Manual [CGG

�
97].

5.2 I/O Card Organization

A block diagramof theI/O cardis shownin Figure5.1on thefollowing page.TheI/O cardusesanR4650
microprocessor, asimplifiedderivativeof theR4400microprocessor. TheR4650executeslocalI/O software
from theonboardDRAM memoryto controlthetransferof databetweentheFIFObuffersconnectedto the
NUMAchinebusandtheI/O devicesonthePCIbus.All data transfers in either direction are staged through
the DRAM memory.

TheExternalAgent/PCIbridgeis implementedusingtheGT-64010A(GT) madeby GalileoTechnolo-
gies.Fordetailedinformationon thecontrollerpleasereferto theirwebsiteatwww.galileoT.com.TheGT
includesafull interfaceto theR4650,anddirectlycontrolstheonboardmemory, DUART andEPROM.The
accessspeedof thesedevicesis configurablein theGT andshouldn’t beadjustedwithout first beingtested.

Underthecontrolof softwareexecutedby theR4650,theDMA Enginein theGT transfersdatabetween
DRAM andeitherthePCIbusor theNUMAchinebus.Datais transferredin unitsof cachelinesbetweenthe
I/O cardandtheNUMAchinememory. AppropriateAddressandCommandpacketsneedto bealsowritten
to theoutFIFOto ensurethatthedatais processedcorrectly. It is essentialthatall outgoingpacketsfrom the
I/O cardcomplywith thefull hardwareprotocol,or thesystemmaycrashorotherwiseshowstrangebehavior.
Great care should be taken when interacting with the station.

5.2.1 Local Address Space on I/O Card

TheR4650oneachI/O cardhasits own local addressspace.The local address space on each I/O
card is completely independent of the NUMAchine address space and completely isolated from it.
Theonly communicationbetweenaddressspacesis by transferringdatathroughtheFIFObuffers.

Table5.2: Localaddressspaceon I/O card
Virtual address LocalAddress Size Description

0xBFC00000 0x1FC00000 4 MB FlashEPROM(BOOTCS)
0xBF000000 0x1F000000 12MB DUART (CS3)
0xBD000000 0x1D000000 16MB Monitoring(CS2)
0xBC800008 0x1C800008 8 MB R/W DataFIFOto bus(forceparity CS1)
0xBC800000 0x1C800000 8 MB R/W DataFIFOto bus(CS1)
0xBC400000 0x1C400000 8 MB Statusregisteronly (CS0)
0xBC000000 0x1C000000 8 MB CMD FIFOandstatusregister(CS0)
0xB4000000 0x14000000 ? MB GT internalregisters
0x14000000 0x14000000 32MB DirectmappedPCImemoryspace
0x10000000 0x10000000 32MB DirectmappedPCI IO space
0x00000000 0x00000000 32MB LocalDRAM
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Figure5.1: NUMAchine I/O card(Rev. 2)

Table5.2onthepagebeforedescribesthelocaladdressspacefor theR4650oneachI/O card.A number
of constantshavebeendefinedin numaio.h.Theaddressfor writing thedataFIFOwhichforcesparityshould
alwaysbeusedfor addressesto ensurethatoutgoingaddresspacketshavecorrectparity independentof the
modeof thesystem(ECC/parity).

5.2.2 The Status Register

Thestatusregisteron theI/O cardis designedsothat thekey flagsof all of thedeviceson thecardcanbe
polled,ratherthanconstructingacomplexinterruptstructure.SincetheprocessorontheI/O cardisprimarily
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responsiblefor movingandmanipulatingtheI/O data,its corecontrolloopshouldpoll thestatusregisteron
a very frequentbasis.If for examplethein FIFO on theI/O cardfills up,andthememorycardis trying to
senda transactionto theI/O cardthememorycardwill beblockeduntil thereis sufficient spaceon theI/O
cardtosendthetransaction.If thishappensfor toolongtheprocessorsmaytimeoutandgivefatalbuserrors.
If theI/O carddoesnothingelseit mustensurethatthein FIFO is emptiedassoonaspossible.

