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GENPUTER SYSTEM THAT MAINTAI NS SYSTENIMVDE CACHE COHERENCY DURING;%EE
"COMVUNI CATI ON TRANSACTI ONS BACKGROUND ‘OF THE | NVENTION 1. . FIELD THE
TMVENTI \:  The present invention pertains to the field of conputer systens.
Mbre pafticularly, this invention relates to maintaining cache coherency
and pj opessor consi stency in a conput er system during comununi cation
trans’act ions. 2. . @ggor conputer

%\ bﬁ@ over a bus.

' 2 S—of nor e
I nput / out put subsysterrs and rrermry subsysterrs coupl ed to the bus Each
processor, each input/out put_ subsystem and each Menory subsyst em coupl ed
to the bus usually functi onBaCKQRQUNDGEAHE The bus agents
coupled to a bus may be referred to as a bus cI uster A bus cluster may be
coupled to one or nore other bus clusters through systeminterconnect buses

or conmuni cati on net&rEs. T?Z-erqc |y, node interface subsystens coupled as
bus agents ko t _ e n| cation between the bus clusters. :

The present invention pertains to the field of computer systems. More- .
particularly, this invention relates to maintaining cache cohérency and
processor consistency in a computer system during communication

transactions.

2. BACKGROUND

A typica'l prior'multiprocessor computer 'systemlimplements a set of.
processors coupled for communication over a bus. Such a multiproceSsor
computer system typically includes one or more input/out:put subsystems
and memory'subsystems coupled to the b_us.' Each proceésor,. each
input/output subsystem, and each memory subsystem coupled to the bus
usually =fu.nctic'm; as a bus agent on the bus. The bus agents .coupled to a bus

may be referred to as a bus cluster.

A bus cluster may be coupled to one or more other bus clusters th.rough
system interconnect buses or communication networks. Typically, node
interface subsystems coupled as bus agents to the buses enable

comumunication between the bus clusters.

The processors in each bus cluster of such a system commonly contain
_internal data caches that reflect the data storage provided by the memory.

subsystems in the bus clusters. Such processors typiéally maintain internal



The processors in each bus cluster of such a system commonly contain
internal data caches that reflect the data storage provided by the nenory
subsystens in the bus clusters. Such processors typically mai-ntain interna
-2- cache data according to a set of predefined.cache data states. Such
cache dat'a states typically indicaté whéther an internal cache line is
valid, nodified, or shared with other bus agents in the system Typically,
each bus agent having an internal cache inplenents a cache controller that
nonitors the bus for communication transactions that affect the cache state
of internal cache data. Such monitoring is typically referred to as '

Lo OBty ch &%%er%%‘%ﬁéﬁa%%%?é?g%%@t SRR e L ST @%’ra;ﬁiii'p‘s
status for sFaﬁésaF 5&1& feste »ghstrté %n%g&%aal Qa&% RAY & vERQOR QRS 84“' p* of

t he cache-| |ne cac es €éna processor consi’s ency

. throughout shm§m$eg§rg¥ bl_ulgf M Ry sRIRCessor haV| ng an internal data

cache whet her access to an i mernal cache line requires coordination with -
ot her bus: ' o '

Typically, each bus agent having an internal cache implements a cache
controller. that monitors the bus for communication transactions that affect
the cache state of internal cache data. Such monitoring is typically referred to
as "snooping" the bus. The bus agents that snoop the bus use the snoop
resulfs to update the internél cache data states. Bus agents that broadcast
snoop status for a cache line over the bus are said to have "snoop ownership"

of the cache line.

The predefined cache staté.s enable processor consist_ericy'throughout
the system by informing each processor having-an internal data cache
whether access to an internal cache line requires coordination with other bus
agents in the systém. For .example, a processor seeking to write to an internal
cache line that has a shared cache state typically issues a read for ownership or
invalidate transaction to the other bus agents before internally writing to the
cache line. The read for ownership or invalidate transaction provides
updated the cache line data for the issuing bus agent, invalidates the cache
state for the éache line in the other bus agents, and causes the other bus agents

to pass snoop ownership for the cache line.

In addition, some communication transactions in such a system are
subject to relatively high bus latency. For example, a communication
" transaction issued by a'bus agent in a bus cluster that requires access to

another bus cluster typicélly has a relatively high bus latency. Typically, the



agents in the system For exanple, a processor seeking to wite to an
internal cache line that has a shared cache state typically issues a read
for ownership or invalidate transaction to the other bus agents before
ifiternally witing to the cache line. The read for ownership or invalidate
transaction provides updated the cache |line data for the issuing bus agent,
inval i dates the cache state for the caéhe& line in the other bus agents, and
causes the other bus agents to pass snoop ownership for the cache line. In
addi ti on, sone comruni cation transactions in such a systemare subject to
relatively high bus |latency. For exanple, a conmunication transaction

i ssued by gelativeBoRizh bus datensy ocastsewhilbahe megie interfatecss agentarntffer  bus
cluster typically has a. relatively-high bus latency. Typically,, the - 3-
relatively ahaqbtdpagataﬂwcgmnuicatimnitramahéond@meﬁn £ appropsiate)buss
buffer and propagate the conmunication transacti on between the appropriate
bus cl ust echust&sch hi gh | atency bus transactions hinder conmunication in
the system because .ot her conmuni cation transactions are typically del ayed
unt i | : - '

Such high latency bus transactions hinder communication in the
system because other communication transactions are typically deIayed until
the high latency transaction completes. The subsequent communication
transactions are usually delayed because fhe snoop results from the high
laten'cy bus transactions may be requiré_d for maintaining processor |
consistency during subseqﬁent' communication transactions. For example,
the snoop ownership for a cache line or the cache state for a cache line may
change during the high bus iatency transaction. Unfortunately, the delays
caused by high bus latency communication transactions reduces overall.

system communication throughput. -



the hi gh | atency transaction conpl etes. The subsequent communi cati on
transactions are usually del ayed because the snoop results fromthe high-

| at ency bus transactions may be required for maintaining processor

consi stency during subsequent comruni ¢cation transactions. .For exanple, the
snoop ownership for a cache line or"the cache state for a cache line may
change during the high bus latency transaction. Unfortunately, the del ays
caused by high bus | atency comuni cation transactions reduces over al

syst em comuni cat i on throughput. -4- SUVMARY AND OBJECTS OF THE

| NVENTI ON One obj ect of BRaRAR RIp { Sﬁlmmde'a system t hat
prevents high |l atency bu ctrons Trom sl ow ng comuni cation
t hroughput. Anot her object of the present invention is to prevent high

| at ency bus transactions from sl owi ng comruni cati on by deferring conpletion

of the high busg!sfieyt SPHEPrERAt Mvdritivis RCtd pRSvidbid &y st@inthani ng system
w de cache coherency.

- prevents high latency bus transacnons from slowing communication

throughput.

Another object of the present invention is to prevent high latency bus
" transactions from slowing communication by deferring completion of the
high bus latency communication transactions while maintaining system wide

cache coherency.

Another object of the present invention is to maintain system wide
cache coherency during deferred communication transactions in a system

having multiple bus clusters.

Another object of the present invention is to maintain processor
consistency during deferred communication transactions in a system having

multiple processors and multiple bus clusters.

A further object of the present invention is to implement bus agénts
-that observe a set of cache state transition rules for maintaining system wide

“cache coherency during deferred communication transactions.

Another object of the pfesent invention is to implement bus agents
that pass snoop ownership during deferred transactions according to a set of
snoop ownership rules for maintaining system wide cache coherency and

proce_ssor consistency.



Anot her object of the present invention is to naintain systemw de cache
coherency during deferred comuni cation transactions in a system having
nmul ti pl e bus clusters. Another object of the present invention is to

mai ntai n processor consistency during deferred conmuni cation transactions
In a system having multiple processors and multiple bus clusters. A further
obj ect of the present invention is tQ gnplenment bus agents that observe a
set of cache state transition rules for nmintaining systemw de cache
coherency during deferred comruni cati on transactions. Another object of the
present invention is to inplenment bus agents that.pass snoop ownership
during deferred transactions according to a set. of snoop ownership rules
for maintaining systemw de cache coherency and processor consistency.

-5- These and ot her. objects of the invention are provided by a conputer

system conpri si Miege aREUSHET Bbjdeusof geninvendioanardgradded byus cageniteeoupl ed
to a bus. The.requesting bus agent issues a communication transaction over
system comprising a requesting bus agent and an addressed bus agent coupled
- to a bus. The requesting bus agent issues a communication transaction over
. the bus. The addressed bus agent senses the communication transaction and
defers the communication transaction if the communication transaction
requires a bﬁs latency greater than a predetermined bus latency. The deferred
transaction is lafer completed out of order during a deferred reply -traﬁsaction
on the bus.  Another Eus agent coupled;to the bus may override the defer of

the communication transaction and complete the communication

transaction in-order.

The passihg of snoop ownership for a cache line speeified by the
deferred communication transaction is delayed until completion of the
deferred communication transaction. The internal cache state transition for
the requesting bus agent is also delayed until completion of the deferred
communication transaction. The requesting bus agent and the addressed bus
agent observe special cache state transition rules between the deferred
transaction and the deferred reply transaction that completes the deferred

transaction.

Other objects, features and advantages of the present invention will be
apparent from the accompanying drawings, and from the detailed description

that follows below.



t ke bus. The addressed bus agent senses the comrunication transaction and
defers the conmunication transaction if the communi cation transaction
requires a bus latency greater than a predetermnined bus l'atency. The
deferred transaction is later conpleted out of order during a deferred
reply transaction on the bus. Another bus agent coupled to the bus nay
override the defer of the communication transaction and conplete the
comuni cation transaction in-order. The passing of snoop ownership for a
cache line specified by the deferred comruni cation transaction is del ayed
until conpletion of the deferred comuni cation transaction. The internal
cache state transition for o LSt | so del ayed unti
conpl etion of the deferreuBE}ctl}%lrlé FeatT @Qm@%?%ﬁkwe requesting bus
agent and the addressed bus agent observe special cache state transition
rul es between the deferred transaction and the deferred reply transaction

that conpletes g s@ﬁfﬁ’g/etr\rb%'?\SQQIthP'ate{)ae BYTwaPldt ehAmp A £8¢ and

advant ages of the present’invention w ppat ent acconpanyi ng

© draw ngs,- ﬁﬁﬂtﬁt’i&miﬁhﬁeQ%nﬁ"ek%@ tHe SREbRIPaAYind draiveh L1 WAGLRAiKe

references indicate similar elements, and in which:

Figure 1 illustrates a computer system comprising a pair of bus clusters;

Figure 2 is a timing diagram that illustrates a pair of communication

transactions over a bus and illustrates a set of bus phases;

Figure 3 illustrates a processor for one embodiment which comprises
an internal data cache, a memory access circuit, and transaction queues for

tracking deferred transactions;

Figure 4 illustrates a node interface circuit for one embodiment which

comprises transaction queues for tracking deferred transactions and for

propagating deferred transactions between bus clusters;

Figure 5 illustrates a read transaction on a bus that receives a deferred

response, and shows a corresponding deferred reply transaction;

Figure 6 illustrates a snoop ownership pickup by a memory subsystem -
after indicating a deferred response to an invalidate line request from a

processor;



-6- BRI EF DESCRI PTI ON OF THE DRAW NGS The present invention is illustrated
by way of exanple and not limtation in the figures of the acconpanying
drawi ngs in which like references indicate simlar elenments, and in which:

Rigure 1 illustrates a conputer systemconprising a pair of bus clusters;
Figure 2 is a timng diagramthat illustrates a pair of conmunication
transactions over a bus and illustrated & set of bus phases; Figure 3

illustrates a processor for one enbodi rent which conprises an internal data
cache, a nmenory access circuit, and transaction queues for tracking
deferred transactions; Figure 4 illustrates a node interface circuit for
one enbodi nent whi ch conprises transacti on queues for tracking deferred
transactions and for propagating deferred transacti ons between bus

clusters; Figurgjdusd Fagbrpicsd@arfial chasntac tilwstrates ehdhandliag ofecei ves a
deferred response, and shows a corresponding deferred reply transaction;

Figure 6 itdmstinicetion ansyrtimanky she moecinterfbge eirowitpry subsystem after
indicating a deferred response to an invalidate |ine request froma
processor; : ' ' '

Figure 8 is a flowchart illustrating a read transaction by a fequesﬁng bus

agent;

‘Figure 9 is a flowchart illustrating a write transaction or an

invalidation transaction by a requesting.bus agent;

- Figure 10 summarizes the cache state transitions for a requesting bus

agent that issues a read transaction;

Figure 11 summarizes the cache state transitions for a requesting bus

agent that issues an invalidate transaction to invalidate.a cache line;

Figure 12 summarizes the cache state transitions for a requesting bus

agent that issues a read for ownership transaction;

Figure 13 summarizes the-cache state transitions for a requesting bus

agent that issues a write through transaction.



-7- Figure 7a-7b provide a flow chart that illustrates the handling of a
communi cation transaction by the node interface circuit; Figure 8 is a
flowchart illustrating a read transaction by a requestlng bus agent; Figure
Fis a flowhart illustrating a wite gransaction or an invalidation
transaction by a requesting. bus agent; Figure 10 summarizes the cache state
transitions for a requesting bus agent that issues a read transaction;
Figure 11 summarizes the cache state transitions for a requesting bus agent
that issues an invalidate transaction to invalidate a cache line; Figure 12

summari zes the cache state transitions for a requesting bus agent that

i ssues a read for ownership tramw—ﬁ%!ﬂ&té summari zes the cache
state transitions for a. requesting bus agent that issues a wite through
transacti on.

Figure 1 illustrates a computer system comprising a bus cluster 10 and a
" bus cluster 12. For one embodiment, the bus clusters 10 and 12 communicate
over a system interconnect bus 140. For another embodiment,
communication between the bus clusters 1'0_and 12 is enabled by a local area

network (not shown).

* The'bus cluster 10 comprises a set of processors 20-23, a node intex:face .
circuit 24, an inpuf/ output_éircgit 25, a_nd a fnemory subsystem 26. The
processors 20-23, the node interface circuit. 24, the input/output circuit 25, and
the memory subsystem 26 are coupled. to function as bus agents on a bus 30.
Although two clusters 10 and 12, and four processors 20-23 are shown for
illustrative purposes, other numbers may be used according to the systém of

the present invention.

The bus cluster 12 comprises a set of processbrs 50-59, a node interface
cucuxt 53, an input/output circuit 54, and a memory subsystem 35. The
processors 50-52, the node interface circuit 53, the input/ out'put circuit 54, and

the memory subsystem 55 function as bus agents on a bus 60.

