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access instructi-ons or data that are stored i n i mem)ryagbg(_) _______ tbhegddreory

of a cache is.that a system attains a_hj gher M By Wi srrall portlon
of very fast nenory as a cache along with a Iiwg%r~ Q’ giiskewe """"""""" S SacT MG pubaidan

menory. The cache nenor yMéﬁl ys %IAyPPka:@g fyRe RIE¥CQ‘P\Ilé"Ee” t he data

processing unit or unit needs to
access main nenory, it |ooks E%F%@ glﬁllbeggaﬁjf@wgmﬁ%tg see |f the 15
information required is avail and/ or
instructions-are first called frommain nenory, the information is stored
in cache as part of a block of information (known as a cache line) that is
taken from consédeut i kigld of the bwyentién mai n menory. During subsequent menory
accesses to the same addresses, the processor interacts with the fast cache

-20 menory rather tﬁ)ﬁg Iﬁ i@gﬂg% reﬁtt?sttio%je %gfdl é/f, §rocenf ormat.ion i s

accessed froma parti cuPar (SR GRd Berenp st

likely will eallp aimularnyfa;rsr?we&blfféxom %ﬁu@cecﬁemeﬁafge bl ock. This locality
of reference property results in a substantial decrease in average nenory

access tinme. 2 5 Figure 1 is a sinplified block diagram of the cache
100. The cache -2-_includes a sef of cache lines 107- Each cache |ine
102 is capable 3 st tionnt t 104 from consecutive addresses in

mai n nenory. Each cache [ine 102 is associ ated vvlth a tag 106, which
represents a bl ock aggdégsr@lisdd® various forms to reduce the effective time required

by a processor to access instructions or data that are stored in main memory.

_. 1¢  The theory of a cache is that a System attains a higher speed by using a small
portion of very fast memory as a cache alono with a larger amount of slower
main memory. The cache memory is usually placed operationally between
the data processing unit or units and the main memory. When the processor
needs to access maiﬁ memory, it looks first to the cache memory to see if the

15 information required is available in the cache. When data and/or
instructions are first called from main hwemory, the information is stored in |
cache as part of a block of information (known as a cache line) that is taken
from consecutive locations of main memory. During subsequent memory _
accesses to the same addresses, the processor interacts with the fast cache

20 memory rather than main memory. Statistically, when information is
accessed from a particular block in main memory, subsequent accesses most
likely will call for information from within the same block. This locality of

. reference property results in a substantial decrease in average memory access

time. . ’

25 Figure 1 is a simplified block diagram of the cache 100. The cache



liine. A 'set of MESI (Mdified Exclusive Shared Invalid) bits 110 are used
to 5 fmmintain cache consistency. The reading and witing of data in the
cache is controlled by a cache access logic circuit 112. .-The use of cache
menory in the context of various conputer systens is illustrated in Figures
2, 3 and 4. Figure 2 shows cache nenory used in a uniprocessor system A
CPU 200 includes an internal L1 cache 202 and is 10 coupled to a second

|l evel cache L2 204. The second |evel cache 204 may reside on its own chip
or on the same chip as the CPU 200. The2CPU 200 is coupled to a nmenory bus
206, which allows the CPU 200 to conduct transactions mnth naln menory

DRAM 208 t hroygh t 1 t/ out put
((jew (I\:/Des 212 O\r}’é‘?lig‘é?faﬁ ;rerggﬁgc qn ! b gﬁé‘ é%cﬁ‘?gg%%con s%’f&‘u ou -
Processors a”%lééﬁ%ﬁa‘i?ﬁb?%ﬂ{‘%Mc&@@fcﬁiré&@é uﬁl‘iﬁmhe‘i\%& b%aQHrEQé-{Eed into

a mul ti processor con uration such as that shown in Fi gure 3. Processors

CPUL 300, CPU3ind032 stEédaaa% vtH aGREM0§ Gehiett eeprasentabltick ddtcesa of the
mul ti processor bus 30S. Through the rmnultiprocessor bus 308, the individual
20  processormensy setmﬁMESh@ﬂedetF—@béweoihﬁéﬁd hyvalidh bits H@f(eritfﬁd dhown)
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Figure 4 illust rygﬁid quDcra c R ng%bﬁqtregtw—st emin which i nd| vi dual

mul ti processor °g conmmuni cate with each other over a 25
common bus. As shown in Figure 4, a first cluster 400 includes a first

-3- multiprocessor TMRsé @2 caawohadqdrhrimlulghcmtm#afn;arbus cputer dysermdli6, a
third | evel cache L3 408, a nenory unit 410 and a cluster controller 412. A
"second cl ust erillagtdateddh Figures 252 80Rd- ﬁﬁ‘{fFﬁrSB@é§§éFhW“@1’E Ué%ﬁﬂ éd t hr ough
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on its own chip or on the same chip as the CPU 200. The CPU 200 is coupled

to a memory bus 206, which allows the CPU 200 to conduct transactions with

main memory (DRAM) 208 through a memory controller 210, and with

various input/output devices 212 over an I/O bus 214 through an I/0

© 15 controller 216.

The processors and fheir corresponding caches (not shown) may be
combined into a multiprocessor configuration such as that shown in Figure 3.
Processors CPU1 300, CPU2 302, CPU3 304 and CPU4 306 are each coupled to 2
multiprocéssor bus 308.. Through the multiprocessor bus 308, the individual
20 processors may communicate with each other and with I/O (not shown) and
mémory (not shown). One skilled in the art would understand that any

number of individual processors may be coupled to the multiprocessor bus.

Figure 4 illustrates a more sophisticated system in which individual
multiprocessor systems or "clusters” communicate with each other over a

25  common bus. As shown in Figure 4, a first cluster 400 includes a first



and 426 over a cluster interconnect 428 One skilled in the art mould
understand that the nultiprocessor clusters each include processors, an
optional 1/O controller and an optional nmenory controller. One skilled in
10 the art would al so understand that a | arge nunber of clusters nmay be.
connetted in a multicluster system Optionally, the cluster interconnect
may include global menory controller 430 and global 1/0O controller 432. In
each of t.hese systens, consistency nust be naintai ned anong the caches and
menory distributed throughout the syste For exanple, a 15 conput er
systemmay inplenment a wite through pol¥4cy to update main nenory at the
same time a wite operation froma processor changes the contents of its
cache. Alternatively, under a wite back policy, the data in main nmenory is
updat ed only when the -cache line containing the data is forced out of the

cache or when anEkidescesde NP1 S0t % &Msthﬁdnghw&na m%oti% 1,20% t; essor

or another cluster, needs to acc'es the data. A cache line may orced
out of the cacHevelfcathed3a4f]8| @ mérhorytuniis4l0hedlacdsdter @aeiotlby412sed (LRU) cache
line. By its very nature the wite back policy results in less traffic on

t he menory bus bet e an beca it. avoi ds_the unnecessar
writing 01}/ d;ta to gigr ghﬁnﬁ%s Prﬁ?folﬁatm‘HBPF%E%f@H]\{F ﬁgGPHBP age%t
25 on the bus. ‘thro se-g&pd au}tel' l:l.lé@{]srt@tl?é 4§@'H?er93ryt1ﬁ§ aS l'{’i"xtcl“:"lexngl"’}..%sI t' ons

experienced by cac assoclated w th a requesting’agenht and a 'sfioopi ng

agent inr ESHJOI’tﬁehé424amlalﬁﬂwcdn@Elub(e@c@:&ﬁcﬂl&ﬁﬂwmfcﬂusftér@%0 hed EEﬂUEStl ng
agent. The term"requesting agent"” is used to refer to a processor or other
devi ce, such ascommsnicate/vitiyead odverthreugh thein respecting clustarmgntrhberacid@ss

request. The term !'snoopin ent”" ref e at _snoop, , their buses
for the access ¥y 3&"9?8 Cgﬁfegﬁﬂieﬁcé’“ﬂﬁ ?% @H%?}ﬁﬂ C?He (35t Woutd ¢ hei r
associ ated cac hﬁ'\de'rgl@rfd bt I!rSkoEé’sQ&eclEé?&‘é leR LR Hrde és?ﬁs, ﬂ-ke of
sinplicity, the table only illustrates transitions fro V\fnc t he
requesti ng agendptivaehly® corercliearahd anroptiveali merabiydcontroller. One skilled in

10~ the art would also understand that a large number of clusters may be

connected in a multicluster system. Optionally, the cluster interconnect may

include global memory controller 430 and global 1/O controller 432,

In each of these systems, consistency must be maintained among the
caches and memory distributed throughout the system. For example, a
15 computer system may implement a write through policy to update main
memory at the same time a write operation from a processor changes the
contents of its cache. Alternatively, under a write back policy, the data in
main memory is updated oni)‘/ when the cache line containing the data is
~ forced out of the cache or when another agent in the system, such as another
20 ' processor or another cluster, x;teeds to access the data. A cache line may be
forced out of the cache, for example, if it is the least recently used (LRU) cache
line. By its very nature, the write back policy results in less traffic on the |
memory bus between cache and memory because it avoids the unnecessary
writing of data to memory when the line may not be needed by another agent

25 on the bus.