Thein FIFO command andthestatusregisterarereadat thesametime. Theupper32bitsarethestatus
register, andthelower32arethein FIFO command andassociatedRselect.Thecontentsof thestatusregister
aredetailedin Table5.3

Table5.3: Contentsof thestatusregisteron theI/O card
Bits Active Description Bit MaskMacro

35..32 SCSIphasedevice0 (GPIO[4..1])
,

37..36 SCSIphasedevice1 (GPIO[4..1])
,

43..40 SCSIphasedevice2 (GPIO[4..1])
,

47..44 SCSIphasedevice3 (GPIO[4..1])
,

51..48 Low SCSIinterrupts IO STAT SCSI IRQ
52 Low? Out dataFIFOalmostfull IO STAT DAT AF
53 Low? In dataFIFOempty IO STAT DAT EF
54 Low? Out commandFIFOalmostfull IO STAT CMD AF
55 Low? In commandFIFOempty IO STAT CMD EF
56 High In FIFOreadonemptyerror IO STAT RD ERR
57 High Out FIFOwrite onfull error IO STAT WR ERR
58 High Poll request IO STAT UART POLL
59 Hight ECC/Parityerrordetected IO STAT ECC ERR
60 Low DUART interrupt IO STAT UART INT
61 DUART op3

63..62 Spare,
GPIO[] is a groupof programmableI/O pinson the 53C825ASCSIcontroller. GPIO[0] is con-

nectedto aredledontheI/O card,which will turnon if theI/O pin drivesa low.

5.2.3 DUART details

TheDUART on the I/O cardhasa few dedicatedI/O pinswhich areusedfor controllingtheflow control
on theRS232port,aswell asotherfunctionswe havedefined.Table5.4on thenextpagedetailstheuseof
thededicatedinput pins ip[] andthededicatedoutputpinsop[]. Theincludefile for usewith the I/O card
DUART is numaioduart.h.

5.2.4 Boot-time Protocol to Down-load Local I/O Software

5.2.5 Details on Bus Interface Control

The businterfaceis connectedto the dedicatedI/O processorthroughtwo logical Queues.The In FIFO
andtheOut FIFO. In reality thereareactuallytwo FIFOsin eachdirection,onecontainingaddressor data
(DataFIFO)andtheothercontainingthecorrespondingcommandandassociatedroutingbits(CMD FIFO).
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Table5.4: DUART I/O pin connectionson theI/O card
Name Description Bit MaskMacro

ip0 A CTS DUART IPR CTSA
ip1 UART CTS N DUART IPR CTSN
ip2 Revisionnumber- 1 DUART IPR REVNUM
ip3 UART POLL REQin DUART IPR POLLIN
ip4 Only oneI/O card DUART IPR ONEIO
ip5 I/O cardnumber DUART IPR CARDNUM
ip6 cacheline size(1 = 128bytes) DUART IPR CLSIZE

op0 A RTS
op1 UART RTS N
op2 UART POLL REQout DUART POLL REQ
op3 DUART controlledLED
op4 A RX RDY (NC)
op5 SystemResetRequest(JumperJH1mustbeinstalled)
op6 A TX RDY (NC)
op7 PCI resetrequest(JumperJH2mustbeinstalled)

A readremovesanentryfrom thecorrespondingIn FIFO, andawrite placesandentryin thecorresponding
Out FIFO. Theaddressingfor theseFIFOsis detailedin Table5.2onpage32.

A transactionon theNUMAchine busis brokendowninto multiple packets.The simplesttransaction
class,referredto asa shorttransactioncontainsonly onepacket. This packethastwo parts,the address,
andthe correspondingcommand.This is the format usedfor readrequests.The next classis referredto
asmediumtransactionswhich comprise2 packets.Thefirst packetalwayscontainstheaddressandrelated
command,andthesecondpacketcontains64bitsof dataandadataidentifier. Thethirdclassis referredtoas
longtransactions.Theycontainoneaddresspacket(Address+ CMD) andacacheline worthof datapackets
(Data+ DataID) which is either8 or 16dependingon thecacheline sizein usein thesystem.

To simplify processingof transactionsby theI/O cardall dataID’sarestrippedoff on incomingtransac-
tions,andthedataID’sareautomaticlygeneratedfor outgoingtransactions.A meansof modifyingtheData
ID exists,but thatwill bediscussedlater. As aresulttheI/O processorneedsonly to reador write theCMD
FIFOoncepertransaction,independentof thesizeof thetransaction.

It is importantthat thenumberof requeststhat theI/O cardhasin thesystemis limited. Thehardware
placesaupperboundof 8outstandingrequestsperlogicaldevice.TheI/O card(s)areclassifiedasonelogical
device,so to simplify control it is recommendedthat therebeonly 4 outstandingrequestsallowedper I/O
card.Threeof theupperbits in thecommandarereferredto astherequestnumber. It is recommendedthat
thesebesetasfollows. CMD[12..10]= - (IO cardnumber),(nextreq num[1..0]). It is theresponsibilityof
theI/O cardto ensurethatonly onerequestnumberis in useat anytime for requests.Thevalueof request
numberdoesn’t matterfor write operations.