The node interface circuits 24 and 53 are bus cl.uster interconnect or
bridge circuits that enable communication between the bus clusters 10 and 12
over the system interconnect bus 140. The node interface circuit 24 is a bus
agent on the bus 30. The node interface circuit 24 'responds to communication
transactions on the bus 30 targe_ted for a.bus agent coupled to the bus 60. The

node interface circuit 24 then causes the node interface circuit 53 to generate a



-8- DETAILED DESCRIPTION Figure 1 illustrates a conputer system conprising
a bus cluster 10 and a bus cluster 12. For one enbodi ment, the bus clusters
10 and 12 comuni cate over a systeminterconnect bus 140. For anot her

enbodi ment, conmuni cati on between the bus clusters 10 and 12 is enabl ed by
a local area network (not shown). The Blus cluster. 10 conprises a set of
processors 20-23, a node interface circuit 24, an input/output circuit 25,
and a nmenory subsystem 26. The processors 20-23, the node interface circuit
24, the input/output circuit 25, and the nenory subsystem 26 are coupled to
function as bus agents on a bus 30. Although two clusters 10 and 12, and -
four procesosresppading soEBHG sy TANFARILeY SethfPys 8840 ascRss thiunber s
may be used according to the systemof the present invention. The bus
cluster 12 tREBAYRA S8 age8Et of processors 50-59, a node interface circuit

53, an input/output circuit 54, and a nmenory subsystem 55. The processors
50-52, the node interface circuit 53, the input/output circuit 54, and the

menory subsystem.,55_functi o s _.hus: . he_.node interface
circuits 24 andnié%e ngeblﬁgerz?%s‘fxgé{fﬁt%? g?‘\ E:ngingée] ?\p@%ﬁ%egpint&nal transaction
- queues for buffering transaction information and for propagating

communication transactions between the buses 30 and 60.

Figure 2isa timing diagram that illustrates a pair of communication
transactions A and B over the bus 30. A communication transaction over the
bus 30 comprises a set of bus phases. For one embodiment, the bus phases of
the bu§ 30 comprise an arbitration phase,_ a request phase, an error phase, a

snoop phase, a response phase, and a data phase.

Each bus phase of the bus 30 employs a predetermined set of signals
that communicate information for that bus phase. Certain communication
transactions over the bus 30 employ a subset of the bus phases. The data

transfer bus phése and the response phases may overlap other bus phases..

A bus agent that controls the bus 30 and initiates a communication
transaction is said to own the bus 30. A bus-agent that initiates a
communication transaction over the bus 30 is referred to as the requesting
bus agent for that transaction. A bus agent that is addressed during the
réquest phase of a communication transaction over the bus 30 is referred to as

the addressed bus agent or the response bus agent for that transaction.

A bus agent must own the bus 30 before initiating a communication

transaction. A communication transaction begins with an arbitration phase



bridge circuits that enable conmuni cati on between the bus clusters 10 and
12 over the systeminterconnect bus 140. The node interface circuit 24 is a
bus agent on the bus 30. The node iinterface circuit 24 responds to

communi cation transactions on the bus 30 targeted for a.bus agent coupled
to the bus 60. The node interface circuit 24 then causes the node interface
circuit 53 to generate a -9- correspondi ng conmuni cati on transaction
over the bus 60 to access the targeted bus agent. The node interface
circuits 24 and 23 inplenent internal transaction queues for buffering
transaction information and for propagating comrunication transactions

bet ween the buses 30 and 60. Figure 2 is a timng diagramthat-illustrates
a pair of conerein adiusoagentaseeking tsequestdhs corununicetionstradsaction seeks
communi cation transaction over the bus 30 conprises a set of bus phases.
For one embwdiarship, thehbuhde. Fhudeg the arbisration phaseote requesting g agemton
phase, a request phase, an error phase, a snoop phase, a response, phase,
and a dat abgremes thabuspsopmese ﬁfe F&Bt"lﬁﬁgnﬁ‘- 05 f5e fommugietiamed set
of signal ° transaction A begins during time T1, and the arbitration phase for the

communication transaction B begins during time T4.
! _

After a bus agent acquires ownership of the bus 30, the communication
transaction enters the request phase. The request phase for the
commum'c;at'ion fransaction A begins during time T3, and the request phase
for the communication transaction B begins during time T6. During the
request phase, the owner of the bus 30 as the requesting bus agent transfers a
communication request and address information onto the bus 30. For one
embodiment, the request phase on the bus 30 comprises two periods of the

bus 30 clock (BCLK).

During the first period of the request phase, the reQuesﬁng bus agent
asserts an address strobe (ADS) signal (not shown) onto the bus 30, and
.transfers a request address and other réques-t information onto the bus 30.

The request address and request information enables the bus agents coupled
to the bus 30 to perform snooping opefations and memory access operations.
During the second peric;d of the request phase, the requesting bus agent
asserts the appropriate byte enable signals, and transfers a deferred identifier,
along with other transaction information onto the bus 30. The deferred
identifier is used Ey the appropriate response bus agent when it is necessary to

defer ‘the response to the communication transaction.



thrat communi cate information for that bus phase. Certain comunication
transactions over the bus 30 enploy a subset of the bus:-phases. The data
transfer bus phase and the response phases may overlap other bus phases. A
bus agent that controls the bus 30 and initiates a comunication
transaction is said to own the bus 30. 1A bus agent that initiates a
‘communi cation transaction over the bus 30 is referred to as the requesting
bus agent for that transaction. A bus agent that is addressed during the
request phase of a communication transaction over the bus 30 is-referred to
as the addressed bus agent or the response bus agent for that transaction.
A bus agent nustThawequest phesats fadfayyed by thesrrogphasoaframosamugication
transaction. A conmmunication transactLon begins with an arbitration phase

- 10 - whertEansagtigns HykAIro§ RUESRJOF $Ne SQINRHNGREISLFADFAGHAN dnbegimssact i on
seeks owner shi he s 30Q...Durin he arbitrati on phase, the requestin
bus agent 5@?&?&3 r??]g%bﬁé‘%@eo%@? Pth?ﬁ%?‘&rr k}'i‘% FRTTORIGALSB tf:%qtsatcﬁgm g
communi cat Lon. tr ansact, bggi_ns. ' t T and the arbitratign
phase for lbr?g_ul,so ﬁ‘gctéx?‘lgo#'t ﬁ%ﬁ%n&ﬁ#%%ﬁgr B@g?%stﬁﬁ&ﬁsrﬁgeﬂ%ﬁﬁo?ﬁfe to the

' bus 30 signal errors such as parity errors that are triggered by the :

communication request issued during the request phase.

The snoop phase follows the error phase if the communication
transaction is not canceled by an error indication during the error phase. The
snoop phase for the communication transaction A begins during ime T7, and
the snoop phase for the communication transaction B begins during time

T10.

During the snoop phase of a communication transaction, the bus
agents coupled to the bus 30 indicate snoop'result's that correspond to the
request address transferred during the request phase of the coﬁmuMcation
transaction. The snoop results indicate whether the corfesponding request
address refer.ences a valid or modified (dirty) cache line in an internal cache of
a bus agent couéled to the bus 30. The snoop results also indicate whether the
transaction will complete in-order and whether the transaction may be

deferred for possible out-of-order completion.

The response phase follows the snoop phase if the communication
transaction is not canceled by ar{ error indication during the error phase. The
response phase for the communication transaction A begins during time T13,
and the response phase for the communication transaction B begins durihg

;ime T16.



After a bus. agent- acquires ownership of the bus 30, the communi cation
transaction enters the request phase. The request phase for the

comuni cation transaction A begins during time T3, and the request phase
ffor the conmmuni cation transaction B_bagi ns during tine T6. During the
request phase, the owner-of the bus 30 as the requesting bus agent
transfers a conmuni cati on request and address information onto the bus 30.
For one enbodi nent, the request phase on the bus 30 conprises two periods
of the bus 30 clock (BCLK). During the first period of the request phase,
~the requesting bus agent asserts an address strobe (ADS) signal (not shown)
onto the bus 30, and transfers a request address and ot her request

i nformati on onto the bus 30. The request address and request infornmation
enabl es t he busDagagtthegsspoase pbasthdhegespmsed yscrgait#PE fb®pi ng oper at i ons
and nenory access operations. During the second period of the request - '
phase, thecommuadcation fransagiien Hdertes whethes hepeommunigadoBnanl e

signals, ;and transfers a deferr i dentifjier, along wth other transaction
i nf or mat | dﬁa@sﬂcgopﬁgsmcg@ieéﬂfgedfgﬁ_ r F%&I‘eaﬁn@i‘?aerﬂm%nﬁ 8 TByPeIRE
appr opri ate, response bus agent e ) inkiRaBRCSRRMet £ dShENudibssoPOnse

transaction contains a data phase. For one embodiment, the valid indications
by the response agent during the response phase include a normal data
indication, an implicit writeback indication, a no data indication, a hard

failure indication, a deferred transaction indication, and a retry indication.

The communication transaction is complete after the résponse phase if
the communication transaction does not have a data phase. Otherwise, the
data phase coincides with the response phase and may extend beyond the
response phase. The data phase for the communication transaction A begins
during time T13, and the data phase for the communication transaction B

“begins during time T16.

For example, the data phase occurs for the requesting bus agent to
transfer write data over the bus 30 during a write transaction. The data phase
also occurs for the requesting bus agent to receive read data from the response'

bus agent during a read transaction. .

A comﬁuﬂcation transaction may not include all of the bus phases
enumerated above, and the bus phases may not occur in the order given
above. For example, the response phase overlaps the beginning of the data
phase during read transactions. The response phase triggers the data phage

for write transactions. The communication transactions that are not canceled



The request phase is followed by the error phase of a communication
transaction. The error phase for the comrunication transaction A begins
during tinme T6, and the error. phase for the comunication transaction B
regins during tine T9. During the error phase, the bus agents coupled to

- the bus 30 signal errors such as parity errors that are triggered by the
communi cati on request issued during thelBeguest phase. The snoop phase
follows the error phase if the comrunication transaction is not cancel ed by
an error indication during the error phase. The snoop phase for the
communi cati on transaction A begins during tinme T7, and the snoop phase for
t he communi cation transaction B begins during time T10. During the snoop
phase of a communi cation transaction, the bus agents copupl ed to the bus 30

i ndi cate srdwpng dbeilerzort phasechavecHorRAUEs! ERIOT, BRI AT APSRANSE RRRSER 1 ed
during the request phase of the ¢ ni cation f.ransaction. The,sno

resul s 1 ndikafatBBRHRPCTHS QALY bUNoFIPA RIS eR Tarar BEE TrarlEe sk 4
coupl ed t o EHStBs TBD OCHEE R Oh et RIAe 55T KA od B By wdfus peert’
t ti AN lete i,n- t ' b
deerrod fotumpERBragti Loty HE rBUnfLPhaRy o \he'snBBpFphaRn MY be

The arbitration for ownership of the bus 30 may be explicit arbitration
duri.ng the arbitration phase or implicit arbitration. The arbitration phase
occurs only if a bus agent requiring ownership of the bus 30 for the next

communication transaction does not already have ownership.

The bus 30 architecture enables pipelined communication transactions
wherein the differing bus phases-of the pipelined transactions overlap. For
one embodiment, the bus 30 is configured to support up to eight outstanding
-communication transactions simultaheously. In one mode, each processor
20-23 can issue up to four outstanding cqmmunication tfansactions on the
bus 30. The pipelined communication transactions receive responses and
data over the bus 30 in the same order as the communication transactions are

initiated on the bus 30.

Each bus agent coupled to thé bus 30 maintains internally a set of bus
.trarisaction queues that maintain transaction information in order to track
the communication transactions. The transaction informatfoﬁ includes the
number of transactions outstanding, an identifier for the next transaction to.
be snooped, an identifier for the next transaction to receive a response, and a

flag indicating the transactions issued by that bus agent.



The response phase follows the snoop phase if the conmunication transaction
s not canceled by an error indication during the error phase. The response
-phase for the comruni cation transaction A begins during tinme T13, and the
response phase for the communication trgnsaction B begins during tinme T16..
- 12 - During the response phase, the response bus agent for the

communi cation transaction indicates whether the comrunication transaction
has succeeded, deferred, retried or failed. During the response phase, the
response bus agent al so indicates whether the communicati.on transaction
contains a data phase. For one enbodinent, the valid indications by the
response agent &achbystagent cepplesetophigedeus 3 lagsehg bysrtransagiera i ndi cati on,
an inplicit witeback indication, a no data ipdicati%n, hard failure

i ndi cat i onjnfaraetion tog all Hagsestions iMandateroal d4Rge 28 Fé’i%%yfq Adite@tNon. The
communi cation transagtion is conplete after the response phase if the
comuni cat PE#eR 1e88dPn does not have a data phase. Ot herw se, the data
phase coincides with the response phase and nay extend beyond the

All bus agents coupled to'the bus 30 maintain identical in-order queue
status for tracking the communication transactions issued on the bus 30. Each |
communication transaction including deferred transactions issued on the bus
30 is entered into the in-order queue of each bus agent coupled to the bus 30.

For each bus agent, the communication _trahsaction at the top of the in-order "

queue is the next transaction to enter the response and data phases.

A requesting bus agent that initiates a communication transaction

indicates w‘hether that commuhi;ation transaction is allowed to be deferred
| by issuing a defer enable (DEN#) signal during the request phase of the

communication transaction. A deferred response to the communication
transaction is disabled if the defer enable Sign\al is inactive during the request
phase of the transaction. The bus agent having a low tolerance for transaction
latency may issué communication transactions with the defer enable signal
inactive to ensure transaction completion within a restricted latency

requirement.

During the snoop phase of a communication transaction, the bus
agents coupl.ed fo the bus 30 indicate whether the communication transaction
will be completed in-order or whether the transaction will be deferred and
completed out-of-order. A response bus agent indicates that the
communication transaction will be deferred by issuing a defer (DEFER#)

signal during the snoop phase of the communication transaction.



response phase. The data phase for the communi cati-on transaction A begins
during tinme T13, and the data phase for the comuni cation transaction B
begins during tine T16. For exanple, the data phase occurs for the
reequesting bus agent to transfer wite data over the bus 30 during a wite
transaction. The data phase al so occurs for the requesting bus agent to
receive read data fromthe response budsagent during a read transaction. A
comuni cation transaction may not include all of the bus phases enunerated
above, and the bus phases may not occur in the order given above. For
exanpl e, the response phase overl aps the begi nning of the data phase during
read transactions. The response phase triggers the data phase for wite
transactions. The conmuni cation transactions that are not cancel ed - 13
- during the error phase have the request, error, snoop, and response

phases. The dalf RARAGe?S SbBRRE bus'addift iRAITINY (Al (AR dohRRBARAIA

requires data tra renc t he data phase may be i ndicated

gﬁageP”S 2GSk Ay RANHESRBUARE RERYRr Dy RstiRgPO RUGiBRASKL (8fe ddtveSnOOD
- low HITM#, hereinafter HITM) signal during the snoop phase of the
communication transaction. A snooping bus agent issues the HITM signal
during the snoop phas.e if the bus ageni: holds the data specified by the request
address of the communication transaction in an internal data cache ina

modified cache state.