10 state. One skilled in the art would understand how to extend the state
transition table of Table 1 to describe state transitions beginning from
the nodified, exclusive and shared states. Request Requesti ng Agent

Snoop o Si gnal Snoopi ng Agent H T# - H TM¢ Read

Olf[err]S 0 4 Sferr] SI S :

0 E[err] SI -S T 7T 1 M[err] S
| [err] E . ., 0 - 1 Merr] | Wite | [err]
M 0 0 I [er r] I I{er r] M 1
0 Slerr]l ]l E .
[err] M Ta le 1 illustrates gome of the state Mllés{xt,lclnq expsnenced by caches

TABLE 1 WRI TE B OVI ded by a
noopi ng agent 1 rrack S Siee tﬂ%%@ﬁ?aﬁﬁf%ﬁﬁ%ﬁ%ﬁ‘s.ea BFE O fer o,

indi cates that tiemdfy or Eﬁ@ﬂétlessl ®qLeREoV@e réfliebEndadent ETRESGR] S t hat the
signal is active. -5- Starting fromthe invali ate, in response to a

mMenory access reaequestngsgenti fs used smodgitng Iageﬁssorassvéhersiavm $ichasan H TM#

signal, then the requesting agent cache line will go fromthe invalid to
the excl usi ve® st4{kor %ng; gFHBEq?\?é iaitighps thepratss r?‘iﬂf?%a—flée tea SPRPRIRS e r

cache hol ds the Sa8P%ekdfe dcned GhELRUEthE! AITITEY pldied £380RTE L0 the

mMenory access reduest e 1S us exc usi ve

requesting agentdeaectfiae a0t ROodhasge tecstate bh tiyasebdifted eacheesnesltd maloupyver ,
in response to a read request, a snooping agent asserts the H T# signal
because it cacheecheeonsistensyt &ar therrake pheimplipity, theytabla only ikgérates

transitions from which the requesting agent cache line starts in the invalid
10 state. One skilled in the art would understand how to extend the state
transition table of Table 1 to describe state transitions beginning from the

modified, exclusive and shared states.

Request | Requesting Agent |Snoop Signal ‘| Snooping Agent
HIT# HITM# :
Read I-E 10 - 0 )
155 : 1 0 - S-S
I-S 1 0 E-S
I-S _ 1 1. M=S
I-E | 0 1 M — 1
Write I- M 0 0 I-1
J1I-M 1 0 Sl
[-M 1 0 E-I
15 | TABLE1
WRITE BACK

Table 1 also includes the snoop results provided by a snooping agent in
the form of active low HIT# and HITM# signals. Here, a 0 indicates that the

20 signal is inactive, while a 1 represents that the signal is active..



10 cache line will nake a state transition fromthe invalid state to the
shared state to indicate that the line is shared with another cache. If the
line was previously in the exclusive state in the snoopi ng agent cache,
then it will also make a transition to the shared state to maintain

consi stency with the requesting agent cache, which now caches the sane
line. 15 If the line requested by the requesting agent is in

nodi fied state in a snooping agent, then the requesting agent cache |ine
will make a transition fromthe invalid to the shared state or the
exclusive state, depending on whether both the H T# and H TM¢ signals are
asserted together or just H TM# alone is asserted. Mdified cache |lines

wi || be described i tingtfesiny tixdinvalidstaie, inrsporsgrte wi memont agessrieb e
operation, wite back _ caches typicall ssu e allocate policy.

Under this pol i’i?ﬁ}‘eﬁtolf\ﬂf’isf‘gc’lf‘ﬁé a@ﬁ?taas%/ Sot%FEﬁTgé?m{er’ﬁégqaiq‘%‘%tﬂi‘%g cache
must first perf s r 2 8 Ao d j - r eads
the |ine speci fl&ggk%fgt%gqtr ée%&%g‘;mgﬁgr ggfgadég}&éﬂﬁygﬁd%g%&éngp%é@ {t%rg' wite
data into the rEqupsttiadsioepssigradaindinaterbahno othee codetolds fHe. cache tiRe Duri ng
the read for ownership phase, the requesting agent cache |ine nmakes a
transition f¥ onfetsievedrfyemiraemem & 1eePanie teihe memoE aqcaisaequest andotbpt ng
agents all make,a.transition to the invalid state tpo repaipn consistent with
the requesting SgeHE ’-Egl}%e‘fxcml‘c?htoﬁléﬁvm%’ﬁﬂ%ng atgﬁlé{e%aég?‘nén? inﬁg.ShaFB‘ic‘f"d%l ete -
the 5 wite opgladinePcachBE requesting agent nmerges the wite data into the
cache line and séts its MESI state to nodified (M to indicate that the

line is nodified and thus inconsistent with main nenory and all other
caches. Referring badbhowgvendn respanssgerdesdrequpst, 2 proopingigent sssetts ithredi cat es

that th h ted. h ti IS i dified
State in 10 aFbLPEF BN Adt FSEr T ARHES eHIas PRAT OB Haeht must
i ntervene b?a‘)ore\cﬂgmaxﬁﬁ%a@pgﬂaye R Bom HE iRRGEALIO T ke hald €€ Step

process. The requesting agent aborts the request. The snoopi hg agent
perforns a wit state to indicate that the line is shared with another cache. If the line was .

previously in the exclusive state in the snooping agent cache, then it will also
make a transition to the shared state to maintain consistency with the

requesting agent cache, which now caches the same line.

If the line requested by the requesting agent is in modified state in a

=
w

snooping agent, then the requesting agent cache line will make a transition
from the invalid to the shared state or the exclusive state, depending on
whether both the HIT# and HITM# signals are asserted together or just
HITM# alone is asserted. Modified cache lines will be described immediately

20 - below.

When carrying out a write operation, write back caches typically
assume a write allocate policy. Under this policy, to write the data into the
cache, the requesting cache must first perform a "read for ownership"” in
which the cache first reads the line specified by the re.quest address and then

25 merges the write data into the request address location within the cache line.



back operation to main nmenory. The requesting agent then retries the

oper afi on. Accordingly, the snooping agent will chance the state of its 15
transferred line fromnodified (M to shared (S) for a read operation.
Hewever, if the read operation is a read for ownership, such as that
performed as an interimstep during a wite operation, then the state of
the line in the snooping agent is changeg tromnodified (M to invalid (I).
The MESI protocol exhibits a nunber of advantages. When a processor 20
attenpts. to wite a cache line and the-line is in a nodified or exclusive
state in its cache, then it is known that the line is in an invalid state
in all other caches. For that reason, the requesting agent need not perform

operations on tDerifg ke yeadUsr bAneGRLSHask the veduestigPaieat c@ihe IiddURakes a
m nim zing bus traffic. Mreover, conducting operations on the bus creates

a bus access | atramsitjorpom fherigvalid stajei torthe Beclngia? stateat Ehessrooging agents7- From
t he above description, it is a rent .that request i ng, agent st nonitor
its bus for thealgmf%ﬁ 3 e on 8’%‘&‘0‘(%“‘?&6@86 %ﬁ‘"s‘i%‘a%feﬁ‘gwdab s before it
can conplete thgay 16t CRREAVHRA AR S el Lakngule f ot of the
affected cache ﬁqngés?%\t/e%?‘&under a nunbesr of ci rcunstgnéégqﬁ,éttgtﬁge&
transm ssi ons of weilkeoperatipn,ritas ntduesting sdeat reggessshe ngitadett intmshebackelisy ed.