How to modify outgoingdataIDs [ADD HERE!] /1032

5.2.6 Notes on PCI



Chapter 6

Monitoring and Special Functions

MANY OFTHE FEATURESDESCRIBEDIN THIS CHAPTERHAVE NOT BEENTESTED.

6.1 Address Space

Table6.1providesthemagicbit combinationsfor monitoringandspecialfunctions.

Table6.1: Addressspacefor specialfunctionsandmonitoring

MagicBits Address Detailed
35..32 27..26 Op Brief Description Reference

0x1 10 R/W Processorcardmonitoring Sections6.2.1

0x4 00 R/W Busmonitoring/tracehardware Section6.2.2
01 Inter-ring interface(IRI) monitoringandspecial

functions(No monitoring hardware is currently
installed on the global ring)

Section6.2.5,??

10 Network interface (NI) monitoring and special
functions(includesRI errorregisters)

Section6.2.4,6.3.2

11 Memorycardmonitoringandspecialfunctions Sections6.2.3,6.3.1

0x8 Remoteaccessto processormonitoring;write-only (seeTable3.5,6.2) Section6.2.1

6.2 Monitoring

6.2.1 Processor Card Monitoring (Untested)

Table6.2onthefollowing pageprovidesthemonitoringaddressspaceonthelocalbusof theprocessorcard.
Notethatmonitoringrequestsmayoriginatefrom a remoteprocessor, but all requestsin this addressspace
ultimatelyappearon the local busof a processorcard. This addressspaceis primarily usedto accesscon-
figurationregistersandcounters.For someof thecasesin Table6.2on thenextpage,thereis a distinction

36
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Table6.2: Monitoringaddressspaceon localbusof processorcard(requestsmayoriginateremotely)
*** IS THEREA DIFFERENCEBETWEEN10AND 11 FORREMOTEWRITES?***

Magic Address Address Address
Register 35..32 27..26 25..22 6..3

CounterSRAM 0x1 (local; read/write) 10 1011 (bits 17..3go to SRAM)
(not impl.) 0x8 (remote;write) seeTable3.5 1011 (bits 17..3go to SRAM)

Monitoring 0x1 (local; write) 10 1101 seeTable6.3
Configuration 0x1 (local; read) unsupported

Registers 0x8 (remote;write) seeTable3.5 1101 seeTable6.3

Counter[3..0] 0x1 (local; write) 10 1110 mask(6=cntr3,...,3=cntr0)
0x1 (local; destruct.read) 10 not impl. 01XX (XX=counter#)
0x1 (local; nondestruct.read) 10 1110 01XX (XX=counter#)
0x8 (remote;write) seeTable3.5 1110 01XX (XX=counter#)

RESERVED 0x1 (local; read/write) 10 1111 Gizmobusalias
0x1 (local; read/write) 11 1111 R4400accessto Gizmobus
0x8 (remote;write) 10 1111 Gizmobusalias
0x8 (remote;write) 11 undefined

Note: remotereadsareundefined.

betweenreadsthataredestructiveandreadsthatarenondestructively(i.e., registercontentsareclearedor
preserved).

Forcounters,maskis write-enable;datawritten to selectedcounters.
***CHECK CORRECTNESSOF TABLE 3.5onpage21***
Table6.3onthenextpageprovidesthedetailsfor themonitoringconfigurationregistersontheprocessor

card.Thedatabits indicatedin thetablearefor thedataportionof theuncachedaccess.
Thecurrentprocessorcardsdo not supportanyof theprocessormonitoringfeatures.Thehardwareis

installedon thecircuit board,but themonitoringFPGAis programmedby defaultto supportonly thebasic
interruptfeatures.Themonitoringdesignis currentlybeingre-worked,andshouldbeat leastpartiallytested
by theendof Q11998.

Moredetailsto beaddedasfeaturesareimplemented.
......

6.2.2 Bus Monitoring

No dedicatedbusmonitoringhardwarehasbeenimplemented,but thereis a pieceof theaddressspacere-
servedfor busmonitoring.A smallmonitoringcircuithasbeenimplementedontheI/O cardwhichmonitors
thebusarbiterwhentheI/O cardis installedin thearbiterslot. Thismonitoringis accessedvia theembedded
processorontheI/O card,andcannotbedirectlyaccessedfromthemainprocessors.Formoredetailsplease
referto theappropriateI/O documentation.