The in-order completion of a communication transaction on the bus 30

is indicated by an inactive DEFER signal or an active HITM signal during the

* snoop phase of the communication transaction, followed by a normal
completion or an implicit writeback indication during the response phase of
the transaction. A snooping bus agent holding the data in modified cache
state is able to complete the communication transaction in-order even
though.the addressed bus agent may issue the DEFER signal during the sndop
phas;e. As a consequence, the modified hit indication overrides the DEFER
signal duriﬁg the snoop phase, thereby yielding an in-order completion of the

communication transaction.

Requesting bus agenfs coupled to the bus 30 that are implemented
without. circuitry for performing deferred responses emplby the defer enable
signal to disable deferred responses. A communication transaction issued

~with the defer enable signal inactive may be completed' in-order or re.tried, but

not deferred.



The arbitration for ownership of the bus 30 may be explicit arbitration
during the arbitration phase or inplicit arbitration. The arbitrati on phase
occurs only if a bus agent requiring ownership of the bus 30 for the next
comuni cation transacti on does not already have ownership. The bus 30
architecture enabl es pipelined commmi¥&ti on transactions wherein the

di ffering bus phases of the pipelined transactions overlap. For one

enbodi ment, the bus 30 is configured to support up to eight outstanding
comuni cation transactions simultaneously. In one node, each processor

20-23 can iSSU%%B%%%@gpﬁ%@gﬁh@%&m@so%ikaee%a%& RSaon the

bus 30. The pi peli ransactions receive responses and data

over the Qusn3Qidifatidif tSaERc9bAdurdsg tthe reopomkt pRbIOBS thanwatiiuefiea
initiated on l’?ﬁ"e.bus 30. Eagh bus aggent coupl ed ?o t he bus 30 maint ati&?lrg

i nt ernal | wranssetoaf ’Ht&rétfﬁ@@ﬂ@iti@ﬂisdud&t&ﬁed Ibgttamad':tmaDEHBIaB 1ia@d an
information in order to track the comuni cati on transacti ons. The

transact i daattive HEN eignalcdureg theesnoopbphase of thesartmonkationst andi ng, an
identifier for the next transaction to be snooped, an identifier for the
next transaansaahionpfolbneed dyaa retspondisatiandluring 4be respianseiphpsetthe -
transactions issued by that bus agent. .

- commurucation transaction.

" Requesting bus agents cqupled to the bus 30 that are implemented with
circuitry for performing deferred responses rria& enable deferred responses
with the defer enable signal. A communication transaction issued with the
defer enable signal active may be completed.in order, retried, or deferred. A
deferred communication transecﬁon is indicated by an active DEFER signal
ahd an inactive HITM signal during the'snoop phase of the communication
transaction, followed by a deferred response indication during the response '

phase of the communication transaction.

Each bus agent coupled to the bus 30 removes a communication
transaction from the in-order queue if a deferred response or a fetry response
is indicated for the communication transaction. A requesting bus agent that

- receives a retry response repeatedly initiates the transaction until a deferred

response is indicated or until in-order completion response is indicated.

A bus agent that indicates a deferred response during a communication
_transaction latches the .deferred identifier issued during the request phase of
the communication transaction. The bus agent that indicates the deferred
response is referred to as the deferring bus agent. A deferring bus agent then

completes one bus transaction with the latency as required. When the



-44- Each bus agent coupled to the bus 30 | ogs the bus transaction

i nformation for all transactions in an internal queue referred to as the
in- order queue (10Q. Al bus agents coupled to the bus 30 maintain

i entical in-order queue status for tracking the comunication transactions
I ssued on the bus 30. Each conmmunication transaction including deferred
transactions issued on the bus 30 is entered into the in-order queue of
each bus agent coupled to the bus 30. For each bus agent, t.he conmuni cation
transaction at the top of the in-order queue is the next transaction to
enter the response and data phases. A requesting bus agent that initiates a
communi cat i tvandactingas tcoorpletediteadeferningtthisr agemdtiniiates aicoatdéspontiimgsact i on
is allowed to be deferred by issuing a defer enable (DEN#) signal during

t he requestdefaered reply Wansettiamprer tmbus dAdactampleteathreorginal r esponse to
t he conmuni cation transactjon is disabled if the defer enable signal is

i nactive duFsmsgctine. reludeieriingusAgeidransipmsaiie latchedrdefsrredaiglentifizavi ng
a low tol erance foor transaction |atency may i.ssue communi cati on
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The deférring bus agent generates the corresponding deferred reply
transaction to transfer completion status for the deferred transaction. The
deferring bus agent transfers the deferred identifier over the address lines of

the bus 30 during the request phase of the deferred reply.

A deferred reply transaction on the bus 30 may not include a data
phase. In such a case, the deferring bus agent asserts a no data response
during the response phase of the deferred reply transaction to indicate no
data. For example, the pfocessqr 20 issues invalidation transactions over the
bus 30 during "read for ownership” of cache ling operations. If an
invalidation transaction receives a deferred response, the deferring bus agent
thereafter initiates a deferred reply tx;ansactior{ and asserts a no data respon'se
during the résponse phase of the deferred reply trénsaction. The no data
response indicates that the deferred reply transaction does not have a data

phase. ' ' .

A deferring bus agent assérts a data response (normal data: or implicit
writeback) during the response ph.ase of a deferred reply transaction to
indicate that the deferred reply transaction includes a data phase. The
requesting bus agent that caused the deferred reply recbgnizes that data is-

being returned during the deferred reply transaction. The requesting bus



During the snoop phase of a conmunication transaction, the bus agents
coupled to the bus 30 indicate whether the comunication transaction wl|l
be conpleted in-order or whether the transaction will be deferred and

conpl eted out-of-order. A response bus ggent indicates that the

conmmuni cation transaction wll be deferted by issuing a defer (DEFER#)
signal during the snoop phase of the comrunication transaction. 15 - In
paral l el , a snooping bus agent indicates that the comruni'cati on transaction
will be conpleted in-order by i.ssuing a nodified hit (the active | ow H TM,
herei nafter HI TM signal during the snoop phase of the conmmuni cation
transact i ongedt thadapised b dafprred replygsceives Hierdr s gver thelrus3) ahd snoop
phase if the bus agent holds the data specified by the request address of

t he comunupdatesrif megassacy itheintereal qaghe apdicaghe datmstate.in a nodi fi ed cache
state. The in-order conpletion of a conmunication transaction on the bus 30
I's indicated by an inactive DEFER signal or an active H TM si gnal during

t he snoo hase_of the cpnmuni cation, transactian, followed by a nornal
PP T(l?me cache data state for a derFerrec? reaé ﬁne transaction onythe bus 30 is

“indicated by a HIT signal (the active low HIT#, hereinafter HIT) after
completion of the deferred reply for the read line transaction. A deferring bus
agent that generates a deferred reply for a deferred memory invalidate
transaction on the bus 30 that hits a modified cache line on the bus 60 asserts
the HITM signal during the snoop phase of the deferred reply on the bus 30.
The modify HIT signal on the bus 30 enables the return of the unexpected
cache data from the bus cluster 12 during the deferred }eply on the bus 30. In
addition, the snoop phase on the bus 30 indicates changes in the length of

returned data.

Bus agents employ the deferred response mecha-nism if an operation
requested by a communication transéctiqn has a substantial latency. The
deferred response mechanism is employed by non-blocking bus bridge circuits
on the bus 30 to guarantee forward progress in communication trénsactifms

over such a bus bridge.

Bus agents coupled to the bus 30 have special processor ordering and
snoop responsibilities during a deferred communication transaction. The -

. DEFER signal is an early indication t6 the requesting bus agent that the
transaction may be deferred and that in-order completion of the transaction is
not guaranteed. The early deferred response indication causes the requesting
bus agent to'stop issuing subsequent order dependent transactions until l.;he

deferred transaction is successfully completed.



conpl etion or an inplicit witeback indication during the response phase of
the transaction. A snooping bus agent holding the data in nodified cache
state is able to conplete the comunication transaction in-order even

t Aough the addressed bus agent may issue the DEFER signal during the snoop
phase. As a consequence, the nodified kPt -indication overrides the DEFER
signal during the snoop phase, thereby yielding an in-order conpletion of .
t he conmuni cation transaction. Requesting bus agents coupled to the bus 30
that are inplenented without circuitry for perform ng deferred responses
enpl oy the defer enable signal to disable deferred responses. .A

communi cation transaction issued with the defer enable signal inactive may
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completlon of the communication transaction with an implicit writeback.

If the HITM signal is inactive during the snoop phase of a
communication transaction on the bus 30 deferred by the DEFER signal, then
the addressed bus agent bus agent is reé_ponsible for generating a respbnse to
the deferred transaction. The addressed bus agent also assumes snoop
responsibility for the cache line addressed by the deferred transaction. The
addresse.d'bus agent snoops the cache line of the deferred transaction during'
subsequent communication transactions on the bus 30 that are targeted to the
same address. The requesting bus agent for the deferred transaction does not
assume snoop responsibility for the cache line until the deferred transaction

is completed by.a deferred reply transaction on the bus 30.

If the HITM signal is inactive and the DEFER signal is asserted during
the snoop phase of the communication transaction, the addressed bus agent
either cancels the transaction with a retry response during the fesponse phase

or issues a deferred response during the response phase.

Each responding bus agent that supports the deferred response
mechanism maintains an internal buffer for deferréd reply transactions. A
bus agent assigns an entry for each deferred transaction in the deferred reply
buffer and stores the deferred identifier for the deferred transaétion into the

deferred reply buffer.



t:ransaction, followed by a retry indication during the response phase the
conmuni cation transaction. Requesting bus agents caoupled to the bus 30 that
are inplemented with circuitry for perform ng deferred responses nmay enabl e
deferred responses with the defer enable signal. A conmunication
transaction issued with the defer enablZ signal active may be conpleted in
order, retried, or deferred. A deferred comunication transaction.is

i ndi cat ed by an active DEFER signal and an inactive H TM signal during the
snoop phase of the communication transaction, followed by a deferred
response indication during the response phase of the conmmunication
transaction. Each bus agent.coupled to the bus 30 renoves a conmuni cati on
transaction fromthe in-order queue if a deferred response or a retry

response is i ndid&RUSRFBH fbhbdé@ﬁﬁréﬁF%@FBﬁntf?@%%ﬁi&mwrsmp@E]tl&bumgobus
agent that receives a retr onse repeatedly jnitiates the transaction
until a defafterdeer g‘él Wﬁqr&a&@éﬂ?eﬁh%gpqmrﬁ ddpfampisipitee i on
di cat t that def d
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internal deferred reply buffer.

~ Each requesting bus agent internally maintains an outstanding
transaction queue for deferred identifiers. During a deferred reply
transaction, the réquesting bus agent compares the deferred reply address
transferred during the request phase with all deferred identifiers stored in the
outstanding transaction queue. If the deferred reply address causes a match to
the. oﬁtstanding transaction queue, then the requesting bus aéent retires the
corresponding deferred transaction from the outstanding transaction queue

and completes the deferred operation.

Figure 3 illustrates the processor 20 for one embodiment. The
processor 20 comprises an internal data cache 102, a memory access circuit 104,
an instruction fetch pipeline 1(56, an out-of-order dispatch circuit 108, and an
exeéutipn circuit 110. The processor 20 further comprises an in-order queue
circuit 100, a snoop queue circuit 112, and an outstanding transaction queue

ci_rcuit 114.

The instruction fetch pipeline 106 fetches an instruction stream from
-the memory subsystem 26 according to a sequential program order. The

‘instruction fetch pipeline 106 transfers the instruction stream to the out-of-



- 17 --transaction is conplete the deferring bus agent initiates a
correspondi ng deferred reply transaction over the bus 30 to conplete the
original transaction. The deferring bus agent transfers the | atched '
deferred identifier for the deferred transaction as the request address
during the request phase of the deferréd reply transaction. The deferring
bus agent generates the correspondi ng deferred reply transaction to
transfer conpletion status for the deferred transaction. The deferring bus
agent transfers the deferred identifier over the address lines of the bus

30 during the request phase of the deferred reply. A deferred reply '
transact i orPrgar drﬁ@ats@&cgeuwe};%ndﬂq Pt @r%fdﬁﬁﬂaﬁﬁa%@mi ﬁossdb"rﬁ’agcﬁse, t he

deferring hus agent asserts .a no data respgnse durjng .the response phase of
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The out-of-order dispatch circuit 108 dispatches memory access
instructions including load and store instructions to the memory access
circuit 104. The memory access circuit 104 executes the memory access
instructions by accessing the internal data cache 102. The memory access
circuit 104 enters communication transactions in the outstanding transaction
queue circuit 114. Each entry in the outstanding transaction queue circuit 114
corresponds to'a communication transaction issued by the processor 20 over
the bus 30. Each entry in the outstanding transaction queue circuit 114
indicates whether the corresponding communication transaction is deferred,
and indicates the final cache state for the cache line aécording to completion

of the communication transaction.

The in-order queue circuit 100 logs bus transaction information for the
bus 30. Each entry in the in-order queue circuit 100 corresponds to a
transaction on the bus 30. Each entry in the in-order queue circuit 100 |
includes the status of the DEFER and HITM signals for the corresponding
transactions. The outstanding transaction queue circuit 114 obtains
information to determine the final cache state.for communication

transactions from the in-order queue circuit 100.

The sri_oop queue circuit 112 reads the status of the DEFER and HITM

signals from the in-order queue circuit 100. The snoop queue circuit 112



during the response phase of the deferred reply transaction. The no data
response indicates that the deferred reply transacti on does not have a data
phase. A deferring bus agent asserts a data response (nornal data or
i*nplicit witeback) during the response phase of a deferred reply
transaction to indicate that the deferégd_reply transaction includes a data
phase. The requesting bus agent that cafised the deferred reply recognizes
that data is being returned during the deferred reply transaction. The
requesting bus - 18 - agent that caused the deferred reply receives the
data over the bus 30 and updates if necessary the internal cache and cache

dat a ‘st ate. t f et N

the bus. 30 ISR AT 9L Ae e Sty ToR aEf, b oL WP PREaLECE, T,
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A deferring bus agent that fgeherates a deferred reply for a deferred nmenory

inval i date régaﬁéﬁméme%ptb@oha% plek iliptnddp swhetBldpffoed GrEBgidd, B on the
bus 60 assert's the H TM'si gnal during the snoop phase of the deferred reply
on the bus pdtpone snoop ownership for the cache line, or regain snoop ownership

during a deferred transaction.