First, the nmain cause of delay is that the snoopi nqﬁzgent. is a slow cache
that takes a retnd sefeity MEH gtate temodifigd (Mirimmindicate it thaling isthedifieduest ed

address with the tags . n the cache. Second th 00pi ng,agent may
experi ence an iﬁqéﬁﬂ‘glmﬁ?'}%ﬁ%ﬁ%ﬁtgmn%Q f%e&f{fr W earﬁlln?tﬁgr f%@gg bus between the
snoopi ng 10 agent's processor core and its | ocal cache is occupied with a

transaction between Rdl@giagtbapk tdtHesread Bpédatibn,dAER, snbbe résalidhdkagbengannot
be snooped to provide snoop results comng to an external bus. Third, a
del ay in recei vihegasholipe reguested by she wauepting @gentds iha madéfieda(Mbsaidlinck in

whi ch the sygtem itﬁ unabl e 1o determ pe \glﬁett her aataraanisact t on i s guaranteed
to conpl et el ThFLOE 5‘?&81%%&@2 BHien hepdhat-00RRINg 28501 FIUSE BUEERE bus
traffic or clustgbre memory can supply the data. The operation is a three step process.

The requesting agent aborts the request. The snooping agent performs a write

back operation to main memory. The requesting agent then retries the

operation. Accordingly, the snooping agent will change the state of its

15 transferred line from modified (M) to shared (S) for a read operation.
However, if the read operation is a read for owhefship, such as that

performed as an interim step during a write operation, then the state of the

line in the snooping agent is changed from modified (M) to invalid (I).

The MESI protocol exhibits a number of advantages. When a processor
20 attempts to write a cache line and the line is in a modified or exclusive state
. in_its cache, then it is known that the line is in an invalid state in all other
céches. For that reason, the requesting agent need not perform operations on
the memory bus to conduct the write operation, thus minimizing bus traffic.
Moreover, conducting ope'rations on the bus creates a bus access latency

25 penalty, which the MESI state avoids.



interconnect traffic delays the placement of snoop results on to the
respeétive multiprocessor bus or interconnect. The delay in providing snoop
results requires that all bus agents extend or "stretch" their snoop phases
until the snoop results are available. 20 Conventi onal systens support
equi val ent functions using nultiple additional signals. In particular, a’
separate busy signal is used in such systens to indicate a snoop phase
stretch. It is desirable to mnimze the; nunber of bus signals used to

i ndi cate cache state and the availability of cache results. In addition, it
is desirable to use a mninmal nunber of such bus signals to 25 i ndi cate
the delay of signals other than those indicating cache state. - 8-

SUMVARY OF THE | NVENTI The present,. inyention pnr.ovi des a .protocol and
rel ated apparatus f Fong#(‘)eo%os“t%rd%tsccrfﬁhﬁ’a'%{ﬁyéﬂ%aéerrrgt} ée/tra SAFY %%ﬁﬂ“gﬁwif | east

one requesting AGRIMr itsObus BF Whd1ehddYSredllBRSREIrh Frorh QUM ShSoping %L_n!seast one
snoopi ng agent for 5 nmoni toring fransaction requests and i Ssuing: bus

si gnal s. ont 0 arbeéxeadt caal comypdete Tiheraguested apesatien and carestlyimedifjptheastdtes cl ock
signal having a pIur&Iit of cycles. To indjcate s€€%§ stretching, during a.
first cycle a fqfit8¢ a8erserhracge dgent Hawewst Undisiannumpgrof grgumsiagses thnd a

T bus_ S1nakadAGRIdCT: h Shas AL LAk ridiBddd SerpangRi GGt st

del ay assertl on of valild snoop ult's for m ned shoop

period. During Brsh,ah€maty edile of delapGd Gat metsheo;ﬂnga?énttib@swez&h@tmﬁtCh, the
first snooping agent deasserts the assertion of both the H T# and H TM¢#

si gnal s t oget hetlekesredrelesivelyt long tisnevialpedfosmadpg meah ofsthe Texpueste@izhdainess H - TIVH
~signal s al one eapg re reseﬂt Vﬂ|id snopp, results. If the first snooping
agent nust contVHbENGERA HY casgeerﬁﬁce?ﬁgcslﬁe PROPHEHEBh T RESHPReNCE BN 15 i t
reasserts both iﬁwm?né_l"ngckanﬁxi%{gy%cmﬁvgérgﬂ@l§caﬁ BEEbEGeef Fhe Eﬂgj in
predet erm ned snoop peri od. .a second snoopi ng agent Is rea )P % assert
its valid srwopageassiptcgessbi comk lahd die 16l wdehé & dcbepitd meth & RaAgiclign agent
causes a snoop stretch, and wil| reassert its valid snoop results up to and
i ncl udi ng the chettveen those two units. In that case, the local cache cannot be snooped to :
provide snbop results coming to an external bus. Third, a delay in receiving
- snoop results can occur due to an external deadlock in which the system is
unable to determine whether a transaction is guaraﬁteed to complete. This
15 can happen when, for example, multiprocessor bus traffic or cluster
interconnect traffic delays the placement of snoop results on to the respective
multiprocessor bus or interconnect.
The delay in providing snoop results requires that all bus agents extend
or "stretch” their snoop phases until the snoop results are available.
20 Conventional systems support equivalent functions using multiple
additional signals. In particular, a separate busy signal is used in such systems
to indicate a snoop phase stretch. It is desirable to minimize the number of
bus signals used to indicate cache state and the availability of cache results. In

addition, it is desirable to use a minimal number of such bus signals to

25  indicate the delay of signals other than those indicating cache state.



that the first snooping agent deasserts it snoop stretch and asserts its

own 20 val id snoop results. -9- BRI EF DESCRI PTI ON OF THE DRAW NGS
FIGURE 1 is a block diagramof a cache inplenenting the MESI protocol.
FEIGURE 2 illustrates the use of cache nenory in a uniprocessor 5 system.
FIGURE 3'illustrates the use of cache nenory in a nultiprocessor system
FIGURE 4 illustrates the use of cache nenory in a nmulticluster system

FIGURE 5 is atimng diagramillustrat4d iy 4he synchronist latch bus 10
protocol 'used in an enbodi nent of the present invention. FIGURE 6 is a
timng diagramillustrating the bus transaction phases used in the present
invention. FIGURE 7 is a timng diagramillustrating a nornmal snoop phase
of the present invention. 15 _ FIGURE 8 is a timng diagram

illustrating a stalled snoop ghaseiARY OFETHE eSIMENTIONENti on. FIGURE 9 is a
timng diagramillustrating the inplenentation of the protocol of the

present invention by multiple snooping agents. Fl 10, il lustrates the
phenonenon of wired §reRtdpvergien Pro‘g’de aPI“éQF@a?;l{ related 3RRATHYS BTagr am

L) UL 2L 00, SO MRS LRGSR MBS LT
for issuing bus transaction requests and at least one snooping agent for
5 monitoring transaction requests and issuing bus signals onto an external bus.
The bus transactions are timed by a bus clock signal having a plurality of
cycles. To indicate snoop stretching, during a first cycle a first snooping agent
asserts both a HIT# bus signal and a HITM# bus signal together to indicate
that the first snooping agent must delay assertion of valid snoop results for a
10 predetermined snoop period. During a later cycle, to indicate the end of the
snoop stretch, the first snooping agent deasserts the assertion of both the
IjIIT# and HITM# signals together and asserts its valid snoop results. The
HIT# énd HITM# signals alone each represent valid snoop results. If the first
snooping agent must continue delaying assertion of valid snoop results, then
15 it reasserts Bpth the HIT# and HITM# bus signals together for the
predetermined snoop period. If a second snooping agent is ready to assert its
valid snoop results, it will do so while the first snooping agent causes a snoop
stretch, and will reassert its valid snoop results up to and including the cycle
that the first snooping égent deasserts it snoop stretch and asserts its own