6.2.3 Memory Card Monitoring

Memorycardmonitoringhadbeenimplemented,butnotyetdocumentedor tested.Themonitoringcompo-
nentssuchasthemonitoringSRAM arefunctioningcorrectly. Thedetailsonhow themonitoringfunctions
will beaddedastheyaretested.
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Table6.3: Monitoringconfigurationregistersonprocessorcard

Addr. Data
6..3 Mnemonic Name Bits Notes

0x0 PR PhaseIDRegister 15..0
0x1 PW PhaseIDWatch 15..0 comparedagainstPR
0x2 CW CommandWatch 12..0 comparedagainstfilteredcommand
0x3 CF CommandFilter 12..0 removesunwantedcommandbits
0x4 AWhi AddressWatchHigh 7..0 formsAW bits39..32
0x5 AWlo AddressWatchLow 31..0 formsAW bits31..0
0x6 AFhi AddressFilter High 7..0 formsAF bits39..32
0x7 AFlo AddressFilter Low 31..0 formsAF bits31..0
0x8 GPCM0 General-Purpose 23 counterenable

Counter0 Mode 22..16 pipelinestatusconfigurationbitsPS[6..0]
15 enableinterruptonoverflow

14..11 eventselect(oneof 16events)
10 countcycleshigh,or low 4 high transitions
9..8 enablemasksbelow...invertmasksense
7..6 enablePWcompare...invertcomparesense
5..4 enableAW compare...invertcomparesense
3..2 enableCW compare...invertcomparesense
1 enablesendingmask(SM)
0 enablereceivingmask(RM)

0x9 GPCM1 Gen.-Purpose 23..0 SameformatasGPCM0
0xa GPCM2 Counter1,2,3Modes
0xb GPCM3
0xc SCM SRAM CounterMode 22 enableinterruptonoverflow

21..20 countermode
19 muxMISS—usesmisstypewhenset
18 muxRSR—usesRSRwhenset
17 muxPRhi—usesupper5 bitsof PRwhenset
16 muxPRmid—usesmiddle7 bitsof PRwhenset
15 muxPRlo—useslower4 bitsof PRwhenset

14..11 eventselect(oneof 16events)
10..0 sameasGPCM0bits10..0

0xd HWIRQ HardwareIRQ Enable 20..16 enablebits for hardwareIRQ
0xe GPCE MasterGen.-Purpose 0 masterenablefor all four

CounterEnable general-purposecounters
0xf SRAMCE MasterSRAM 0 masterenablefor SRAM counters

CounterEnable
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Table6.4: Addressspacefor MemoryCardMonitoringandSpecialFunctions

MagicBits Address
35..32 27..24 23 Description

0x4 1100 X SpecialFunctionandinterruptcontroller
0x4 1101 X Block LabelSRAM
0x4 1110 X MonitoringSRAM
0x4 1111 0 Initialize all monitoringSRAM
0x4 1111 1 ReprogramSF moncontrollerfrom themonitor-

ing SRAM

6.2.4 Network Interface Monitoring

Thereis nodedicatedmonitoringhardwareontheNetworkInterface.Therearethough,two Ring Interface
registers.Theprimarypurposeof theseregistersis to capturethefirst errorpacketthatcomesoff thering.

Table6.5: Addressspacefor RingInterfaceError registers
MagicBits Address

35..32 27..24 Op Description

0x4 1000 R Ring interfaceStatusregister(containstheCom-
mandandSMA of theerror, andsomestatus)

0x4 1010 R Ring Interface error register (contains the
Add/Datapacketof first local ring error)

A ring erroroccurswhena ring packetis not correctlyremovedfrom the ring. This canoccurin two
ways. Thethe packetmayaddressa nonexistentstation,or theroutingbits in the packetmayhavebeen
corrupted.Thefirst caseis causedby asoftwarebug/oversight,andthesecondcaseis a fatalhardwareerror
andshouldnotoccur. Thesetwo registersareintendedto assistin thedebuggingof relatedsoftwareaswell
ascommunicatesomeof thesystemconfigurationinformationsuchasthenumberof stationsconnectedto
this local ring, andif theIRI is connected.