The memory access circuit 104, and the outsianding transaction queue
circuit 114 rhaintain the cache states for the cache Hnes in the interﬁal cache
102. The cache states for the internal data cache 102 comprise a modified state,
an exclusive stafe, a shared state, and an invalid state. A cache liné in the
invalid state is not a variable in the internal data cache 102.

f . -

A cache line in the modified state is stored in modified forrﬁ in the
internal data cache 102. A modified cache line in the internal data cache 102 is
not current in the memory subsystem 26 or in a valid state in any of the
internal data caches of the processors 21-23 or the input./ outpuf subsystem 25.
Similarly, a modified cache line in the internal data cache 102 is not stored in
theﬂ meinory subsystem 55 or in any of the internal data caches of the.

processors 50-52 or the input/output subsystem 54.

A cache line in the exclusive state is stored in the internal data cache
102. The exclusive state cache line is also current in either the memory

subsystem 26 or the memory subsystem 55.

A cache line in the shared state is stored in the internal data cache 102.

The shared cache line may also be stored in an internal data cache one of any



The nodify HI T signal on the bus 30 enables the return of .the unexpected
cache data fromthe bus cluster 12 during the deferred reply on the bus 30.
In addition, the snoop phase on the bus 30 indicates chaAges in the | ength
of returned data. Bus agents enploy the deferred response nechanismif an
operation requested by a communi cat ifod 3 ransaction has a substanti al

| at ency. The deferred response nmechanismis enployed by non-bl ocki ng bus
bridge circuits on the bus 30 to guarantee forward progress in

comuni cation transacti ons over such a bus bridge. Bus agents coupled to
the bus 30 have special processor ordering and snoop responsibilities

during a de({fg&{eﬁse’fo&@é?&m?%i 54-52RHACHs| Arenkif @E@Rh&!rﬁ@&'org%gg%ggfeﬂr Y

i ndi cation requesting bus agent that the transaction na

and that imngopdtie FRIROSL silILySterh/58. transaction is not guaranteed. The
early deferred response i ndi Cati on causes the requesting bus agent to stop

I ssui ng subsequent order dependent transactions until the deferred
transaction is successfully conpl et ed. - 19 --
~ Figure 4 illustrates the node interface circuit 24 for one embodiment.

The node interface circuit 24 comprises an in-order queue circuit 70, an
inbound queue circuit 74, and an outbound queue circuit 76. The node
interface circuit 24 further comprises a conflict detector circuit 72, a cache

coherency manager 78, an a remote interface circuit 80.

I * The in-order queue circuit 70 logs communication transaction
information for the bus 30. Each entry in the in-order queue circuit.70
corresponds to a transaction on the bus 30. The in-order queue circuit 70
transfers communication transactions that require access to the bus cluster 12
into the inbound queue circuit 74. The in-order queue circuit 70 creates
deferred reply transaction entries in the outbound queue circuit 76 for
communication transactions that require access to the bus cluster 12 and

conéequently a later deferred reply transaction.

The remote interface circuit 80 accesses communication transactions
frorﬁ the inbound queue circuit 74 and performs the required access to the bus
cluster 12 err the system interconnect bus 140. The remote inte:fa;ce circuit
80 collects returning cache line data and snoop status from the bus cﬁlster 12
and writes the cache line data and snoop status into the appropriate deferred

“reply transaction entries in the outbound queue circuit 76. The outbound
queue circuit 76 issues the assembled deferred reply transactions ovex; the bus
30. The ren'-mote interface circuit 80 removes completed remote transactions

from the inbound queue circuit 74.



An active H TM signal during the snoop phase overrides an active DEFER
signal. The H TM signal indicates that a bus agent coupled to the bus 30
and having an internal data cache assunes responsibility for the in-order
conpl eti on of the conmunication transaction with an inplicit witeback. If
the HHTM signal is inactive during the Znoop phase of a communi cation
transaction on the bus 30 deferred by the DEFER signal, then the addressed
bus agent bus agent is responsible for generating a response to the
deferred transaction. The addressed bus agent al so assumes snoop
responsibility for the cache |line addressed by the deferred transaction.
The addressed bus agent snoops the cache |line of the deferred transaction
during subsequent communi cation transactions on the bus 30 that are

L ansact| on dood Mot U A8 eSIRURrPOL AORSFBIET Lo PN ERUR IRt 1|
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invalidation transaction into the .o'utbound queue circuit l76 if the conflicting
reméte access to a cache line is detected. The back invalidation transaction is

later issued over the bus 30 to cause a retry of the conflicting access.

Figure 5 illustrates a read traﬁsacﬁan on the bus 30 that receives a
deferred response, followed by a déferred reply trarisaction for the read
transaction. The clock periods T21 through T36 of the bus 30 clock are shown.
The processor 20 generates the read transaction as the requesting bus agent for
thé read transaction. The node interface circuit 24 defers the read transaction .

as the addressed bus agent for the read transaction.

During time T21, the processor 20 asserts the address strobe (ADSH)
signal and assérts a request group {REQUEST} ento the bus 30 to indicate a
read line request during the request phase of the read transaction. The snoop
phase of the read transaction starts during time T25. During the snoop phase,
the node interface circuit 24 determines that the read transaction cannot be
completed in-order because the specified cache liné for the read transaction
must be accessed from the bus cluster 12. Accordingly, the node interface
circuit 24 asserts the defer (DEFER#) signal on the bus 30. The HITM signal
(HITM#) is inactive in during time T26. |



bus agent assigns an entry for each deferred transaction in the deferred
reply buffer and stores the deferred identifier for the deferred
transaction into the deferred reply buffer. - 20 - A bus agent that
defers a transaction requests ownership of the bus 30 after performng the
appropriate operation required to conplete the transaction. The bus agent

i ssues a deferred reply transaction oveZ3the bus 30 using the deferred
identifier as the address during the request phase of the deferred reply
transaction. The bus agent also reclains free entries in the internal
deferred reply buffer. Each requesting bus agent internally maintains an
out st andi ng transaction queue for deferred identifiers. During a deferred

reply-transact i opuringetifRIDES ttha thddlesiraaigaée ciprmanesndhatdief defaded epl y
address transferred during the request phase with all deferred identifiers

stored in tﬂ@eﬁmﬁ@b gsaTginigr thieSepyiropniatel eteoding ¢ ehedREEX: 0)edine@Pby/thadsii£ss
causes a match to the outstanding transaction queue, then the requesting
bus agent r3f.i The rbde interfaepmruiing4 dedates edeferaad aeplyotmahsautionhentry in
out st andi ng transacti on queue

- the outbound queue circuit 76 and stores the deferred identifier for the read

~ transaction into the newly created entry. The period between times T28 and

~ T29 comprises one or more periods of the bus 30 CLK, wherein the remote

interface circuit 80 of the node interface circuit 24 obtains the data required by

the deferred read transaction from the bus cluster 12.

During time T29, the node interface circuit 24 generates a deferred reply
transaction over the bus 30 with the deferred identifier for the read
transaction as the address for the deferred reply transaction. During time T33,
the node interface circuit 24 asserts the hit (HIT#) signal on the bus 30 to
indicate the final cache state of the returned cache line should be shared
according to the Snoop status returned from the bus cluster 12. |

Also during time T33, the snoop queue circuit of the processor 20-picks
~up snoop responsibility for the cache line specified by the deferred read
transaction: During fime T35, the processor 20 indicates a normal completion

response and begins the data phase of the deferred reply transaction.

During time T30, the processor 20 senses the deferred reply transaction
on the bus 30. The processor 20 matches the deferred identifier for the
deferred reply transaction to one of the deferred identifiers stored in the

-, internal outstanding transaction queue circuit 114.



and conpl etes the deferred operation. Figure 3 illustrates the processor 20
for one enbodi nent. The processor 20 conprises an internal data cache 102,
a nmenory access circuit 104, an instruction fetch pipeline 106, an

out -of -order dispatch circuit 108, and an execution circuit 110. The
processor 20 further conprises an in:ojgler queue circuit 100, a snoop queue
circuit 112, and an outstanding transaction queue circuit 114. The

i nstruction fetch pipeline 106 fetches an instruction streamfromthe
menory subsystem 26 according to a sequential programorder. The
instruction fetch pipeline 106 transfers the instruction streamto the

out - of - -2 ]Dﬁ{i@ggt‘gfniedfﬁﬂ%E Ibr6tdsabt 00 eRsesTite OHAlsthte0d e FHtEARLH

circuit 108 dispa nstructions of the instruction streamto the

execut i On Gif6 Wik ihdfka364 OF thathit or 3TAM abirdlton tfe ieuB0andaipdites thee
i nstructi ons and execution’resources in the execution circuit 110 rather

than the gacuienthalstdie dor ahe defared Tewmd tansaftian irethelbspssnding rcuit 108

di spat ches nmenory access instructions including |oad and store instructions

to the nerpagsaztioaspueue circuit 114. During time T36, the processor 20 senses the
deferred reply transaction response phase and removes the deferred read
transaction from the oufstanding transaction queue circuit 114 and the in-

order queue circuit 100.

The node interface circuit 24 assumes the snoop ownership of a read
cache line within the bus 30-cluster after a_séerting DEFER signal during the
snoop phase of a read transaction to that cache line. The node interface circuit
24 can indicate a retry response or a deferred response to a subsequent access
within the bus 30 cluster to that cache line, as detected by the conflict detector
lcircuit 72. The node interface circuit 24 thereafter issues the deferred reply
transaction to the processor 20. The node interface circuit 24 back invalidates
the cache line from the processor 20 internal cache before returning a deferred

reply to the requesting bus agent for the subsequent transaction if required.

The node interface circuit 24 also initiates an invalidate line
transaction if a request from a bus ageht. coupled to the bus l60 is received
before completion of the deferred reply to the deferred read transaction. The
node interface circuit 24 initiates the invalidate line transaction to order the
inbound transaction from the bus 60 ahead of the outbound transaction from
the bus 30. The node interface circuit 24 as a cluster manager.employs such a
mechanism to eliminate a race condition between conflicting accesses to a

cache line from the.bus clus;ers 10 and 12.



Gircuit 104. The nenory access circuit 104 executes the menory access

I nstructions by accessing the internal data cache 102. The nenory access
circuit 104 enters conmmunication transactions in the outstanding

tr ansaction queue circuit 114. Each:-entry in the outstanding transaction
gueue circuit 114 corresponds to a comuni cation transaction issued by the
processor 20-over the bus 30. Each emt2y i-n the outstanding transaction
gueue circuit 114 indicates whether the correspondi ng conmuni cati on
transaction is deferred, and indicates the final cache state for the cache
| i ne according to conpletion of the- comrunication transaction. The in-order
queue circuit 100 |l ogs bus transaction information for the bus 30. Each
entry in the i nFogehes 6 Gliasteatel acaricoplé®necshipgpokdp byothe mearmsmycti on on the
bus 30. Each entry - in the in-order queue circuit 100 includes the status of
t he DEFER subsytdiv 26 aftet sndicatingie deferred pespomsp ta adirscinvahislaterlise

out st andi ng transacti on queue circuit 114 obtains information to determ ne
the final cequestg§tamahe@rocessanalcdihegnemaiisabsysied 2 drtheraddressed bus
gueue circui.t 100. The snoop. queue circuit, 112 reads the status _of the

> Snoop.
DEFER and RgeM Eirgiel rst dpvielidateilineolragsaciipdue Oft FeaiProssecr e I81188p queue
clreult 11zzzbsenc:e of the deferred response, snoop ownership for the addressed cache

line would immediately transfer to the processor 20.

During time T41, the processor 20 as a requesting bus agent asserts the
address strobe signal (ADS#) and transfers a request {REQUEST)} group over
the bus 30 to issue the first invalidate line request. During time T44, the
processor 22 as a requesting bus agent asserts the address strobe signal and
transfers a request group over the bus 30 to issue the second invalidate line

- request targeted for the same cache line as the first invalidate line request.

The memory subsystem 26 asserts the DEFER signal (DEFER#) during
the snoop phase and indicates a deferred response dﬁring the response phase
of the first invalidate line request to defer the response to the processor 20.
The membry sﬁbsystem 26 also senses the second invalidate line request and
determines that the requested address for the second invalidate line requést
specifies the cache line of the deferred first iﬁx'al-idate line request. The:
memory subsystem 26 asserts the DEFER signal during the sn'oop. phase and
indicates a retry response during the response phase of the second invalidate
line request from the processor 22. All subsequent attempts by 'the processor
22 to reissue the second invalidate line request prompt a retry response by the

memory subsystem 26.



"=+ 22 - determnes snoop ownership transfers for each entry of the in-order
gueue circuit 100. The snoop queue circuit 112 determ nes whether a
transaction requires that the processor 20 pick up snoop ownership for a
cache |ine, or postpone snoop ownershi pgar the cache l'ine, or regain snoop
ownership during a deferred transaction. The nenory access circuit 104, and.
t he outstanding transaction queue circuit 114 maintain the cache states for
the cache lines in the internal cache 102. The cache states for the
i nternal data cache 102 conprise a nodified state, an exclusive state, a
shared state, and an invalid state. A cache Iingbi n tg§ ]:':ﬁéal,id state is
not a variabl e Pwringtimg Ethathedeiosessr#Y segses fhatdhgdE signalHe achyefi ed
state is stored in nodified formin the internal data cache 102.. A nodified
chohe | | nean determines thar the o rivalidses Bné Hiked s Aol duetied dior y
subsystem 26, or in a valigd state in of the internal data.caches of the
processorsoﬁrz@nbi’laelnt‘?é"i T PFRTReRY ?@ﬁ@g&oé&c%t %?’ﬂ?‘isg"fﬁ’ of | eﬁﬁgﬁ‘q i ed
cache ling.in interfnal. . S ] r i nory
subsyst em BEE & e st PR GHRS MrE iRz s ulathrott So8F o s IRED Vs 5
or the inpyt .Wﬁ ; d&is HigRevhitH ' - | s
stored in ({aﬂﬁ%‘?g;rl F\ at g%(q:%%ﬁed ' é‘ctﬁﬁe'l' 8 geﬁh@)ﬁd&% i‘ Rase! 8 thd
second invalidate line request. '

During time T49, the processor 22 senses the DEFER signal active and
determines that the second invalidate line réquest is not guaranteed in-order
completion. The processor 22 maintains an invalid cache state for the

requested cache line.

The period between times T51 and T52 comprises one or more pefiods
of the bus 30 clock, whereiﬁ the memory subsystem 26 obtains the cache line
data required by the deferred firs’t invalid'até line tfansaction. During time
T53, the memory subsystem 26 initiates a deferred reply transaction. During
time T54, the processor 22 reissues the second invalidate line transaction.
The processor 20 assumes snoop ownership of the returned cache line during
time T57. Thereafter, the processor 20 senses the second invalidate line

transaction and completes the transaction.

Figure 7a-7b is a flow chart that illustrates the handling of a
communication transaction by the node interface circuit 24. At block 200, a

requesting bus agent initiates a communication transaction over the bus 30.