20 valid snoop results.



according to the present invention. FIGURE 13 is a bl ock di agram
illustrating the external bus logic of the present invention. DETAI LED
DESCRI PTI ON OF THE | NVENTI ON The present invention provides a protocol and
rel ated apparatus for snoop stretching. For purposes of explanation,

speci fic enbodiments are set forth to provide a thorough understanding of
the present invention. 5 However, it wll be apparent to one skilled in
the art that the invention may be practi%ed without these details. In other
i nstances, well-known el enents, devices, process steps and the |ike are not
set forth in detail in order to avoid obscuring the present invention. The
protocol of the present invention is inplenented on an external 10 bus
over which requesting and SQﬂﬂBEQQ%%ﬁﬁﬁ ¢ NGk HRANIKE@CCess
transactions. The external bus o e present rnvention uses a wired OR
technol ogy, which effectively treats the bus as the output of an OR gate
having signal s asser FéGURE 1 sea blosk diggrans obs cichp implemahtieg tIBRVIESE hnol ogy
allows signals to be driven and observed by each bus agent regardl ess of
the 15. signals RO&¥Pled by the other agents. W.red OR bus technol ogy is
known in the art, although its use in the present invention is novel and
uni que. BUS TRANSACTIFGURHASHRstAteRMRe @mquemeg;emps GRfAbcesyent i on
supports a synchronous |atched protocol, as illustrdted in"F.gure 5 On the
rising edge of tdysteous cl ock 20 (BCLK), all agents on the bus are required
to drive their active outputs and sanple their required inputs. In one

enbodi nent, the pres uires that every. input be sanpled
during a valid sanpl ?ﬁé%g% grﬁteang B?en‘g C&a}?cll‘\)e@& rh?l&“il%mé?sﬁ%’ct be
driven no sooneraggﬁp the next rising clock edge. ThIS approach all ows one
full clock for interconponent 25 comunication and at |east one ful

clock at the receiver to conpute its
FIGURE 4 illustrates the use of cache memory in a multicluster system.

FIGURE 5 is a timing diagram illustrating the synchronist latch bus

10 protocol used in an embodiment of the present invention.

FIGURE 6 is a timing diagram illustrating the bus transaction phases

used in the present invention.

FIGURE 7 is a timing diagram illustrating a normal snoop phase of the

present invention.

15 FIGURE 8 is a timing diagram illustrating a stalled snoop phase of the

present invention.

FIGURE 9 is a timing diagram illustrating the implementation of the

protocol of the present invention by multiple snooping agents.
FIGURE 10 illustrates the phenomenon of wired OR glitch.

20 FIGURE 11 is a timing diagram illustrating snoop phase abortion

according to the present invention.



- 12 - response. Referring to Figure 5, the protocol is described as "B# is
asserfed one clock after A# is observed active," or "B# is asserted two
clocks after A# is asserted.” Note that A# is asserted in bus clock period
T1, but not observed 5 active until T2. The receiving agent uses T2 to
deterfiine its response and asserts B# in T3. Ot her agents observe B# active
in T4. Note that the square and circle s $bols are used in the timng
diagranms to indicate the clock in which g gnals of interest are driven and
sanpl ed, respectively. The square indicates that a signal is driven
(asserted, initiated) in that clock. The circle 10 indicates that a
signal is sanpled (observed, |atched) in-that clock. To clarify

termnology, a "tran pant s the set of .hus activi t i |ated to
a single bus nenory gﬁcg‘gggqnzéaﬁetg?'.“gﬁ‘?ﬁ%rﬂslg‘éStlraglﬁ%bs’\el\gzl;’%gkg\nétﬁhgedlégon '
arbitration, anch&gi,@stg%giﬁgseg; ifveaiigmal ADS# along with a transaction
address. Transactions “are driven to transfer data to inquire about or

change 15 cache states, or to provide the systemw th information. A
transacti on cont ai nsFUGURE 1Siix a phecketiagramilusseating dBe extempakhys legisof thy
signals to comunicate a particular type of information. The six phases of
the bus prot ocolPTFIFRAANEHIEN nent of the present invention are: *
Arbitration 20 * Request * Error * Snoop * Response * Data
25 Not- al | transactions contain all phases, and sonme phases can be
- 13 - '



over|l apped. Figure 6 shows all the bus transaction phases for two
tfansactions having data transfers. Wen a requesting agent does not own
the bus, a transaction begins with an arbitration phase in which the
requesting agent 5 becones the bus owner. After the requesting agent
becones-the bus owner, the transaction enters the request phase. In the
request phase, the bus owner drives a request and address information on
the bus. The request state is two clocksldong. In the first clock, the
signal ADS# is driven along with the transaction address 10 wth
sufficient information to begin snooping a nenory access. In-the second
clock, the byte enables, a transaction identifier, and the requested data
transfer length are dri Ve'ﬁE’ﬂlIBﬁ!@ lﬂﬁ%ﬁlgf Q?rﬁﬁ'@@"tg@b &f ormation. Every
transaction's third phase ) ter the request
phase begins. The error phase indicates any parity errors triggered by 15
the request. Every tThensasdntdmventiah provideta paitol end belamdspparates fRr was
indicated in the error phase_has a snoop phase, four or nore clocks from
the request phasoopTHEtdYRE pFRrcRUIPPSES iof BXRIgRadions spepidic emhoslimentsiavesetf or a
transaction refgrences a.yalid or .nmodified.(dirt cache. line in any bus
agent's cache. %(5& L rsot‘)’,la/ea% thpseash ngierlstﬁnﬂ%pflsé% B RLBIVERYT on Ser i al

No. 08/ 205, 023 epfoivlel@d it WAMPAILSHarSHiSh We LRdled MR 2t 5.t WS LA M6 Gache

Coherency During Deferred Co ni cation Transactions, filed 1.3.94, “the
snoop results nbypecsiced nithoat thesdhdethids. In dthaemisstehiesnwelliknobve deanpitst ed
in-order or may be deferred for possible out-of-order conpletion of bus
transactions. | feYifRst PTOsess steps andghe ke, pusined setderipin Agpildn osdesdo @epidned as
a controller that determnes those .. - 14 - conditions. Every transaction
that i s not canga%ﬁcgﬂngt}gétpégsﬁﬂpén?‘rggtrm?'ndi cated in the error phase has a
response phase. The response phase indicates whether the
The protocol of the present invention is implemented on an external

10  bus over which requesting and snooping agents conduct memory access
transactions. The external bus of the present invention uses a wired OR
tech.no-logy, which effectively treats the bus as the output of an OR gate
having signals asserted by the bus agents as inputs. Wired OR technology
allows signals to be driven and observed by each bus .agent regardless of the

15. signals asserted by the other agents. Wired OR bus technology is known in

the art, although its use in the present invention is novel and unique.