Whenaringerroroccursthefaultypacketis removedfromthelocalring andstoredin theerrorregisters.
Thecommand,SMA andadd/dataarestoredin theseregisters.Whenanerroris capturedthenetworkcache
sendsa hardwareinterruptto all localprocessorswith bit 2 set(ie. 0x04in thehardwareinterruptregister).
All subsequenterrorpacketsarediscardeduntil theRing interfaceerrorregisteris read,at which point the
controlleris resetandanewerrorcanbecaptured.

6.2.5 Inter-ring Interface Monitoring

Inter-ring interfacemonitoringis not yet implemented.Hookshavebeenaddedto the GlobalRing main
boardwhichallow monitoringto beaddedtherein thefuture. In orderto dothis theLocalRingboardneeds
to bere-spunwith additionalhardwareadded.Until that is donethe IRI addressspaceshouldnot beused,
sincefuturefunctionalityusundefined.
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Table6.6: Detaileddescriptionof RingStatusregister

Bits Description

10..0 SMA of errorpacket
13..11 Reserved[CurrentlyUndefined]
15..14 Error packetcommandparity
31..16 Error packetcommand
33..32 My stationnumber(0-3)
35..33 My ring number(0-3)
37..36 Numberof stationson this local ring minusone(0-3)

38 IRI present
39 FIFOfrom theRing to theNC is half full

47..40 Reserved[Otherinfo, currentlyundefined]
63..48 Reserved[Currentlyundefined]

6.3 Special Functions

6.3.1 Memory Card

Eachmemorycardin thesystemcontainsa special function unit to performblockoperations.Thisunit per-
formsoneor two specialfunctionson a contiguousblock of up to 256 cachelines. Specialfunctionsare
initiatedby writing thespecialfunctionregisterson theMemoryboard.Completionof specialfunctionsis
signaledwith anoptionalinterrupt.

Theoperationssupportedby thespecialfunctionunit are:

5 blockwrite of SRAM tags

5 block kill-copy (removescopiesof cachelinesthroughoutthesystembeforephysicalmemorypages
arereplacedby I/O initiatedby theoperatingsystem)

5 blockobtain-valid-copy-in-memory(bringsanyremotedirty copiesof cachelinesto memoryandsets
thestateto lockedlocal valid)

5 blockmemorymove(mustdoobtaincopyfirst)

5 blockbroadcastwith invalidate(Theregionto bebroadcastmustbelockedlocal valid)

5 blockzeroregion

A preliminarylibraryhasbeensetupwhichimplementsall of thesefunctionsexceptblockzeroregion.There
aretwo versionsof the library, sf lib.c for coderunningon theprocessors,andsf iolib.c. The includefile
numasf.hhasa numberof constantsdefinedwhich areusefulwhenusingthe specialfunctionsunit. The
library hasnot beentestedonremotestations,andwill likely needmodificationsto makeit work correctly.

All specialfunctionprocessesareinterruptibleat cache-linegranularityby themastercontrolleron the
memorycard;themastercontrollerprocessesspecialfunctionsonly whentherearenopendingrequests,or
afterthemastercontrollerhasprocessed8 incomingcommands.

Thespecialfunctionsunit containsanumberof registersasoutlinedin Table6.7on thefollowing page.
Theaddressfor MemorycardspecialfunctionsiscurrentlyAD[31..24]= 0x4cfromtheprocessor, orAD[35..24]
= 0x40cfrom theI/O card.
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Table6.7: Registersfor specialfunctionsandmonitoringin thememorycard

Addr Registers
11..0

,
63..48 47..32 31..17 15..0

000 SFstatusregister[R] monitoringconfig. [R/W]
100 SpecialFunctionsControlRegister

,�,
[W]

200 SF reg1(Add1) [W]
300 SF reg2(Add2/Data)[W]
400 ErrorAddress(AD1) [R]
500 —— Intr vector0(Error) [R]
600 Monitoring init. data[R/W] SFintr. target[R/W] Intr vector1[R/W]

station device(s) (specialfunctions)
700 —— Mon. intr. target[R/W] Intr vector2[R/W]

station device(s) (monitoring)
800 HW SpecialFunctionlock register, returnsthesamedataasAddr 000[R],

With morethanonememorycard,theLSB of acacheline addressselectsthecard.
[R]=read-only, [W]=write-only, [R/W]=read/write,�,

Writing this registerstartsthespecialfunction.