At deéision block 202 the node interface circuit 24’deterrnines whether

the request specified by the communication transaction can be satisfied -within



102. The exclusive state cache line is also current in either the nenory
subsystem 26 or the nenory subsystem 55. A cache |line in the shared state
is stored in the internal .data cache 102. The shared cache |ine may al so be

gtored in an internal data cache one of any - 23 - of the processors
21-23 or 50-52 and is current in eithera¢he nmenory subsystem 26 or the
menory subsystem 55. Figure 4 illustrates the node interface circuit 24 for

one enbodi nent. The node interface circuit 24 conprises an in-order queue
circuit 70, an inbound queue circuit 74, and an outbound queue circuit 76.
The node interface circuit 24 further conprises a conflict detector circuit
72, a cache coherency nan%€§5%78 an a enDte I nterf Ce cifcuit 80. The

i n- or der .qibebusichesier 1¢0 regyRRLFATE ?FBH‘HL?‘%EHS‘HE: iR 0e RES CHERPOH f or
the b 30. Each th d
Lransacti ofih e)qi%@ﬂ@gi)r#é%dﬁﬁéﬂw#? oottt b4 i inodr FRFERET aPahe 58
t ct t i 2 int
Che | nboundomEEE AR isaested Sob GRS Eiabloh I ditnci £ ihet® 1M

" deferring the communication transaction.

If the node interface circuit 24 determines that the request cannot be
satisfied within the bus cluster 10 at decision block 202, then control passes to
decision block 206. At decision block 206, the conflict detector circuit 72
determines whether a deferred transaction is pending that conflicts with the .
communication transaction. A pending deferred transaction conflicts with
the colmmuni.cation transaction of the pending deferred transaction and the
cothunication transaction target the same cache line data. If a pending
deferred transaction does not conflict with thé communication transaction

then control proceeds to block 208.

At block 208, the node interface circuit 24 defers the communication

_transaction by asserting the DEFER signal during the snoop phase of the
communication transaction and then asserting a deferred response during the
response phase of the communication transaction.l The not interface 24 also
creates a deferred reply transaction entry in the outbound queue 76.
Thereafter, at block 210 the remote interface circuit 80 completes thé

* communication transaction by accessing the bus clustér 12. At block 210, the
rerhote interface circuit 80 receives a new cache state for the cache line

. specified by the communication transaction from the bus cluster 12 and places
the new cache state and cache line da.ta if necessary into the corresponding

deferred reply transaction entry in the outbound queue 76. -



deferred reply transaction entries in the outbound queue circuit 76 for
conmmuni cation transactions that require access to the bus cluster 12 and
consequently a later deferred reply transaction. The renote interface
circuit 80 accesses comunication transggtions fromthe inbound queue
circuit 74 and perforns the required access to the bus cluster 12 over the
system i nterconnect bus 140. The renote interface circuit 80 collects
returning cache line data and snoop status fromthe bus cluster 12 and
wites the cache |ine data and snoop status into the appropriate deferred
reply transaction entries in the outbound queue circuit 76. The outbound
queue circuit 7@hessaftes, ahblogksdifothednerds krtedace epryitiddainitiztes dhe over the
bus 30. The renpte interface circuit 80 renpves conp hetgg renot e
transact i onerrespomding defseneskraply jEarsacEantrom, the outooynd qyrie 4hOntet
detector circuit 72 accesses the |2ggo nd queue rcu;t ﬁz‘a d the in-order
queue ci rctie brg 30THAL ‘é%?lloﬂcrt‘ oﬂét t BI2 RP4E mtter Eeﬂ’é'f:‘élrt drdelerRiNefer a
transaction Io c&? in the in-ard eC|rCU|t i s ted for that
sane cachewfi‘:ﬁ @ RN RICALOEY FIB é‘e{?quﬁrelshaer?tﬁﬁb gﬁ?&ﬁ@ CHIR cui t
requires a retry if not successfully completed to the bus cluster 12. If the
communication transaction requires retry at decision block 214, then control

proceeds to block 216.

At block 216, the node interface circuit 24 asserts the DEFER signal -
during the snoop phase of the defeﬁred reply transaction. Thereafter at block
218, the node interface circuit-24 drops snoop ownership for the cache line
specified by the communication transaction, and at block 219 the node
interface circuit 24 indicates a retry for the communication transaction. The
snoop ownership is assumed by the original requesting bus agent for the

communication transaction.

If the ‘transaction does not require retry at decision bloé_k 214 then
control proceeds to decision block 220. At decision block 220, the node
interface circuit 24 determines whether the cache line sp.ecified by the
comrﬁunication transaction is shared with a bus agent coupled to the bus

cluster 12. If the cache line is shared then control proceeds to block 222.

At block 222, the node interface circuit 24 asserts the HIT signal or the
HITM signal during the snoop phase of the deferred reply transaction
according to the snoop results for the communication transaction from the
bus cluster 12. If the cache line is not sh-ared at decision block 220 then control

proceeds to block 224. At block 224 the node interface circuit 24 does not ass:ert



#4. The conflict detector circuit 72 enters an invalidate line entry for a
back invalidation transaction into the outbound queue circuit 76 if the
conflicting renbte access to a cache line is detected. The back
i'nval i dation transaction is |ater iS§U$P over the bus 30 to cause a retry
of the conflicting access. Figure 5 ilTustrates a read transaction on the
bus 30 that receives a deferred response, followed by a deferred reply
transaction for the read transaction. The clock periods T21 through T36 of
the bus 30 clock are shown.- The processor 20 generates the read transaction
as the requesting bus agent for the read transaction. The node interface

circuit 24ydetarodihe HERY $ipARBaGHnethasnbbp pledeassed dbéfér:?@aeﬁg)é{éor t he
e

. read transaction. During tinme T21, the processor 20 asserts th ress

strobe (ADg#hssdtial Iraeithessse] st block@26sthe groaleni ntREQESTIuiONY pdshes bus 30
to indicate a read |ine request during the request phase of the read

transact i ognodp@vemership fiais theotadteelinead comansaddatam staststictutd npet i me
T25. During the snoop phase, the node interface circuit 24 determ nes that
the read treqsstingduscagardt be conpl eted in-order because the specified
cache line for the read transaction nust be accessed fromthe bus cluster
12. Accordingly, the node interface circuit 24 asserts the defer (DEFER#)

signal on the bus 30. The H TM si gnal (HI 'g\/#) is_jnactive in during tine
T26. If a pending deferred transaction does conflict with the communication

transaction at decision block 206 then control proceeds to decision block 228.
At decision block 228, the node interface circuit 24 determines whether
multiple deferred transactions are enabled. 'If multiple deferred transactions
are not enabled then control proceeds to block 230. At block 230, the node
interface circuit 24 indicafes a retry for the communication transaction. The
requesting bus agent later retries the communication transaction thereby

allowing time to complete the pending deferred transaction.

- If multiple deferred transactions are enabled at decision block 228 then
control proceeds to block 232. At block 232, the node interface circuit 24 defers
the communication transaction asserting the DEFER signal during the-sﬁoop
phaée and indicating a deferred response during the respbnse_phase of the

communication transaction.

Thereafter, at block 234 the first pending deferred transacton is

.completed in accordance with the sequence of blocks 210-226.

Thereafter, at decision block 236 the cache coherency manager 78
determines whether a conflicting snoop 6wnership exists between the first
deferred transaction .completed at block 234 and the communication

transaction deferred at block 232 (the second deferred transaction). A snoop



-~ 25 - During time T27, the node interface circuit 24 indicates a deferred
response by asserting the appropriate encoding on the RS[2:0]# |ines of the
bus 30. 'The node interface circuit 24 creates a deferred reply transaction
entry in the outbound queue circuit 76;and stores the deferred identifier
for the read transaction into the newly created entry. The period between
tinmes T28 and T29 conprises one or nore periods of the bus 30 CLK, wherein
the renote interface circuit 80 of the node interface circuit 24 obtains
the data required by the deferred read transaction fromthe bus cluster 12.
During time T29, the node interface circuit 24 generates a deferred reply

transacti it bhd hiestde{PEsRhd defitdd Ransftidnigargad
transacti oﬁwgégbﬁg%ﬁgs%g?%ﬂrl t he - dséf erred reply transaction. Durﬁg tinme

133, the ngdesdmé %Eél@&ﬁn@' MEHi dordhctass enb6p bhendtshipl Hbdghhosegispkt on the bus
30 to indicate the final cache state of the returned cache |ine should be

shared accgsdiioa Block 286 sheepoatmal psoceetiataddodi 238.t Ae¢ bdock 238)themot2. Al so
during tine T33, the snoop queue circuit of the processor 20 picks up snoop
r esponsi bi iritésfaeorcirthiz Zacomplétes thpeomntmudidayionhyanedationedefesead at
transaction. During time T35, the processor 20 indicates a nor mal

conpl et i onblock 232 in accordance 'with blocks 210-226.

If a conflicting snoop ownership exists at-decision block 236 then
control proceeds to block 240. At block 240, the node interface circuit 24
initiates an invalidate line communication transaction on the bus 30 to the
requesting E_us agent for the conflicting deferred transaction completed at
block 234. The invalidation request is a back invalidation for the first deferred
transaction that invalidates the cache line having conflicting snoop - |
ownership. Thereafter, at block 242 the node interface circuit 24 completes the
communication transaction deferx_‘ed at block 232 in accordance with blocks

210-226.

Figure 8 is a flowchart illustrating a read request by a requesting bus
agent. - At block 300, the requesting bus agent initiates a read transaction on

the bus 30.

During the snoop phase of the read transaction at decision block 302,
the requesting bus agent senses the state of the DEFER and the HITM signals
on the bus 30. If the DEFER signal is asserted and the HITM signal is not
asserted at decision block 302 then control proceeds to block 306. Otherwise
control proceeds to block 304. At block 304, the requesting bus agent performs
normal caché state transitions because the read transaction is completed in-

order.



response and begins the data phase of the deferred reply transaction.
During tine T30, the processor 20 senses the deferred reply transaction on
t he bus 30. The processor 20 matches the deferred identifier for the
deferred reply transaction to one of the deferred identifiers stored in the
i nt'ernal outstanding transaction queuge ggrcuit 114. - 26 - During tinme.
T34, the processor 20 senses the final state of the returned cache |ine

i ndicated by the hit or H TM signal on the bus 30 and updates the final
cache state for the deferred read transaction in the outstanding
transaction queue circuit 114. During tinme T36, the processor 20 senses the
deferred reply transaction response phase and renoves the deferred read
transaction fromthe outstanding transaction queue circuit 114 and the in-
order queue cir cAif blotR@BO6THee raspleesting dnfsaagentidoeginot 24swmesmept he snoop
ownership of a read cache line within the bus 30 cluster after asserting
DEFER si gnalwnenshipyfarhthestashp lisieaspecifiechby dhe read iransariion.t dttdeaisioache
line. The node interface citcuit 24 can indicate a retry response or_ a

def erred T &4pndes, ithe Fequesting lous ageptechecks for a deferred résponse during the

response phase of the read transaction. If a deferred response is not indicated
at decision block 308 then control proceeds to block 310. At block 310 the
requesting bus agent retries the read transaction if the addressed bus agenf

indicated retry during the response phase of the read transaction.

If a deferred response is indicated at decision block 308 then control
proceeds to block 312. At block 312, the requesting bus agent waits for a
deferred reply transaction on the bus 30. Thereafter, at decision block 314 the
reqﬁesting bus agent senses the DEFER signal during the snoop phase of the
deferred reply transaction. If the DEFER signal is asserted during the snoop
phase of the deferred reply transaction then control proceeds to block 316. At
block 316 the requesting bus agenf maintains cache line of the read transacton
in the invalid state. Thereafter, at block 318 the requesting bus agent. retries

the read transaction by reinitiating the read transaction over the bus 30.

If the DEFER signal is not asserted during the snoop phase of the:
deferred reply transaction at decision block 314 then control proceeds to N
decision block 320. At decision block 320, if £he HIT signal or the HITM signal
is asserted during the snoop phase during the snoop phase of the deferred
reply transaction then control proceeds to block 324. At block 324, the
requesting bus agent assumes ownership of the cache line specified in the

. read transaction in the shared cache state.



within the bus 30 duster to that cache line, as detected by the conflict
detector circuit 72. The node interface circuit 24 thereafter issues the
deferred reply transaction to the processor 20. The node interface circuit
24 back invalidates the cache line fromthe processor 20 internal cache
before returning a deferred reply to-th& ¥equesting bus agent for the
subsequent transaction if required. The node interface circuit 24 also
initicates an invalidate line transaction if a request froma bus agent
coupled to the bus 60 is received before conpletion of the deferred reply
to the, deferred read transaction. The node interface circuit 24 initiates

he invalid ' i i ' ' h
bus 60 ahead of 14 fE ST BE G EIISIERATE o ackdl oy R ARl phadlTol e
i nterface gid Gulbrefirdly drdilgdtlioh JIRRARGN BIRLOYS BEShiEBIChAREM |0

elimnate a race condi etween conflicting accesses to cache [T ne

from the byg,&l319t eApbiiead thé requestidg aggﬁi %ﬂ%ﬁnﬁn& oWndBdHiBlTIhe RRROP
after

ownership pickup by the nmenory subsystem i ndicating a deferred
response .t fina spetified Mveld faderhnpactiornliette éxdusiveeaphoeageor 20. The

menory subsystem 26 is the addressed bus
Figure 9 is a flowchart illustrating a write transaction or an
invalidation transaction by a requesting bus agent over the bus 30. At block
400, the requesting bus agent initiates the write or invalidation transaction

o.ver the bus 30.

Ijuring the snoop phase of the write or invalidation transaction -at
decision block 402, the requesting bus agent senses the state of the DEFER and
the HITM signals on the bus 30. If the DEFER signal is asserted and the HITM
signal is not asserted at deéision block 402 then control proceeds to block 406.
Otherwise control proceeds to block 404. At block 404, the requesting bus
agent .performs f\ormal cache state transitions because the write or

invalidation transaction is completed in-order.

At block 406, the requesting bus agent does not assume snoop
ownership for the cache line specified by the write or invalidation
transaction. At decision block 408, the requesting bus agent checks for a
deferred response during the response phase of the write or invalidation
transaction. If a deferréd response is not indicated at decision block 408 then
control proceeds to block 410. At block 410 the requesting bus agent retries the
write or invalidation transaction if the addressed bus agent indicated retry

during the response phase of the write or invalidation transaction.



agent for the first invalidate line transaction fromthe processor 20. In

t he absence of the deferred response, snoop ownership for the addressed
cache line would rmedi ately transfer to the processor 20. During tinme T41,
the processor 20 as a requesting bus agent asserts the address strobe
signal (ADS#) and transfers a request ggEQUEST) group over the bus 30 to
issue the first invalidate |ine request” During tinme T44, the processor 22
as a requesting bus agent asserts the address strobe signal and transfers a
request group over the bus 30 to issue the second invalidate |ine request
targeted for the sanme cache line as the first invalidate |ine request. The
menory subsystem 26 asserts the DEFER signal (DEFER#) during the snoop

phase and indi cat g%icfed6ll 264 96hdeas RAARAEHIAT Hecitida BiesRA08ahpRRBALRL t he
first invalidate line request to defer the response to the processor 20.