BUS TRANSACTION PHASES

In one embodiment, the present invention supports a synchronous
latched protocol, as illustrated in Figure 5. On the rising edge of the bus clock
20 (BCLK), all agents on the bus are required to drive their active outputs and
sample their required inputs. In one embodiment, the present invention
reqﬁires ti’\at every input be sz;mpled during a valid sampling window on a
~ rising clock edge and i.ts‘ effect be driven no sooner than the next rising clock
edge. This approach'.'alloxf’s one full clock for intercomponent

25 communication and at least one full clock at the receiver to compute its



transaction has failed or succeeded, whether the transaction's conpletion
is 5  imedi ate or deferred, whether the transaction will be retried, and
whet her the transaction contains a data phase. |If the transaction does not
have a data phase, that transaction is conplete after the response phase:

|f the requesting agent has wite data to transfer, or has requested read
data, the transaction has a data phase_ V\?QCD 10 may extend beyond the
response phase. Not all transactions contain all phases, not all phases
occur in order, and in sone cases can be overlapped. * Al transactions
that are not cancel ed in the error phase have the request, error, snoop and
response phases. * Arbitration can be explicit or i rrpl icit. The
arbitration phé%i?oé‘ﬁ?y needs to occur if the agent that is driving the next
transacti on does not already own the bus. * The data phase only occurs if a
transaction requir eﬁeﬁrﬁ\?% & Liganss, eke %Moﬁﬁt&s&k&aesesﬁl iORsERPARS e
initiated, request initia snoop 2 initiated, or request and
snoop i niti at edlock aﬁheAl#espbsmsedpécase ov & iajpsseated ttive choels ahern@nﬁ;f the data
phase for read transaction * The res hase triggers the data phase
for wite trandsefiegnsNote S‘a&é# ’ﬁ#ﬁffﬁ*ﬁ%ﬁ‘ @Iﬁf‘%ﬁh@“ﬂ%%?ﬂwﬁﬁventl on
S B L5, CARGEL R ¥ L ind RReSOACRRNESE T8 ARARM RYraBN B
transacti on request phase e a e generate inter snon req ests
(internal cachesicp@kB#nin)T3 aDthat hgdityBYsYrviel BINGEOE DTS, Note thARfheSdaaQR resul ts
are driven using the HT# and HI%’IV# signals in this phase. In the snoop
phase, all sno@deCkwntwlmmmed krethe timiog sliagsanb te iralicktp thetdladkpgat e i n
coherency reso to Table rdin pr ot ocol of

|
e ot o o e Bianate of e 2 bR Spfl s RRfeat ReetlvRly Hhheliavere

indicates that a signal is driven (asserted, initiated) in that clock. The circle

10 indicates that a signal is sampled (observed, latched) in that clock.

To clarify terminology, a "transaction” is. the set of bus activity that is
related to a single bus memory access request. A transaction begins with bus
arbitration, and the assertion of a signal ADS# along with a transaction
address. Transactions are driven to transfer data to inquire about or change °

15 cache states, or to provide the system with information. A transaction
cor:tains up to six phases. A phase uses a specific set of signals to
communicate a particular type of information. The six phases of the bus

_protocol in an embodiment of the present invention are:
* Arbitration
20 . * Request
* Error
* Snoop
* Response

* Data

25 ' Not all transactions contain all phases, and some phases can be



cache a requested cache line by not asserting either the H T# or H TM¢
signal, 10 i.e., the line is not allocated in its cache and thus invalid.
| f, however, a snooping agent is holding a requested cache line, in a
shared (S) or exclusive (E) state, then it indicates that it is holding a
valid al l ocated line by asserting the H T# signal and deasserting H TM#. - I f
t he snooping agent is caching a nodified version of the requested cache
line, then it asserts the H TM¢ signalk 13 - and deasserts H T# Note that
unl i ke conventional snooping protocols, the, protocol of the present

i nvention asserts only the H TM# signal and not both the H T# and H T
signals to indicate that the snooped |[ine is in the nodified state. Snoop

Si gnal _ H T# H TM# I nvalid 0

0 Valid (S or Wyerlapped. 1 : 0 Modified

0 1 Stretch 1 - . 1
20 ... __Figure 6 shows all the b Pirksadion r_Fh'asv.Js6f r f\eg tﬂﬁpz'fc'hgrqg d above, a
nunber of conditions®may cause a snhoopl ng agernt to delay the transmn ssion

of its snoop resuidgsdatd trahéfafs. OFRen a ritfiepting) ARat dods ddiewaT @8k, 4 nvent i on
requires that a snooping agent assert both the H T# and H TM# signals to

i ndi cate a "sndmpsatioathegins Witk an molipratien phask in whiehthesrequeshingragentest i ng
agent that it gyst wa#f for the snoop results on the bus before conpleting
its menory dcceSOMFIREPF % The advantage of this protocol is that it
avoi ds the need for an extra snoop busy" signal to indicate a snoop-

stretch. However, agfiar the@gQbdtingohgefBIREES thea@R Ywrttr! the Mhndadtiodi f1ed |ine
i n anot her cache nust always cache 10 the line in the shared state because

the use of the eriteFdthesiegnest pabsendnttbe efghiet tphaset Heerwmistdvorerfdrivwes & equesval i d
to the exclusive state (%§ shown iq Tabl%hl) IS no Ionger avai | abl e. '
and address information on the bus. The’request state is fivo clocks long. In
the first clock, the signal ADS# is driven along with the transaction address
10 with sufficient information to begin snooping a memory access. In the
second clock, the byte enables, a transaction identifier, and the réquested data

transfer length are driven, along with other transaction information.

Every transaction's third phase is an error phase, three clocks after the
request phase begins. The error phase indicates any parity errors triggered by

15  the request.

Every transaction that is not canceled because an error was indicated in
the error phase has a snoop phase, four or more clocks from the request
phase. The snoop results indicate if the address driven for a transaction
references a valid or modified (dirty) cache line in any bus agent's cache.

20 Also, as described in U.S. Patent Application Serial N0.08/205,023 entitled
"Computer System That Maintains System Wide Cache Coherency During

Deferred Communication Transactions, filed 1.3.94, the snoop results may

also indicate whether a transaction will be completed in-order or may be
deferred for possible out-of-order completion of bus transactions. In that case,

25 a "snooping agent" may also be defined as a controller that determines those



The use of the HI T# and H TM# signals in the snooping protocol of the
present invention will be described in further detail with reference to 15
Figures 7 and 8. NORMAL SNOOP PHASE According to the protocol of the
present invention, snoop results in the formof H T# and H TMW# signals are
drivén four clocks after assertion of ADS# or at |east three clocks from
the | ast valid snoop phase of the previous 20 transacti on, whichever is

| ater. Note that in the timng diagranléﬁ Figure 7, no snoop results are
stalled and the maxi numrequest genération rate is one request every three
clocks. In clock cycle 1, there are no transactions outstanding on the bus.
In clock cycle 2 transactlon 1 is issued, as indicated by the "1" in the
ADS# 1i ne - tlg»;sthe timng dlagran1 In clock cycle 5, transaction 2
is issued. In c dk Cycle 6, the snoop results for transaction 1 are driven
by all snooping agents on the bus. In this timng diagram the H T# and

H TM# signal s are drBvery &sndactiobéiangs fdtchndeled duentd ancarrdrandivdieddh ehd hat t he
signal s may respectively be inactive or_active. Mreover, because the bus
of the present ¢moEphisehasaaespansepheR Tbe rﬁﬁa%sgwhafwdmar%ﬁ whethey thes

i nes of the bu exh unmul at | ents.
Thus, if only o 3ns§ﬁ€5%rb}‘ﬁsgg§l§§r?f sﬁ%seeear/% W e&%hl l%#trgﬁg ﬁgg%?ﬂ%gleggaﬁsal S,
those resul ts V"lnlulne@lﬁté)&S@éfé’ﬁE’d byhdtha the tranéh'choﬁgﬂmb‘é refiddD 8nd hether
regardl ess of the snoop resul ts of the other snoopi ng agents. In clock
cycle 7, the sntheprarssctidnscohtring a dawgd@éon 1 are observed. In clock cycle
8, the third transaction is issued by a requesting agent. In clock cycle
10, four clock cycI after the sserhgon of .tr ansa the snoop

results 15 fromt r HENSEE 02‘ 38 "8 Redfta p ascel’ ghéal%?ranézfcéoTés t he snoop
results f or tr ApSASTeteOdtted tR RsPRRRPHESE. If the requesting agent has write data to

transfer, or has requested read data, the transaction has a data phase which

10 may extend beyond the response phase.