Thecontentsof thespecialfunctionstatusandmonitoringconfigregisteraredetailedin Table6.8onthe
nextpage.TheLock owneridentifieswhich hardwaredeviceis currentlyusingthespecialfunctionsunit.
Any devicewishing to usethe specialfunctionunit mustfirst lock it beforemodifying any of its internal
registers.Thehardwarelock is setby performinga readof thelock registerat address0x800. If thevalue
returnedin thelock ownerfieldsmatchestherequestingdevicesID it is thelock owner, otherwiseanother
deviceownsthelock. Theunit is automaticallyunlockedwhenaspecialfunctioniterationcompletes.There
is nootherwayof unlockingthespecialfunctionsunit.

Oncethespecialfunctionunit is lockedtheSFregisterscanbewritten. Thespecialfunctionsunit only
allowswriting of theSpecialFunctionsControlRegisterif thehardwarelock isset,butit doesn’t checkif the
lock ownercorrespondsto thedevicewriting theregister. Softwaremustensurethatonly thedevicehaving
the lock may write it. The SpecialFunctionsControlRegistershouldbe written last sinceit initiatesthe
specialfunction.

Thespecialfunctionunit performsall specialfunctionsin phases.Thephasesaredefinedasfollows:

5 Phase0 - Performsecondlastspecialfunctioniteration

5 Phase1 - Performlastspecialfunctioniteration

5 Phase2 - Sendspecialfunctionsinterrupt

5 Phase3 - Sendcoherenceerrorinterruptor monitoringinterrupt

Whena specialfunctionis initiatedthevalueof start phaseindicateswhich phasethespecialunit will
startin. Start phaseshouldbesetto either0 or 1. Unknownoperationwill occurwith othersettings.Typ-
ically a singlepartspecialfunctionoperationwill startin phase1 (eg. block write SRAM), anda two part
specialfunctionoperationwill startin phase0 (eg.block move).

For everyphasetherearemultiple iterations.Thephasecountindicatesthenumberof iterationsto be
performed.If thenumberof iterationsis setto zeroundefinedbehaviorwill occurif thecorrespondingphase
is started.Themaximumcountallowedis 0xFFfor thisspecialfunctionsunit.
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Table6.8: SpecialFunctionsStatusandMonitoringConfigRegister(0x000)

Bit Description Macroshift amount

15..0 Monitoringconfiguration
17..16 SIMM Size(00=4Mb,11=8Mb,10=16Mb,01=32Mb)

18 Cacheline sizeasseenby memorycard
19 Numberof memorycards- 1
20 Interruptpending(Mon, SFor Error)
21 Error Interruptpending
22 Erroroccurred
23 SFunit Enabled

27..24 SFcontrollerrevision
31..28 Boardrevision
35..32 My stationaddress(encoded) MEMSF STATION SHIFT
39..36 Lock ownerPID (compressed) MEMSF LOCK SHIFT
47..40 Lock ownerstation(filter mask)
49..48 SFstate-machinePhase

50 SFinterruptpending
63..51 CMD[11..0]presentwhenerrordetected

Table6.9: SpecialFunctionsControlRegister(0x100)
Bits Name Description

7..0 Phase0 count Thenumberof iterationsto beperformedin phase0.
15..8 Phase1 count Thenumberof iterationsto beperformedin phase1.
23..16 SFRselect Theresponseselectusedfor thespecialfunctions
26..24 Start phase Phaseto startprocessingthespecialfunctionsat (either0 or 1)
43..32 SF CMD1[11..0] Specialfunctionscommand1

44 PartB1inc Specifieswhetherthe Add/Dataportion of part B is incremented
duringphase0

45 PartB1zero SpecifiesthattheAdd/Dataportionof partB is setto zero
46 PartB1add SpecifieswhetherSF REG1(=0)or SF REG2(=1)is used
47 PartB1cmd SpecifieswhetherSF CMD1(=0)or SF CMD2(=1)is used

59..48 SF CMD2[11..0] Specialfunctionscommand2
60 PartB2inc Specifieswhetherthe Add/Dataportion of part B is incremented

duringphase1
61 PartB2zero SpecifiesthattheAdd/Dataportionof partB is setto zero
62 PartA2 add SpecifieswhetherSF REG1(=0)or SF REG2(=1)is used
63 PartA2 cmd SpecifieswhetherSF CMD1(=0)or SF CMD2(=1)is used

Eachiterationis madeupof two partsasfollows:

5 PartA - Depositthespecialfunctionscommandandcorrespondingaddress(mustbecachelinealigned).

5 PartB - Depositthedataportionif oneis used,or depositthetargetcommandandaddressfor amove
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instruction.