The menory psy&masiteblaék a1 Z0AS @b@sﬂmmge@?&ﬁhg\t&lsi afdre waikeforeguest and
determ nes“that the requested address for the second invalidate |ine

request spelefdrred réply wanswtionnen die bhe3@eferred first invalidate |ine
request. The nmenory subsystem 26 asserts the DEFER signal during the snoop
phase and indicates a retry response during the response phase of the
second invalidate |ine rec1uest fromthe processor 22. All subsequent
attenpts by the Atrdecisioorblogk 4 iéithe RERER sigaabiniassevigdi dating|thasnoeguest
pronpt a retry response by the nenory subsystem 26. :

phase of the deferred reply transaction then control proceeds to block 416. At

block 416, the requesting bus agent performs no cache state changes for the

cache line specified by the write or invalidation transaction. Thereafter, at

block 418 the requesting bus agent retries the write or invalidation transaction

over the bus 30.

If the DEFER signal is not asserted during the snoop phase of the
deferred reply transaction at decision block 414 then control proceeds to
decision block 420. At decisioﬁ block 420, the requesting bus agent determihes
whether the HITM signal is asserted during the snoop phase of the deferred
reply transaction. If the HITM signal is not asserted at decision block 420 then
control proceeds to block 422. At block 422 the requesting bus agent changes
the cache state for the cache line of the write or invalidation transaction to the

exclusive state or the modified state as indicated by the snoop results.

If the HITM signal is asserted during the snoop phése at decision block
- 420 then control proceeds to block 424. At block 424 the requesting bus agent
reads the returned cache line during the data phase. of the deferred repiy
" transaction.’ Thefeafter, at block 426 the requesting bus agent merges the
returned cache line with ihternal data and writes back the merged cache line

into the-internal cache of the requesting bus-agent.



= 28 - During tine T46, the processor 20 senses that the DEFER signal is
active and determnes that the first invalidate |line request is not
guaranteed i n- order conpletion. The processor 20 does not accept ownership
of the cache line of the first invalidate_line request, and therefore does
not assert the nodified hit (H TM#) signal during time T48 which is the
snoop phase of the second invalidate |ine request. During time T49, the
processor 22 senses the DEFER signal active and determ nes that the second
-invalidate.line request is not guaranteed in-order conpletion. The _
processor 22 maintains an invalid cache state for the requested cache Iine.
The period bet wBigureildesumstariged the xagbeskate seangitions form eequestisgdbus t he
bus 30 clock, wherein the nenpory suBsystenLZG obtains the cache |line data
required b3garienitiebredl during aigadtiRsecipRe ThedndtizliGaghe stafeiangt there

T53, the nenor ubsystem 26 initiates a deferred re transaction. Durin
{Pme T4, "Enel rcbectigifonshs Eetiiache At dBBRRIRINE At SBETLG St der | on.

Th_e Pr O(_:'esﬁloerr'e% Fansac 1%nsar}1%f)Poromecriﬁpelrpngognéohpe T Ea{]s%(sj uar?x?g ﬂlié ne during

deferred reply transaction.

The requesting bus agent initiates the read transaction with the initial
cache state and the invalid state. If the DEFER signal is asserted and the HITM
signal is not asserted during the snoop response phase of the read transaction
then the requesting bus ageht maintains an internal invalid cache state for
the cache line and the read transaction is deferred. Snoop ownership for the

cache line by the requesting bus agent is also deferred.

If the DEFER signal is not asserted and the HIT signal is asserted during
the sndop phase of the deferred reply transaction then the cache state in the
requesting bus agent transitions to the shared cache state for the cache line of
the read transaction. Also, if the DEFER signal is not asserted and the HITM
signal is asserted during the snoop pha's'e of the deferred reply transaction

then the requesting bus agent transitions to the shared cache state.

If the DEFE-R signal is not asserted and the HIT signal is not asserted

and the HITM signal is not asserted during the snoop phase of the deferred
‘reply transaction then the requesting bus agent transitions to the exclusive
cache state for the cache line of the read transactibn. If the DEFER signal is
asserted and the HITM signal is not asserted during the snoop phase of the
deferred repfy transaction then the requesting bﬁs agent remains in the |

invalid cache state and the read transaction requires a retry.



tsi me T57. Thereafter, the processor 20 senses the second invalidate |ine
transaction and conpletes the transaction. Figure 7a-7b is a flow chart
that illustrates the handling of a communication transaction by the node
i*nterface circuit 24. At block 200, a requesting bus agent initiates a
communi cation transaction over the bus 30. At decision block 202 the node
interface circuit 24 determn nes whethe¥’ the request specified by the
conmmuni cation transaction can be satisfied wthin - 29 the bus cluster
10. If the request can be conpleted wthin the bus cluster 10 then control
~proceeds to block 204. At block 204, the node interface circuit 24
conpl etes the requested comuni cation transaction in-order, i.e. by not
deferring the conmuni cation transaction. |If the node interface circuit 24
determ nes that the request cannot be satisfied within the bus cluster 10
at deci si on bl oFlg@211 sineumardzesrihle qaabe state drateiiicnofomd cequedidig Bus
deci si on bl ock 206, the conflict detector circuit 72 determ nes whether a
def erred t agestattait dssues apeindiatigate) ansaetion over Wie hus BE teoimvatidese ron
transaction. A pending deferred transaction conflicfs with
" cache line. The initial and the final cache states for the internal cache of the
requesting bus agent are shown for the invalidate transaction and for the
differing snoop result cases during the deferred reply transaction and for a

possible back invalidation transaction.

If the' DEFER signal is-asserted and the HITM signal is not asserted
during the snoop response phase of the invalidate transaction then the
requesting bus agent remains in the shared cache state for the cache line of the

invalidate transaction and snoop ownership for the cache line is deferred.

The requesting bus agent transitions from the shared state to the
modified state for the cache line of the invalidate transaction if the DEFER
signal is not asserted and the HITM signal is not asserted during the snoop
phase of the deferred reply transaction. The fequesting bus agent remains in.
the shared cache state if the DEFER signal is asserted ar_id the HITM signal is
not asserted during the snoop response phase of the deferred reply transaction

and the invalidate transaction requires a retry.

A back invalidation transaction may occur before the deferred reply
transaction. The requesting bus agent transitions from the shared state to the
invalid cache state for the cache line of the invalidate transaction if the
DEFER signal is not asserted and the HITM signal is not asserted during the

snoop response phase of the back invalidation transaction.



tshe conmmuni cation transaction of the pending deferred transaction and the
communi cation transaction target the sanme cache line data. If a pending
deferred transaction does not conflict with the conmunication transaction
tthen control proceeds to block 208. At block 208, the node interface
circuit 24 defers the comuni cation tr&88saction by asserting the DEFER
signal during the snoop phase of the comrunication transaction and then
asserting a deferred response during the response phase of the

conmuni cati-on transaction. The not interface 24 also creates a -deferred
reply transaction entry in the- outbound queue 76. Thereafter, at block 210
the renpte interface circuit 80 conpletes the conmmunication transaction by
accessi ng the busfted the backl invalidagiosctransartions dhe saguestingt lug agenti rcuit 80
recei ves a new cache state for the cache |ine specified by t '

. for, 18 y the,
communi cat temsitienssirom dhe iRvAtd racheudtaty trthe modifisd carhe state ibthrw cache
state and cac ljne.data i f necgessary | the cqrresponding deferred
reply t rangfcébe]%ﬁlm F%/“Phafsr?éfeéﬁ?lb‘gﬁﬁ%%gﬁélgf@i 15 ass_er@& duspgt 8STEPP at
_ bl ock 212 tprfleasen %??hé Qlte?err];g ?ef::ll'yr t%gll\éac%ﬂénl. "the &S zfitegedata is returned over

the bus 30.

After the back invalidation transaction the requesting bus agent
remains in the invalid cache state if the DEFER signal is asserted and the
HITM signal is not asserted during the s'noop.pha'se of the deferred reply
transaction. The requesting bus agent thereafter reinitiates the ihvalidate line

transaction as a read for ownership transaction on the bus 30.

Figure 12 summarizes the cathe state transitions for a requesting bus
agent issuing a read for ownership transaction over the bus 30. The initial
cache state and thé final cache state for the internal c;che of the requesting bus
agent is shown for the read for ownership transaction and for the differing

snoop result cases during the deferred reply transaction.

The requesting bus ageht remains in the invalid cache state if the
DEFER signal is asserted and the HITM signal is not asserted during the snoop
phase of the read for ownership transaction. Snoop éwnership by the
requesting bus agent of the cache line of the read for ownership transaction is

_ deferred.

The requesting bus agent remains in the invalid cache state if the -

DEFER signal is asserted and the HITM signal is not asserted during the snoop



correspondi ng deferred reply transaction fromthe outbound queue 76 onto
the bus 30. At decision block 214, the node interface circuit 24 determ nes
whet her the comunication transaction requires a retry. The transaction
requires a retry if not successful |y conpleted to the bus cluster 12. If
the communi cation transaction requirgssgetry at decision-block 214, then
control proceeds to block 216. At bIock 216, the node interface CIrCUIt 24 .
asserts the DEFER signal during the snoop phase of the deferred reply
transaction. Thereafter at block 218, the node interface circuit 24 drops
snoop ownership for the cache Iine speC|f|ed by the conmuni cation

Lansact | Obingdlbedhe MePhited Heply aRONBA PR AERunE Bils MerltRerBlES o

retry for e comuni ca nsac e sh op o ers I's assuned by

the ori gingl 5&&9&9%%9%%&@5 s €GN Cat i on transaction. |f the
oe

‘transaction S not require retry deC| ston block 214 then control
proceeds to decision block 220. At decision block 220, the node interface.
circuit 24 determ nes whether the cache line specified by the comuni cation

transactioon i s stias g u&shhﬁaﬂ%u@gemeﬂﬂinsiﬁum ésbrh ahe hiavilid cathebeite 18 thb f
the cache line is shared then control proceeds to block 222. At bl-ock 222,

‘the node i miedifiedecavhecuate 24 the vaches linheofHhd readfat oemerie pHrdsadtipmaif

during the-snoop phase of the deferred repl_ﬁ_l_t ransaction
the DEFER signal is not asserted and th signal is not asserted during the
SNoop phase of the deferred reply transaction. Similarly, the requesting bus
agent transitions to the modified state if the DEFER signal is not asserted and
the HITM signal is not asserted during the snoop phase of the deferred reply '
transaction. The requesting bus agent transitions from the invalid state to the
modified state for the cache line of the read for ownership transaction if the

HITM signal is asserted during the snoop phase of the deferred reply

transaction.

Figure 13 summarizes the inte'rnal cache state transitions for a
requesting bus agent issuing a write through transaction over the bus 30. The
initial and the final cache states for the internal cache of the requesting bus
agent are shown for the write through transaction and for the differing snoop
result cases during the deferred reply transaction and for a possible back

invalidation transaction.

‘The requesting bus agent remains in the shared cache state and the
write through transaction is defetred if the DEFER signal is asserted and the
HITM signal is not asserted during the snoop phase of the write through
transaction. Thereafter, a back invalidation transaction for the cache line.

causes the requesting bus agent to transition from the shared cache state to the



according to the snoop results for the communication transaction fromthe
bus cluster 12. If the cache line is not shared at decision block 220 t hen
control proceeds to block 224. At bl ock 224 the node interface circuit 24
does not assert - 31 - the HT or the HTM signal during the snoop
phase of the deferred reply transaction. In either case, at block 226 the
node interface circuit 24 passes snoep4bwrership for the cache |ine of
comruni cation transaction to the requesting bus agent. If a pending
deferred transaction does conflict with the conmunication transaction at
deci sion bl ock 206 then control proceeds to decision block 228. At decision
bl ock 228, the node interface circuit 24 determ nes whether nmultiple

ot enabl cAVERErFASARRROF TSEBRpERtol i Fgp B R iR e S ARe R AR

I nterface &]ienﬁy%{;g%gadbdrhq q(\rfﬁ‘gr%ﬁsfi‘ctrt?ﬁry for the conmunication transaction.

The reques retries the communication transaction
thereby allowing tine to conplete the pending deferred transaction. |f
mul tiple deferred transactions are enabl ed at decision block 228 then

The requesting bus agent remains in the shared cache state if the
DEFER signal is asserted and the HITM signal is not asserted during the snoop
phase of the deferred reply transaction and the write through transaction is
thereafter retried. The requesting bus agent transitions from the shared cache
state -fo the exclusive cache sté te if the DEFER signal is not asserted and the

HIT signal is not asserted during the snoop phase of the deferred reply

transaction.

The requesting bus agent transitions from the shared cache state or the
- 1nva11d cache state to the exclusive cache state if the HITM signal is asserted
dunng the snoop phase of the deferred reply transaction. The requesting bus

agent obtains new cache line data from the deferred reply transaction.

.In the foregoing specification the invention has been described with
reference to specific exelmplary' embodiments thereof. It will, however, be
evident that varioﬁs modifications and changes may be made thereto without
departing from the broade.r spirit and scope of the invention as set forth in
the appended claims. The specification and drawings are ac-c'ordingly to be

regarded as illustrative rather than a restrictive sense.



control proceeds to block 232. At block 232, the node interface circuit 24
defers the communi cation transaction asserting the DEFER signal during the
snoop phase and indicating a deferred response during-the response phase of
the communi cation transaction. Thereafter, at block 234 the first pendi ng
deferred transaction is conpleted in acggrdance W th t?ﬂ%ﬂﬂﬂmﬂ“muﬁlﬂcks
210- 226. Thereafter, at decision bl ock 6 the cache c _
determ nes whet her a conflicting snoop ownership exists bet'weén f'hesfitst
deferred transaction conpleted at block 234 and the conmuni cati on
transaction deferred at block 232 (the second deferred transaction). A
snoop ownership conflict exists if fLrst and second deferred
transactions target the-sane cache |ine® a conflicting snoop ownership
does not exist at decision block 236 then control proceeds to block 238. At
bl ock 238, the node interface circuit 24 conpletes the communication
transaction deferred at block 232 in accordance with bl ocks 210-226. If a
conflicting snoop ownership exists at decision block 236 then control

proceeds tq bl ock c%‘thué‘r éys&ﬁ'ﬁ, g&gprgg}%node interface circuit 24

requesting bus agent coupled to a bus, the requesting bus agent having

circuitry for initiating a communication transaction on a bus;
addressed bﬁs agent coupled to the bus, the addressed bus agent having
circuitry for sensing the comm_un_ication transaction on the bus, and for
transferring a defer indication over the bus indicating that a deferred reply
A

transaction on the bus is required to complete the communication

transaction.