Not all transactions contain all phases, not all phases occur in order,

and in some cases can be overlapped.

» All transactions that are not canceled in the error phase have the

request, error, snoop and response phases.

15 * Arbitration can be explicit or implicit. The arbitration phase only
needs to occur if the agerit that is driving the next transaction does

not already own the bus.

* The data phas;e only occurs if a transaction requires a data transfer.
The data phase can be response initiated, request initiated, snoop

20 .initiated, or request and snoop initiated.

» The response phase overlaps at the beginning of the data phase for

~ read transactions.

e The response phase triggers the data phase for write transactions.



Based upon the snoop results, the caches in the system performthe
appropriate menory transactions and update their cache |line states
according to the protocol of the present invention. 20 STALLED SNOOP
PHASE. Figure 8 illustrates the case of a stalled snoop phase in which the
snoop “results are del ayed on the bus due to a sl ow snooping agent. As shown
in Figure 8, transactions 1, 2 and 3 are_initiated with ADS# activation in
clock cycles 2, 5 and 8. The snoop'phaSelpor transaction 1 begins in

cl ock. cycle 6, - 18 - four clocks fromassertion of ADS#. Al snooping
agents capable of driving a valid snoop response within that four clock
duration drive appropriate levels of the snoop signals H T# or H TM¢. A

sl ower agent thagrksuvall€chGRterate a snoop response in four clocks
asserts both HIrﬁ'”i%FTﬂ“ﬂag%S"“gggether in clock cycle 6 to extend the
snoop phase. Because the bus uses wired OR technol ogy, the active |low H T#
and H TM¢ signal s ar €h¢ posent. inyentioreisgirseanlydoocernért withsthersagap hass of t he

snoop results asserted by other snooping agents, on the bus. On observing
active H T# and Q*Rﬁﬁr‘f‘ﬂgélft?&k‘g‘c‘:‘yw’é‘p ?“O"alleg“%?éBH?%‘?'B\‘?atgﬁ%tsﬁ?“erakms

det that t ddi t I
Clocks {hrough o1 Sr Syart gy R (HBLERRS b i 20 8N elbind ) eSionP ek

cycle 8 the sl ovie saeqeﬁégﬁgsageahversumgdye FHImar\tBHIIm#@%zﬂlshﬁstHistS and
needs no additional snoop phase extensions. Thus, in clock cycle 8 all

agents drive valphdsenloape seeep pbaassalhgnqugsmokﬁ drivgrihkis snoop cdsobkangcl e 9
all agents observe. 15 that, H T# aﬁg HITME h_ %f rted together in the
same clock and PATETRAHL FWG‘TCP{ere el ‘?)Ff)rﬁlnlg Sur feordingsachg on 1 are
avai | abl e on the, 5a00Rhe ?ése { HSEntn, BRRHHIR RQR&NGs ik ocol
of the present ﬁﬁventlon hand 1 ng bacﬁc%i % éﬁ K tran%acttltlttc}frf)segl%E
necessary to ti eatteea mquespecpbme liok biyhreot assetting(kithet rrarrsm#torqmm sigRdly to
ADS# plus 4 cycles after the start of the transaction,
10 i.e., the line is not allocated in its cache and thus invalid. If, however, a
snooping agent is holding a requested cache line in a shared (S) or exclusive
(E) state, then it indicates that it is holding a valid allocated line by asserting
the HIT# signal and deasserting HITM#. If the snooping agent is caching a
modified version of the requested cache line, then it asserts the HITM# signal
15  and deasserts HIT#. Note that unlike conventional snooping protocols, the.
protocol of the present invention asserts only the HITM# signal and not both
the HIT# and HITM# signals to indicate that the snooped line is in the

modified state.

Snoop Signal HIT# . [ HITM#
Invalid 0 0
Valid (S or E) 1 0
Modified 0 11
Stretch 1 1

20 | " TABLE 2



but to the end of the last valid snoop phase. As a result, the begi nning of
t'he next snoop phase is defined as the later of ADS# plus 4 clocks or snoop
phase plus 3 clocks. Here, the snoop phase for transaction 2 begins in’
clock cycle 11, three clocks fromthe last valid snoop phase of transaction
1 (cycle 8 + 3 25 cl ocks) or four clocks fromthe request phase of ’
transaction 2 (cycle 5 + 4 cl.ocks), whichever is later. Since the snoop
phase for transaction 2 is not - 19 -léext ended (stretched), the snoop
phase for transaction 2 conpletes in one clock. The snoop phase for
transaction 3 begins in clock cycle 14, the later of three clocks fromthe
snoop phase of transaction 2 or four clocks fromthe request phase of
transaction 3. ‘Since the snoop phase for transaction 3 is not 5 ext ended,

t he snoop phase for transaction 3 conpletes in,.one clock. For the exanple
shown above, the sn6dFemigeed apows, @ ’gg’&ll?f§?§?‘3915‘?’l?cﬁ?§y1‘?‘éﬁﬁﬁffé’c’rp&?ﬁlest

phase due to t e lnptd.nl, GBSARANERS ofi@lshodd AUAL AASASH LB, the HABRYE! .t e
| 0 ree C

. a
maxi mum r equest*&gensrat ron rate 1S stil ne request every t ocks. 10

Figure 9 illustyfahepresdrt iRV QtRROeqOited Mot PEEEPirg dgenentsearbdth the BATHET
detail. Snooping agents SAl, SA2 and SA3 each place their respective H T#
and H TM¢ si gnaing IO Mibsighals éx irdicate aberpopfstretrd’r 45 6809msiretgle informs

response to a nenory access request by t. requestin ent. ,The i ndivi dual
signal s are SdedB¢ r%astfr&a&ﬂnaﬁﬁf*i“c'at*f%‘ha‘gfﬂfﬁe IR & r@%r&ebbd‘é?beg)ﬁfy t he
resul tant bus M sdg68c.s are observed. The snoop
results shown i]tgn}pllne “Bf‘éﬁg\gggg? agileé—urgg zlare all assuned to be the response
of the snooping agents to a transaction 1 asserted in the second BCLK
cycle. The wired ORThesdVvdntage ¢ftbisgzromcol iothapfit aveids thaingpd der arHgxtra and

H TM# signals on.the bus is indicated in the figure by the |lines BUS H T#
and BUS HI TM¢. 'BROapusy2signaldedngicate aéHB%F%?jC‘hggﬂt*eégﬁl{ia?%“é‘dF‘éf?'aﬁi vel y

sl ow responder to th A Fﬁﬂi“lﬁ?et' Sbihet Sadt@imiigadyatdtdche Cl OCK
10 to indicate riefl‘éésgﬁéggg}%re%ﬁﬁggsﬁmlc ar emtaoe%‘e observed as ﬁval?d in
cl ock cycl e;gll. ihShAinelim@hecsiagsd Eratetbe@ause the use of the HITM# signal alone to effect

a transition from the invalid to the exclusive state (as shown in Table 1) is no

longer available. -

The use of the HIT# and HITM# signals in the snooping protocol of
the present invention will be described in further detail with reference to

15 Figures 7 and 8.

NORMAL P PHASE

According to the protocol of the present invention, shoop results in the
form of HIT# and HITM# signals are driven four clocks after assertion of
ADS# or at least three clocks from the last valid snoop phase of the previous