The commandandaddressusedfor thesetwo partscancomefrom SF CMD1 or SF CMD2, andthe
address/dataportioncancomefrom SF Reg1or SF reg2.Therearesomerestrictionsonsourcedepending
on thecurrentphase.In phase0 thefollowing combinationsarevalid:

5 PartA1: SF CMD1, SF REG1

5 PartB1: [SF CMD1, SF CMD2],[SF REG1,SFREG2,ZERO]

OncePhase0countiterationsof phase0 havebeencompletedtheSFunit startsphase1. In phase1 the
valid combinationsare:

5 PartA2: [SF CMD1, SF CMD2],[SF REG1,SFREG2]

5 PartB2: SF CMD2, [SF REG2,ZERO]

Thecontrolvariablesincludedin table6.9ontheprecedingpagecalledPartB1zeroetcareusedto spec-
ify whichsourcefield is usedwhenthereareoptions.Theincrementoptionsonly effect PartB. Theaddress
usedin partA is alwaysincrementedby a cacheline. If a commandis usedin partA which hasdata,then
thecommandusedin partB mustbeadataidentifierwith theEODbit set.

Whenthespecialfunctionsunit completesphase1 (Phase1countis reached),it moveson to phase2.
In this phasea hardwareinterruptis sentto thedevice(s)specified.A 16 bit vector, Intr vector1is sentto
theSF int. target. The top 8 bits of theSF int. target registerarea filter-maskindicatingwhich station(s)
shouldreceivethe interrupt. If the filter-maskdoesn’t matchthe local stationthanthe interruptis sentto
thering andis routedto thestation(s)specified.Bits 7..4of theSFnit. target registerspecifytheselected
processorfor remoteinterrupts,andis thebits areall zerotheI/O cardis selected.if on theotherhandthe
filter-maskmatchesthestationnumberthanthelower8 bitsof theSFint. targetregisteris usedastheselect
bits for the interrupt. Pleaserefer to theSystemInterconnectchapterof NUMAchine Hardware Reference
and Maintenance Manual [CGG6 97] for theselectbit andRselectbit encodings.

Phase3 is enteredonly whena memorycoherenceerroroccurs,or a monitoringinterruptis requested.
It is not really a partof a specialfunctionoperation,but it definedasphase3 for implementationreasons.
In phase3 thespecialfunctionunit broadcastsan interruptto all local processorsin thecaseof anerror, or
sendsa monitoringinterruptasspecifiedin themonitoringinterruptregister(0x700).

Furtherdetailsareavailablein NUMAchine Hardware Reference and Maintenance Manual [CGG6 97].

6.3.2 Network Interface Special Functions

TherearenoblockspecialfunctionsimplementedontheNetworkInterface.For informationonhow to ac-
cessspecialNetworkCacheoperationsreferto theCachecoherencesection.



Part III

System Software Issues
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Chapter 7

Configuration and Startup

7.1 Configurable Features

A numberof featuresareconfigurablevia sofware,throughoverridesto settingsin theserialbootPROM.

7.1.1 Clock Speed Selection
5 Thebusclock frequencyis notcurrentlyselectablevia software.

5 Thering clock frequencyis notcurrentlyselectablevia software.

5 Theprocessorinterfaceclockdivisor is notcurrentlyselectablevia software.[Is this true?] /1032

7.1.2 Cache Line Size Selection

7.2 The Bootstrapping Process

7.2.1 Booting through the Gizmo Interface

7.2.2 Booting from EPROM
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Chapter 8

Testing
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Chapter 9

Other Important Facts

TheR4400performsuncachedreadandwrite operationsin a certainwaywhich thehardwaremustsatisfy.
Thishasimplicationsfor softwarein thatthedatamustbeproperlyaligned.
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Appendix A

Convenience Macros for Address
Construction

Therearemanymoremacrosavailablethanarecurrentlydocumentedin thisfile. If thisstuff should
beincludedhereatall, thentheheaderfilesshouldprobablybegroundthroughapretty-printerand
included.Otherwise,theinfo standsa verygoodchanceof goingstalevery quickly.

Theheaderfile <numasys.h> definesanumberof conveniencemacrosthatareusefulwhenconstruct-
ing addressesin systemsoftware.By usingthesemacros,systemsoftwareneednotmakeexplicit references
to bit positions.Furthermore,themacrosautomaticallyshift thedesiredvaluesto theircorrectpositionsfor
eithertheMIPSR4400or MIPSR10000.