2."  The computer system of claim 1, wherein the addressed bus agent
transfers the defer indication over the bus if the communication transaction

requires a bus latency greater than a predetermined bus latency.

3. The computer system of claim 1, wherein the requesting bus agent, the
addressed bus agent, and the bus comprise a first bus cluster, and wherein the
addressed bus agent is a bus cluster intérconnect agent that enables
communication between the first bus cluster and a second bus cluster of the

computer system.

4, The computer system of claim 3, wherein the addressed bus agent
transfers the defer indication over the bus if the communication transaction

requires the addressed bus agent to access the second bus cluster.



l.nitiates an invalidate |ine conunication transaction on the bus 30 to the
requesti ng bus agent for the conflicting deferred transacti on conpl eted at
bl ock 234. The invalidation request is a back invalidati TSt
deferred transaction that invalidates the cache |ine havin i

snoop ownership. Thereafter, at bl ock™ 242 the node int ml‘“\uﬂmﬁm
conpl etes the comuni cati on transaction deferred at bl U Trwaceorgance

wi th bl ocks 210-226. Figure 8 is a flowhart illustrati nb_a read request by
a requesting bus agent. At block 300, the requesting bus agent initiates a

dt ti t he bus 30. Duyi t he s h f t d
{ransact] oroat dEET SPBIPFOEteBL0! FREN A qHES e b ALCABSR TErSE he
t at f th ER.and t H TM. si I t.h 30. Lf th ER. si I
s asser t cARSIRREIR Rl OF AP &1 e Pt Ce 8B B LB PR L IBERISES ¢ hn
control prOﬁ?ﬁﬁgfetéQh?lc%%nb?iﬁ'ﬁcat%ﬁqfﬂﬁ?tﬁﬂmro' proceeds to bl ock 304. At
€ g bus per

bl ock 304, reguestin agent orns normal cache - -state transitions
because the read transaction is conpleted in- order. -

w6 The computer system of claim 5, wherein the communication
transaction specifies a cache line access and wherein the addressed bus agent
transfers the defer indication over the bus by asserting a defer signal on the

bus during a snoop phase of the communication transaction.

7 The computer system of claim 6, further comprising a snooping bus
.agent coupled to the bus, the snooping bus agent having circuitry for sens'irig
the communication transaction on fhe bus, and for overriding the defer
indication and completing the communication transaction without the

deferred reply transaction.

8.  The computer system of claim 7, wherein the snooping bus agent
overrides the defer indication by asserting a hit signal on the bus during the

snoop phase of the communication transaction.

9. The computer system of claim 6, wherein the addressed bus agent
-assumes snoop ownership for the cache line access after transferring the defer

indication over the bus.

10.  The computer system of claim 9, wherein the addressed bus agent
includes circuitry for performing the cache line access to the second bus
cluster and for receiving a set of snoop results for the cache line accéss from

 the second bus cluster. )



- 33- At block 306, the requesting bus agent does not assune snoop
ownership for the cache line specified by the read transaction. At decision
bl ock 308, the requesting bus agent checks for a deferred response during
t-he response phase of the read transaction. If a deferred res '

i ndi cated at decision block 308 then control proceeds t Al
bl ock 310 the requesting bus agent retri'es the read trzimﬂmm,m(iM!ﬂML
addressed bus agent indicated retry during the response *phaseLols ead
transaction. If a deferred response is indicated at decision block 308 then
control proceeds to block 312. ‘At bl ock 312, the requesting bus agent waits
for-a deferred reply transaction on the bus 30. Thereafter, at decision

bl ock 314 the requesting bus agent senses the DEFER signal- during the snoop
phase -of the de&%@fc%qn{)&gr{sﬁgféﬂﬁ%iﬁmoj jvhePanRRERR dregitd bis ageser t ed
0

during the"snoop phase e deferred reply transaction then control

- proceeds tﬂ'\ipb%ktﬁl@efeﬁtedbfép}%i tedkfsathion Ieatiesh u$) gniUAdRGess tHEsmisp NS
cache line of the read transaction in the invalid state. Thereafter, at

bl ock 318 thwRiltsefpuaibicaghd lineageeds ortie bas theingadnbopreseiafrthey
reinitiating the read transaction over the bus.30. If the DEFER signal is
not assert ddfetted ngplyhirassmmiprphase of the deferred reply transaction at
deci sion block 314 then control proceeds to decision block 320. At decision
bl ock 320, if the HI'T signal or the H TM si gnal

12. The computer system of claim 11, wherein the addressed bus agent
drops snoop ownership for the cache line access after completing the deferred

reply transaction on the bus.

13.  The computer system of claim 10, wherein the addressed bus agent
‘'senses a subsequent communication transaction on the bus that specifies a
- next cache line access while the deferred reply transaction for completion of

‘the communication transaction is pending.

14.  The computer system of claim 13, wherein the addressed bus agent
includes circuitry for transferring a retry indication over the bus indicating

that the subsequent communication transaction requires a later retry.

15.  The computer system-of claim 13, wherein the addressed bus agent
performs the cache line access to the second bus cluster and receives the
snoop results for the cache line access from the second bus cluster, then
initiates the deferred reply transaction on the bus and indicates the snoop
results for the cache line access on the bus during a snoop phase of the
deferred reply transaction, and then drops snoop ownership for the cache line

access after completing the deferred reply transaction on the bus.



I.s asserted during the snoop phase during the snoop phase of the deferred
reply transaction then control proceeds to block 324. At block 324, the
requesting bus - -agent assumes ownership of the cache | ine specified in the
read transaction in the shared cache state. Slmmnlllumﬁ“m”ugr t he
H TM signal is not asserted during thesgnoop pha reply
transaction at decision block 320 then control proceeds "t o"bl dck® 322. At

bl ock 322 the requesting agent assumes ownership of the cache |ine
specified in the read transaction in the exclusive cache state. Figure 9 is

a flowchart ill ustrati ng a wi te transaction or an invalidation transaction
by -a requestlng ove t block 4 t he, requesti ng bus
agent initi8tes PF Tows erWaﬂ ‘g%%ﬁ‘g% féﬁﬁ?&c aré)cg(ggeeqehgs% é

E?’LLE%EEQ@%SE%EGE& Do AEtRE I HALE [IPH AR BACRARE 9 Bt fgelsLon
H ™™ | I d d the H TM
Si gnalSI ?gaﬁ%f aléégstce%gacgg%tecgl "?lt“]t;)k?rp E%Sﬁggg?ﬁfeln?cgﬁffcf epr ggeetﬂset o bl ock

406.

17. The computer system of claim 16, wherein the addressed bus agent
initiates an invalidation request over the bus to invalidate the snoop results
\

for the cache line access if the snoop ownership conflict is detected.

'18.  The computer system of claim 1, wherein the requesting bus agent
contains a cache memory and wherein the communication transaction

comprises a cache access transaction targeted for a cache line.

19.  The computer system of claim 18, wherein the defer indication causes
the requesting bus agent to not accept snoop ownership for the cache line
during the cache access transaction if a snooping bus agent coupled to the bus

‘does not override the defer indication.

20. The computer system of claim 19, the requesting bus agent maintains
the cache line in an invalid cache state if the addressed bus agent transfers the

defer indication over the bus during the deferred reply transaction.

21.  The computer system of claim 19, wherein the cache access transaction

comprises a read transaction targeted for the cache line.

22.  The computer system of claim 21, wherein the requesting bus agent

assumes the cache line in a shared cache state if the addressed bus agent .



O herwi se control proceeds to block 404. At block 404, the requesting bus
agent perforns normal cache state transitions because the wite or

i nval idation transaction is conpleted in-order. At bl ock 406, the
requesting bus agent does not assume snoop ownershi p—for—the—eacheline

specified by the wite or invalidati on transaction ock 408
the requesting bus agent checks for a deferred respoﬁamp ﬂrﬂ b ponse
phase of the wite or invalidation transaction. If a S
not indicated at decision block 408 then control proceeds to bI ock 410 At

bl ock 410 the requesting bus agent retries the wite or invalidation
transaction if the addressed bus agent indicated retry during the response

phase of the wite qr | ] t I

response ig?‘??ci?%sa? 8%%‘{%3 rgallo:' 5Ité§%i§g§":?‘ﬂ%ral Sggﬁpsé?asfr%%%eds ?ofegﬁdo Kk
412. At bla 412, equesting bus agent waits for a deferred reply
transacti or{%gw %ﬁans%{.}gorg.o At decision block 414, if the DEFER signal is

asserted during the snoop phase of the deferred reply transactlon then
contr ol proceeds to block 416. At

23.  The computer system of claim 21, wherein the requesbng bus agent
assumes the cache line in an exclusive cache state if the addressed bus agent
does not transfer a cache hit signal over the bus during a snoop phase of the

deferred reply transaction.

24. The cofnputer system of claim 19, wherein the cache access transaction

comprises a write or invalidate line transaction targeted for the cache line.

25.  The computer system of claim 24, wherein the requesting bus agent
reads the cache line during a data phase of the deferred reply transaction if the
addressed bus agent transfers a cache hit signal over the bus during a snoop

phase of the deferred reply transaction.

26.  The computer system of claim 24, wherein the requesting bus agent
assumes the cache line in an exclusive or modified cache state if the addressed
bus agent does not transfer a cache hit signal over the bus during a snoop

phase of the deferred reply transaction.

27. A communication method in a computer system, comprising the steps
of:
initiating a communication transaction over a bus, the communication

transaction specifying a cache line;



hl ock 416, the requesting bus agent perforns no cache state changes for the
cache line specified by the wite or invalidation transaction. Thereafter,
at block 418 the requesting bus agent retries the witeor—nvalidation

transaction over the bus 30. If the DEFER signal . ted during the
snoop phase of the deferred reply transaction at dg'@ _ Ef Iﬁm t hen
control proceeds to decision block 42046 At deci si on*bloc¢ el

requesti ng bus agent determ nes whether the HH TM signal is asserted during
t he snoop phase of the deferred reply transaction. If the HHTM signal is
not asserted at decision block 420 then control proceeds to block 422. At
bl ock 422 the requesting bus agent, changes the cache state for the cache
line of the wrisansing the spmmuninationataasaction oB thadusx @ndsirgBSISHAS 2r t he
modi fied state as indicated by the snpop results. If th | TM signal is -
asserted diefenindisatioRyerphE RS0 H’égngﬁ'eo aBICBE}PIﬂ%nH‘Eé €control proceeds
to block 424. At bl ock 424 the req ti ng bus agent reads the returned
cache | i n&cURPIHYCEHRN d%ﬁr&aﬁH%‘elso#&l%ﬁree eferred reply transaction. .

Thereafter, at block 426 the requesting bus agent nerges the returned cache
line with internal data and wites back the nerged cache line into the

Internal cache pf, tcgﬁuﬁﬁﬂﬁ"ceaﬁcirpgnémadacgﬁaﬁim 27, wherein the defer indication

is'transferred over the bus if the comumunication transaction requires'a bus

latency greater than a predetermined bus latency.

29.  The communication method of claim 27, further comprising the step
of initiating a deferred reply' transaction over the bus to complete the

communication transaction.

30. . The communication method of claim 27, further comprising the steps
of sensing the communication transaction on the bus, overriding the defer
indication, and completing the communication transaction without a

deferred reply transaction.

31.  The communication method of claim 27, further comprising the steps
of initiating a deferred reply transaction on the bus and indicating a snoop

result for the cache line on the bus during the deferred reply transaction.

32.  The communication method of claim 27, further comprising the steps
of sensing a subsequent communication transaction on the bus that specifies a
next cache line while a deferred reply transaction for completion of the

communication transaction is pending.



-- 36 - Figure 10 summari zes the cache state transitions for a requesting
bus agent on the bus 30 during a read transaction. The initial cache state
and the final cache state for the internal cache of the.requesting bus
dgent is shown for the read transaction and for the dlelmmr ul t
cases during the deferred reply transaction. The requd: jllﬂlmmn”mr
initiates the read transaction with-t & i-nitial cache state and"the ivalid
state. If the DEFER signal is asserted and the HHTM signal is not asserted
during the snoop response. phase of thé read transaction then the requesting
bus agent maintains an internal invalid cache state for the cache Iine and

the read transaction is deferred. Snqop. qwnerghip for the cache line by the
request i ng3bus 5@@@%”&%@%%‘?‘?‘88, é)fl ‘aa’trﬂe?’% oL GRRPTIS N Hhe 8i€REr ¢ ed

and the HI T signal is asserted. during t noop .phas e deferred reply
transact i off fl}?élﬁfaqrﬁégcaaé?ﬁy g{l‘g{CéﬁPH ‘&?éqﬁgz)&@s% Wéﬁlfﬁi@ c@é@éﬁ?e f"ﬁ%‘?ﬁ”ﬁpbns to
the shared cache state for t?e cache Iin? of IU%the read transaction. Also, if
t he DEFER SPE#Apnicating:traRsactipf ey e B Tfr'Ygnal is asserted during the

snoop phase of the deferred reply transaction then the requesting bus agent
transitions to the shared cache state. |f the DEFER signal is not asserted

and the Hi 1, s1 902l 0 sFstef, ' Rthprising:

requesting bus agent coupled to a bus, the requesting bus agent

comprising a first in-order transaction queue and circuitry for initiating a
communication transaction on a bus and for logging the communication
transaction into the first in-order transaction queue;

addressed bus agent coupled to the bus, the addressed bus agent having
a second in-order transaction queue, and circuitry for sensing the
communication transaction on the bus and for logging the communication
transaction into the second in-order transaction queue, the addressed bus
agent having circuitry for transferring a defer indication over the bus if the
communication transaction requires a bus latency greater than a

predetermined bus latency. | ;

35.  The computer system of claim 34, wherein the addressed bus agent
includes circuitry for initiating a deferred reply transaction on the bus to

complete the communication transaction.

36.  The computer system of claim 35, wherein the addressed bus agent
initiates the deferred reply transaction on the bus to complete the
communication transaction and removes the communication transaction

from the second in-order transaction queue.



and the HHTM signal is not asserted during the snoop phase of the deferred
reply transaction then the requesting bus agent _transitions to the

excl usive cache state for the cache line of the read transaction. If the
DEFER signal is asserted and the HHTM signal is im“ﬂjﬂﬂuﬂmj,"mrg t he
snoop phase of the deferred reply trqnigcgion t helt bus agent
remains in the invalid cache state and the read transSactich reqdires a
retry. - 37 - Figure 11 sumrari zes the cache state transitions for a
requesting bus agent that issues an invalidate transaction over the bus 30
to invalidate a cache line. The initial and the final cache states for the
i nternal C@ﬁhe-?getce . ﬁ‘&k‘%?&ﬂeﬁg o?'é?aiﬂfgSG‘,twﬁ@?eiﬁﬁﬂ%eggés&rgfbhﬁ\%e date
transaction and tor the - differing snoop result cases during the deferred
reply trangaghbi ¢Re daterked rapRoGahba®idiask thevals shad itleh kéaBsagthen. |f the
DEFER signal is asserted and’the HHTM signal is not asserted during the
snoop r espgstaeptiasgonitrimectionafrbdatire firahkaotdentiaheactidie quegeest i ng bus
agent remains in the shared cache state for the cache line of the
inval i date transaction and snoop ownership for the cache line is deferred.