20 transaction, whichever is later. Note that in the timing diagram of Figure 7,
no snoop results are stalled and the maximum réquest generation rate is one

request every three clocks. -

In clock cycle 1, there are no transactions outstanding on the bus. In

clock cycle 2, transaction 1 is issued, as indicated by the "1" in the ADS# line



requesting agent that the requesting agent nust wait for the snoop stall to
be resol ved by asserting both the H T# and H TM¢ signals during clock
cycles 6 25 and 8. During the intervening clock cycles 7 and 9, the
requesti ng agent and - 20 - the other snooping agents observe that SAl
is asSerting a snoop stretch. The assertion of a snoop stretch by one
snoopi ng agent has an effect not only on,the requesting agent by causing it
to wait. for its snoop results, but als® bh The ot her snoopi ng agents w'th
respect to the manner in which they assert 5 their snoop results on the
bus. For. exanple, referring to the actions of snooping agent SA2, SA2 is a
fast responder that indicates that its requested cache line is valid (in
the shared or e d i . i gnal nd nqt H TM#)
during cl ock cy§ﬁ§g§5ﬁ§%§5@§§%'Bﬁ%gﬁigkgﬁﬂgﬁﬁﬁﬁ“gggﬁiéﬁ% '#ﬂéﬁﬁgfﬁaeg'shoop

stall that is ofieahyes résnlts farakargy@lon 17are IR LRGIIAoopRGAREnSAR theasserts
its snoop result at clock cycle 8. Subsequently, in response to the
reassertion of P¥e snoop stretch by snooping agent SAl in clock cycle 8,
upon observing the snoop stretch in clock cycle 9, snooping agent SA2 again

reasserts its snoop ML oipelo al QpH 0_ot her agents on
the bus indicate sné%gﬁggw@Fgﬁfﬁﬁgﬁhg¥ggﬁfég?}5he’E%g%%s?%% RS SA2
(H T#) can be lbeing BB&CKigREnd Tow ko adiycinat b sofhatshRapuspbtilién) bhe. In this

exanpl e, snooping agent SA3 al so needs to delay its snoop results, although
not for as | onginasti®Adr ackize.oMiirnoptey, beSAdedbe bus of Hwt preseme indteRtioandeddl TM

signals in clock, cyc 6 ut has_j S result ready by clock cycle 8,
Chwhioh it assHid (lt’lﬁéﬂbmf'?‘#giéifSﬁéill“gF%ﬂgﬁﬂééi‘aﬁg af B hugexkikighe 20

stretch indicat : i S pi A3 reasserts its
i T snoop. r eeul T TREY Sk ob et Fach, SAREIAMMPBR bn bl S8R50,
stretches (thatassesetieadiTanSAd) HIEN* eigasis ahbtrebultsohlidde shsehRd B9, the he
snoop result from SA3 can be observed in clock cycle 11 along with the
snoop resul 1& falbageaits onthrchuss regepdless ob gemenoop Tesatlis whtheaethersreiopetg of t he

signal s issued %g ghe snoopi ng 25 agents is that the observation of valid
snoop results i Ed"°1‘ayed from cl ock :

In clock cycle 7, the snoop results for transaction 1 are observed. In
clock cycl.e 8, t.he third transaction is issued by a requesting agent. In clock
cycle 10, four clock cycles after the assertion of transaction 2, the snoop results

15  from transaction 2 are observed. In clock cycle 13, the snoop results for

transaction 3 are observed.

Based upon the snoop results, the caches in the system perform the
appropriate memory transactions and update their cache line states according

to the protocol of the present invention.
20 STALLED SNOOP PHASE

Figure 8 illustrates the case of a stalled snoop phase in which the snoop
results are delayed on the bus due to a slow snooping agent. As shown in
Figure 8, transactions 1, 2 and 3 are initiated with ADS# activation in clock

cycles 2, 5 and 8. The snoop phase for transaction 1 begins in clock cycle 6,



cycle 7 to clock cycle 11, for a total delay of four clock cycles because
of the - 21 - snoop stretching by SAl1 and SA3. The cunul ative effect is
shown on the wired OR bus lines of Figure 9. After the snoop phase for the
current transaction is over, all the bus agents nmake their cache state
transitions as described in the previous table. 5 The transaction is
allowed to progress to its response phase in two clocks. The next )
transaction nmay-begin its snoop phase a mnimum of three clocks |later. -
22 - EFFECT OF STALL ON SUBSEQUENT SNOOP; PHASES Referring back to Figure 7,
the diagramillustrates a nunber of fixed relationshi ps between various
signals. The request phases for each nenory transaction are separated by
three clock cycles. In an enbodi nent of this 5 protocol, in the ADSence
of any previous snoop phases, the snoop phase for a transaction occurs four

cl ock cycles afft i gl?se{;&-%\oagseqiortl QF@W Aﬂ- $H38pin lﬁ%fiﬂg cgﬁa?/:(l:{ §ﬂ§§§'t phase.

For exanpl e, i'nol'—llrﬁ re hé“tequest 1s issued | ock TReé snoop

results are driygf §iobp redpeks Wil that fowd @6dk duratich HHee SPPARPriaeS LS
observed in clock 7. For the second transaction, the request phase 10

commences i n clafdke Snoarhsigeaio biiT# es I TM#.a Aeslevenagent hat iscurablestol at er i n
clock 9 and observed in clock 10. Simlarly, for, t| ir action, the
request phase bBRJEFALe P SNRPR E8IPENSe iR do ncg%ﬁl)‘gta%sﬁff Pg&iﬁt‘@a@eﬁﬁ@% n clock 12
and observed.in . WelUlg | t oop phase
stall on thgs sntgg%tﬂgﬁgécgoscqéggg %?%ét%?gg%Eeﬁoﬁf%ﬂaa%ga%c?g%sthgfoﬁgﬁs%ure 8 both

the H T# and H Wh"éd@lgfh@hﬁola%ﬁ tRE S€vieclOwi MITeH| and KIITYWH sighals arel thdbcatae a
snoop stretch. This stretch lTasts for two clock cycles fromcycle 6 to
cycle 8, in whiale obyerved onlthabunoegsrdlessiof the spoep results asserted by other

snooping agents on the bus.

On observing active HIT# and HITM# in clock cycle 7, all agents on the
10 bﬁs determine that the transaction snoop phase is extended by two additional
clocks through clock cycle 8. In the example shown in Figure 8, in clock cycle
8 the slower snooping agent is ready with valid Snoop results.and needs no
additional slnoop phase extensions. Thus, in clock cycle 8 all agents drive
‘valid snoop results using the snoop signals. In clock cycle 9 all agents observe
15  that HIT# and HITM# are not asserted together in the same clock and
determine'that the valid snoop results for transaction 1 are available on the

snoop signal lines of the bus.

According to the protocol of the present invention, for handling back-
to-back transactions it is necessary to tie the snoop pbase of the next _
20 transaction not only to ADS# plus 4 cycles after the start of the transa.c’tior;-,
but to the end of the last valid snoop phase. As a result, the beginning of the
next snoop phase is defined as the later of ADS# plus 4 clocks or snoop phase
-plus 3 clocks. Here, the snoop phase for tr_ahsaction 2 begins in clock cycle 11,
three clocks from the last valid snoop phase of transaction 1 (cycle 8 + 3
25 clocks) or four clocks from the request phase of transaction 2 (cycle 5 + 4

clocks), whichever is later. Since the snoop phase for transaction 2 is not



asserted on the bus. Those snoop results are observed in clock cycle 9.
Clearty, because of the snoop stretch the snoop results of subsequent 20
transactions nust al so be stretched. Under an enbodi nent of the protocol

t he presen

assertion
begi nni ng
i.e., the

snoop phase or four clocks fromthe assertion of the ADS# signal.
TRANSI TI ON TABLES The effect of the protocol of the present invention on

cache stat

t invention, the snoop phase of a transaction follow ng a
transaction causing a stretch snoop phase nust begin three clocks fromthe
begi nning of the previous valid snoop phase or four clocks fromthe

of its own ADS# signal, whichever is later. Alternatively, the-
t he next snoop phase can occur one clock cycle earlier,

of 25
| at er

e 5

of

of two - 23 - clocks fgom the beginning of the previous

transitions is shown in Tables 3 and 4 bel ow. Request

Requesti ng Agent Snoop Si gnal Snoopi ng Agent HI T#

H TM¢# Read
0
I[err] S

| [err] |

M[err] | S [errpqugst phase of transg:tlon 3.