Thefirst two macrossetthemagicandstationfieldsin theaddress:
5 NUMA_MGC(x): This macrosetsthefour magicbits to 7 , where8:9;7<9>=@? .
5 NUMA_STN(y): This macrosetsthefour stationbits to A , where8:9;AB9C=@? .
Thefollowing macrosprovideasymbolicnamefor eachvalid magicbit combination:

MGC_LOCAL_MEM /* access local DRAM memory */
MGC_PROCR /* access procr card resources */
MGC_NC_WB /* force wback from NC */
MGC_NC_DRAM_LOCK /* uncached,atomic NC DRAM */
MGC_MON /* bus monitoring and trace h/w */
MGC_MEM_UPDATE /* initiate updated from memory */
MGC_NC_KILL /* kill cache lines in NC */
MGC_NC_PREFETCH /* prefetch into network cache*/
MGC_REM_INT_MON /* remote interrupt & monitoring */
MGC_NC_CMD /* assorted NC accesses */
MGC_MEM_SRAM_LOCK /* uncached, atomic mem SRAM */
MGC_MEM_DRAM_LOCK /* uncached, atomic mem DRAM */
MGC_MEM_BCAST /* initiate broadcast from mem */
MGC_MEM_SRAM /* uncached mem SRAM access */
MGC_IO /* I/O operations */
MGC_NORMAL /* normal mem or NC DRAM */

For thosemagicbit combinationswhich requireextensionsin addressbits27..26,thefollowing macros
definethevalid extensionswhichmustbeORedwith themagicbits:
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/* for MGC_PROCR */
MEXT_PROCR_DISABLE_FIFO /* on read */
MEXT_PROCR_FMREG_ENB_FIFO /* on write */
MEXT_PROCR_DISABLE_PARITY /* on read */
MEXT_PROCR_FMREG_ENB_PARITY /* on write */
MEXT_PROCR_LCL_INT_MON /* read/write */
MEXT_PROCR_GIZMO /* read/write */

/* for MGC_MON */
MEXT_MON_BUS
MEXT_MON_RI
MEXT_MON_NC
MEXT_MON_MEM

/* for MGC_REM_INT_MON */
MEXT_INT_LCL_STN
MEXT_INT_REM_STN

/* for MGC_NC_CMD */
MEXT_NC_WBACK_INDEX
MEXT_NC_DRAM
MEXT_NC_SRAM
MEXT_NC_SRAM_LOCK

Finally, for thosemagicbit combinationsrequiringextensions,asinglesymbolisalsodefinedtocombine
themagicbitswith theextensionbits:

/* for MGC_PROCR */
MGC_PROCR_DISABLE_FIFO
MGC_PROCR_FMREG_ENB_FIFO
MGC_PROCR_DISABLE_PARITY
MGC_PROCR_FMREG_ENB_PARITY
MGC_PROCR_LCL_INT_MON
MGC_PROCR_GIZMO

/* for MGC_MON */
MGC_MON_BUS
MGC_MON_RI
MGC_MON_NC
MGC_MON_MEM

/* for MGC_REM_INT_MON */
MGC_INT_LCL_STN
MGC_INT_REM_STN

/* for MGC_NC_CMD */
MGC_NC_WBACK_INDEX
MGC_NC_DRAM
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MGC_NC_SRAM
MGC_NC_SRAM_LOCK

Thefollowing areexamplesof usingthesemacros.

long ReadMemorySRAM (long offset)

{
long SRAM_data;
long *SRAM_data_addr;

SRAM_data_addr = (long *) (STN (0x5) | MGC_MEM_SRAM | offset);
SRAM_data = *SRAM_data_addr;

return SRAM_data;
}

void DisableProcessorFIFO (void)
{

long dummy;
long *address;

address = (long *) (MGC_PROCR | MEXT_PROCR_DISABLE_FIFO);
dummy = *address;

}

/*
* this function is used below
*/
long StationToFMASK (int station_id) /* station_id = {0,...,15} */
{

long fmask;

/* upper 4 bits identify ring */
fmask = (1 << (station_id / 4)) << 4;
/* lower 4 bits identify station on ring */
fmask |= (1 << (station_id % 4));

/* shift decoded station into proper position for FM register */
return (fmask << 40);

}

void WriteFMRegAndEnableFIFO (int station_id) /* station_id = {0,...,15} */
{

long filter_mask = StationToFMASK (0x5);
long *address;
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address = (long *) (MGC_PROCR_FMREG_ENB_FIFO);
*address = filter_mask;

}
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