38. The computer system of claim 34, wherein the requesting bus agent
contains a cache, and wherein the communication transaction specifies ‘a

cache line access.

39.  The computer system of claim 38, wherein the addressed bus agent
contains bridge circuitry for propagatin'g the cache line access to a remote bus

cluster.

40.  The computer system of claim 39, wherein the addressed bus agent
transfers the defer indication over the bus if the cache line access requires that

the addréssed bus agent access the remote bus cluster.



The requesting bus agent transitions fromthe shared state to the nodified
state for the cache line of the invalidate transaction if the DEFER signal
is not asserted and the HHTM signal is not asserted during the snoop phase
of the deferred reply transaction. The requesting bus agent remains in the
shared cache state if the DEFER signal is asserted and the HHTM signal is
not asserted during the snoop response yMdse of the deferred reply
transaction and the invalidate transaction requires a retry. A back
invalidation transaction may occur before the deferred reply transaction.
The requesting bus agent transitions fromthe shared state to the invalid
cache state for the cache line of the invalidate transaction if the DEFER
signal is not asserted and the HHTM signal is not asserted during the snoop
response phase of the back invag=dati on transaction. - 38 - After the
back invalidation transaction, tphe requesting bus agent transitions from
the invalid cache stgte to.thzi%ii;fied cache gf{ate if the DEFER signal is
not asserted and thelH TM sign is asserted d®ing the snoop phase of the
deferred reply.trapnsactian. _T ified-data-i & returned ower — —
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t-he bus 30. After the back invalidation transaction the requesting bus
agent remains in the invalid cache state if the DEFER signal is asserted
and the HHTM signal is not asserted during the snoop phase of the deferred
reply transaction. The requesting bus agent thereafter reinitiates the
invalidate line transaction as a read for ownership transaction on the bus
30. Figure 12 summari zes- the cache stap¢l4ransitions for a requesting bus
agent issuing a read for ownership transaction over the bus 30. The initial
cache state for the internal cache of the

cache state and the final

requesting bus_agent is_shown_fQr

for the differing
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-» 39 - phase of the deferred reply transaction. The requesting bus agent
thereafter reinitiates the read for ownership transaction. The requesting
bus agent transitions fromthe invalid cache state to the nodified cache
state for the cache line of the read for ownership transaction if the DEFER
signal is not asserted and the H T signal is not asserted during the snoop
phase of the deferred reply transactio/i§ mlarly, the requesting bus
agent transitions to the nodified state .if the DEFER signal is not asserted
and the HHTM signal is not asserted during the snoop phase of the deferred
reply transaction. The requesting bus agent transitions fromthe invalid
state to the nodified state for the cache line of the read for ownership
transaction if the HHTM signal i % asserted during the snoop phase of the
deferred reply transaction._ Figurk 13_summarizes_the internal cache state

transitions for kb requesting bus agent issuing a wite t hroligh transaction

over the bus 30.1 Th t he final rjthe internal
cache of the requegting bus agept are shown for the wite t@rough
transaction and_%or the differi snoop result éaées duripg the deferred
reply transaction gnd EHE%?ons € pack invaFEdgggon trqnsaction.
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Fhe requesting bus agent remmins in the shared cache state and the wite
t hrough transaction is deferred if the DEFER signal
is not asserted during the snoop phase-of the wite through

H TM si gnal
transacti on.

Ther eafter,

is asserted and the

a back invalidation transaction for the cache |ine

causes the requesting bus agent to transition fromthe shared cache state

to the

- 40 - invalid cache state reqf4ll ess of the snoop results during

t he snoop phase of the back invalidation transaction. The requesting bus

agent

remains in the shared cache state if the DEFER signal
t he H TM si gnal

is asserted and
is not asserted during the snoop phase of the deferred
reply transaction and the wite through transaction is thereafter

retri ed.

The requesting bus agent transitions fromthe shared cache state to the

excl usive cache state if the DEFER signal

si gnal
“transacti on.

is not asserted and the HT

is not asserted during the snoophphase of the deferred reply

e
The requesting bus agent t[a80sitions from ﬁuashared cache
state or the imval rd-—Tache stat e” to The| exct usive-tache State i the H T™M
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dguring the snoop phase of the deferred reply transaction. The requesting-
bus agent obtains new cache |ine data fromthe deferred reply transaction.
In the foregoing specification the invention has been described with
reference to specific exenplary enbodi nents thereof. It w'll, however, be:
evident that various nodificatirons and changes nmay be nade thereto w thout
departing fromthe broader spirit and e of the invention as set forth
in the appended clains. The specification and drawi ngs are accordingly to
be regarded as illustrative rather than a restrictive sense. - 41 -
CLAIMS 1. -~ A conputer system conprising: requesting bus agent coupled to
a bus, the requesiing. bus agent haying ciccuitry for jnitiating a
conmmmuni cati o®@ transhctli on ¢n g bus;| adpdressed hus ageptl cpupl ¢d to the bus,
t he addressed busfagenft hayindg cirquitfy fof senging fh o] ni cation
transaction gn-t 3,- amf- fqr —trgnst prrT my—a dgfer ' Ty over the
bus indicatiﬁb th aldefelfredq replly tfansagti garon e s 4 required to
conpl et e t heFcombni c4ti on]
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t+ ansaction. 2. . The conputer systen1of claim1l1, wherein the addr essed
bus agent transfers the defer indication over the bus if the communication-
transaction requires a bus |atency greater than a predeterm ned bus

I'at ency. 3. The conputer systemof claim1, wherein the requesting bus
agent, the addressed bus agent, and the bus conprise a first bus cluster,
and wherein the addressed bus agent isf?lhus cluster interconnect agent

t hat enabl es conmuni cati on between the tirst bus cluster and a second bus
cluster of the conputer system 4. The conputer system of claim 3,
wherein the addressed bus agent transfers the defer indication over the bus.
I f the comunicatiQn transactli gn- reguites.t addr essedbus—agent to access

t he second ks cl ugter. 5. he fonputler |syst em of {cl ailm 4, wherein
t he address&h bud aggnt irncludges dircpitry{forfinitjatingg the deferred
reply transacH e He Hus tp- gt e -t Her clommony catifom tjransacti on. 6.
The conput el syst af clgim5 reln thq comuni fati qn trjansacti on
SpeCI fies atvachd |ine acdess hnd Mhefein tlhe laddrebsed|bus_agent
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transfers the defer indication over the bus by asserting a defer signal on
t he bus during a snoop phase of the conmmunication transaction. 7. The
computer systemof claim@6, further conprising a snooping bus agent -coupled
to the bus, the snooping bus agent having circuitry for sensing the

conmuni cation transaction on the bus, and for overriding the defer

i ndi cation and conpl eting the comuni cafypp transaction w thout the
deferred reply transaction. 8. The conputer systemof claim?7, wherein

t he snoopi ng bus agent overrides the defer indication by asserting a hit
signal on the bus during the snoop phase of the comrunication transaction.
9. The conputer systemof claim®6, wherein the addressed bus agent
assumes snoop ownership for the cache |ine ess after transferring the
defer indication over the bus. 10. > W of claim9,
wherein the addressed bus agent i ncl 3 perform ng the cache
line access to the second bus cl usterNS3te} HAF¥MU s ng a set of snoop
results for the cache line access fromthe s¢cond bus cluster. '
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43 11. 'The conputer system of claim 10, wherein the addressed bus agent
~initiates the deferred reply transaction on the bus -and indicates the snoop
results for the cache line access on the bus during a snoop phase of the
deferred reply transaction. 12. The conputer systemof claim 11, wherein
t he addressed bus agent drops snoop ownership for the cache |ine access
after conpleting the deferred reply tr&f$4ction on the bus. 13. The
conmput er system of claim 10, wherein the addressed bus agent. senses a
subsequent conmuni cation transaction on the bus that specifies a next cache
| ine access while the deferred reply transaction for conpletion of the
communi cation transaction is pending. 14. The conputer systemof claim’
13, wherein the addressed bus agent includes circuitry for transferring a
retry indication over the bus indicating that the subsequent comunication
transaction requires a later retry. 15. The conputer system of claim 13,
wherein the addressed bus agent perforns the cache |ine access to the
second bus cluster and receives the snoop results for the cache |ine access
fromthe second bus cluster, then initiates the deferred reply transaction
on the bus and indicates the snoop results for the cache |line access on the
bus during a snoop phase of the
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deferred reply transaction, and then drops snoop ownership for the cache

| ine access after conpleting the deferred reply transaction on the bus.

- 44 - 16. The conputer system of claim 15, wherein the addressed bus
agent includes circuitry for determ ning whether the cache |ine access -and
t he next cache |ine access create a snoop ownership conflict. 17. The
conputer system of claim 16, wherein thgyjgddressed bus agent initiates an

i nval i dation request over the bus to invalidate the snoop results for the
cache I'ine access if the snoop ownership conflict is detected. 18. The
conputer systemof claim1, wherein the requesting bus agent contains a
cache nenory and wherein the conmmuni cation transaction conprises a cache
access transaction targeted for a cache line. 19. The conputer system of
claim 18, wherein the defer indi ggﬁ requesting bus agent to
not accept snoop ownership for uring the cache access
transaction if a snoopi ng bus agsy o the bus does not override
the defer indication. 20. gT_ system of claim 19, the requesting
bus agent maintains
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t.he cache line in an invalid cache state if the addressed bus agent
transfers the defer indication over the bus during the deferred reply

transaction. 21. The conputer system of claim 19, wherein-the cache
access transaction conprises a read-transaction targeted for the. cache

l'ine. 22. The conputer system of claim 21, wherein the requesting bus
agent assunes the cache line in a shar che state if the addressed bus
agent - 45 - transfers a cache hit signal over the bus during a snoop
phase of the deferred reply transaction. 23. The conputer system of claim

21, wherein the requesting bus agent assunes the cache line in an exclusive
cache state if the addressed bus agent does-not transfer a cache hit signal
over the bus during a snoop phase @ o—deferred reply transaction. 24.
The conputer system of claim 19, eaitiatehe “oqciae

conprises a wite or invalidat e | write/invalidation O
line. 25. The conputer systemN\Qf thamisaetivh wherein the requesting bus
agent reads the cache line during ae

transaction if the
| FIG. 9
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addressed bus agent transfers a cache hit signal over the bus during a
snoop phase of the deferred reply transaction. 26. The conputer system of
claim 24, wherein the requesting bus agent assunes the cache line in an
excl usive or nodified cache state if the addressed bus agent does not
transfer a cache hit signal over the bus during a snoop phase of the
deferred reply transaction. 27. A comypgcati on method in a conputer
system conprising the steps of: initiating a.comruni cation transaction
over a bus, the communi cation transaction specifying a cache |ine; 46 -
sensing the comunication transaction on the bus, and transferring a defer
i ndi cation over the bus to indicate that conpletion of the conmunication
transaction is deferred. 28. The communi cati on nethod of claim 27,
wherein the defer indication i's transferred over the bus if the

communi cation transaction requires a bus |atency greater than a

predet er mi ned bus | at ency:
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29. ‘The communi cation nethod of claim 27, further conprising the step of
initiating a deferred reply transaction over the bus to conplete the
“communi cation transaction. 30. The communi cati on nmet hod of claim 27,
further conprising the steps of sensing the comuni cation transaction on

t he bus, overriding the defer indication, and conpleting the communication
transaction wthout a deferred reply tyanpfiction. 31. The communi cati on
met hod of claim.27, further conprising the steps of initiating a deferred
reply transaction on the bus and indicating a .snoop result for the cache
line on the bus during the deferred reply transaction. .32. The

communi cation nethod of claim 27, further conprising the steps of sensing a
subsequent comuni cation transaction on the bus that specifies a next cache
line while a deferred reply transaction for conpletion of the conmmunication
transaction i.s pendi ng. 47 33. The conmmuni cation nethod of claim 32,

further conprising thE'§Téﬂs of tyanstefring ph retry 1 ndi¢ation over the
bus to indicate that fhe subsequeht
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gonmuni cation transaction requires a later retry. 34. A conputer system
conprising: requesting bus agent coupled to a bus, the requesting bus agent
conprising a first in-order transaction queue and circuitry for initiating
& communi cation transaction on a bus and for |ogging the comuni cation
transaction into the first in-order transaction queue; addressed bus agent
coupled to the bus, the addressed bus § havi ng a second in-order
transaction queue, and circuitry for sensing the communication transaction
on the bus and for |ogging the comunication transaction into the second
in-order transaction queue, the addressed bus agent having circuitry for
transferring a defer indication over the bus if the comrunication
transaction requires a bus |latency greater than a predetermn ned bus

| at ency. 35. The conputer system of claim 34, wherein the addressed bus

agent includes circuitry for initiating a deferred regly transaction on the
bus to conplete the conmfmrcat]on trRNsact|on D e conputer system of

claim 35, wherein the adfiressefd bus hgent {nitiajes thd deferred reply
transaction on the bus tp apnp|ete the compuni cafi on trfansaction and

renmoves the connunlcatgp ngnséﬁtb@1 fromthe sé¢cond ijn-order transaction
queue. g
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= 48 - 37. The conput er. system of claim 36, wherein the requesting bus
agent senses the deferred reply transaction on the bus and then renoves the
comuni cation transaction fromthe first in-order transaction queue. 38.
The conputer system of claim 34, wherein the requesting bus agent contains
a cache, and wherein the comunication transaction specifies a cache line
access. 309. The conputer system of cj4f]q 38, wherein the addressed bus
agent contains bridge circuitry for propagating the cache |ine access to a
renmote bus cluster. 40. The conputer system of claim 39, wherein the
addressed bus agent transfers the defer indication over the bus if the
cache line access requires that the addressed bus agent access the renote
bus cluster.
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ABSTRACT -

COMPUTER SYSTEM THAT MAINTAINS SYSTEM WIDE CACHE .
COHERENCY DURING DEFERRED COMMUNICATION.TRANSACTIONS

A computer system is disclosed having a requesting'Bus agent that

" issues a communication transaction over a bus and an addressed bus agent

that defers the communication transaction to avoid high bus latency. The

addressed bus agent later issues a deferred reply transaction over the bus to

complete the communication transaction. Special snoop ownership and
cache state transition rules maintain cache coherency and processor

consistency during deferred communication transactions.

(Figure 7a)