0
Sferr] M

S S|

Stretch Wi
I'[ err]thide clocks from the snﬂ:o phase of transéktion 2 or fouEfREK froh tl'\Eer rIMm
0 0

E[ng]

-, 15

extqndpgr(ﬁ]'q;ched) the snoop phage for transactlon 2 gpmpletes in ohe tlpek.r| S

[err]S E[err] S
Qhe ¢ Snoop phﬁse [forltrirﬁ?ctlon 3 }Mgirgrxf\ ]clogk §§IEIS“ hg, "he lateroof

S[err] err] M

[err]l

| n%led t]he snoop phasg for transactuw[ %F?Tpletes in one clock.

For the example shown above, the snoop phase always occurs six clocks
from the request phase due to the initial snoop phase stall from transaction 1.
However, the maximum 'request generation rate is still one request every

three“¢locks?

Figure 9 illustrates the protocol of the present invention in greater
detail. Snooping agents SA1, SA2 and SA3 each place their respective HIT#
and HITM# signals on to the external bus of .the requesting agent in response
to a memdry access reduést by the requésling agent. The individual signals
al;e described for clarification only. On a wired OR bus, only the resultant bus

HIT# and bus HITM# signals are observed. The snoop results shown in-the -

.example of Figure 9 are all assumed to be the response of the snoo.ping agents

20

to a transaction 1 asserted in the second BCLK cycle. The wired OR result of
the assertion of the individual HIT# and HITM# signals on the bus is
indicated in the figure by the lines BUS HIT# and BUS HITM#. In this
example, snooping agent SAl is a relatively slow responder to the memory
access request. SA1 is not ready until clock 10 to indicate its snoop results,

which are to be observed as invalid in clock cycle 11. SA1 indicates to the

requesting agent that the requesting agent must wait for the shoop stall to be

25

resolved by asserting both the HIT# and HITM# signals during clock cycles 6

and 8. During the intervening clock cycles 7 and 9, the requesting agent and

STATE

ince the smpop phase for|tfansadtion {se'tOIt] M



Stretch 1 Stretch TABLE 3 MESI PROTOCOL
Table 3 illustrates the MESI state transitions for a wite back cache 10
operating under the protocol of the present invention. The table shows that
a snoop| ng agent holding a line ina nodified state asserts only the H TM
signal alone as its snoop response w thout sinultaneously asserting the

H T# - - 24 - signal. The only tine that both the H T# and H TM¢ signal s
are asserted together is to indicate thappa-snoopi ng agent nust delay the
transni ssion of its snoop results. Request Requesting Agent Snoop

Si gnal Snoopi ng Agent, HI T# _° H TM# Read. I[err] E

0 Ol 1 1I[err] E 0 0 E -1 |
[err] E r 1

1 Str eg{hghothtg‘ snoopmg agentls o%serve that SATNb assErtgg ae§rﬁ1|6p stretch. o
I[err] M 0 0 EPI[err]M 0
1 |\/| | St r dihetassertion of a sndop stretch by one g_noopmg agent lsisragt effecbnot
TABLE 4 MEI The protocol o £ ent .i.nvention is. of co se not
linmited to cach%n WP? ?Fﬁieaﬁ%%ef‘é é%‘ffé’%’i i §Vaftr{° ‘EPSWEEI’E%{“&%“

‘applicable to a | ,
Table 4 il ust rg%{eﬁ@%ﬂgr ?‘E}% rg;‘e%n't'% ﬂhﬁ #?Ful—f-g‘ll\ﬁl\/gﬁdsa?tgﬁ#aﬁll “ggféftﬁ%}ﬁg}gglﬁesent

i nvention unsler tHelresnbbp rggudis @nothe bgaFor exahepl@nbigrringme thetabtidieofH T# and
HI TM# signals are asserted together is to indicate snoop stretching. As an
alternative snooping agent SA2, SA2 15 a fast responder that indicates that its requested
* cache line is valid (in the shared or exclusive state) by asserting the HIT#
signal (and not HITM#) during clock cycle 6. However, because snooping
agent SA1 indicated a snoop stall that is observed in clock cycle 7, snooping
10  agent SA2 reasserts its snoop result at clock cycle 8. Subsequently, in respohse
to the reassertion of the snoop stretch by snooping agent SA1 in clock cycle 8,
upon observing the snoop stretch in clock cycie 9, snooping agent SA2 again
reasserts its snoop result in clock cycle 10. Because no other agents on the bus

indicate snoop stretching thereafter, the snoop results of SA2 (HIT#) can be -

15  observed in clock cycle 11 on the bus HIT# line.

In this example, snooping agent SA3 also needs to delay its snoop
results, although not for as long as SA1. Accordingly, SA3 asserts both the
HIT# and HITM# signals in clock cycle 6, but has its snoop result ready by
clock cycle 8, in which it asserts the HIT# signal alone. Because of the snoop

20 stretch indicated by SA1 in clock cycle 9, snooping agent SA3 reasserts its HIT#
| _ sno'op' result in clock cycle 10. Because the longest of the snoop stretches (that
asserted by SA1) was deasserted in clock cycle 10, the snoop result from SA3
can be observed in clock cycle 11 along with the snoop results from all other
snooping agents. The cumulative effect of .the signals issued by the snooping
25 agents is that the observation of valid snoop results is delayed from clock

cycle 7 to clock cycle 11, for a total delay of four clock cycles because of the



enbodi nent, because the MEl protocol does not utilize the H T# signal

al one, snoop stretching could alternatively be indicated by asserting only
the HHT# 15 signal. WRED OR GLI TCH SOLUTION. In addition to the use of a
m ni nrum nunber of snoop result signals, the present invention solves an

i nher-ent ‘physi cal problemincurred by using - 25 - awred OR bus. Using
w red OR technol ogy, a nunber of indivi dgil agents contribute their signals
to the bus. Unfortunately, the tine it~ t&akeS for the bus to settle on a
wired ORresult varies according to the different state transitions
experienced by the signals input by the bus agents. Only after the bus has
5 settled can the signals on the bus be safely observed. Figure 10 -
illustrates thesr\qmprmt@\gby Séh ang Hedo rihecrumutatéveneffect sethohimen theme i s
measured with respg {) t| on del ay, which is the del ay experienced
by a signal traV¥¢ % P‘hg F%HF l ength of the bus between any driver on
the bus to any receiver on the bus. Propagation delay is a |arge 10
component in the busyglaak sﬁé(c? %h:EiQQOm%tcuh'@nmriHsm:t?&ﬁlsmr age@eHgd for
when designing the bus and th us protocol. Referring to Figure 1 in
Case 1, two snom@rungmgetﬁar GAhe siatk tSABItDXPEs desm:ube&llrgﬂ“tapreVmus(tahlactl ve to
actlve) transitions ure 10 shows that the wred bus responds_to

these transi®i ohge Hﬁﬂsa§g?@ Isedlayyeditp Progressits its rRIRoBERREIE AN dwpP slocksnEhe
ability of an o si_gnal

i none propagati gg\,&d}qn@&tgg thg ﬁ?&%ﬁﬂ%ﬁ‘&asﬁgasﬁég{rl}tngfﬁﬁ Pﬁe%\%\%ﬁgsllage nci dent
wave switching." I—|owever referring to Case 2, when two snooping agents
experience transitions fromlow to hi gh (active to inactive), the bus takes
nore than one 20 but less than two propagation delays to settle.
Simlarly, in Case 3, when one snoopi ng agent experiences a transition from
low to high, while the other is maintained in a |ow state, the bus again
requires greater than one but |ess ’



.than two propagation delays to settle. In sunmary, whenever at |east one of
the signals on the bus makes a 25 transition fromlow to high, then
regardl ess of the direction of the transition - 26 - of the other
signals on the bus, it will take greater than one propagation delay for the
wiredORresult to settle on the bus. Referring to Figure 9, the present-

i nvention overcomes the probl em caused by the wired OR glitch and achi eves
i nci dent -wave switching by 5 requiring Z? active signal asserted in one
cycle to return to the high or inactive ate in the next clock cycle.
Moreover, to avoid wired OR glitch, all the signals on the bus are
synchronlzed to assert their snoop signals synchronously on the rising edge
of one clock cycle and to have their signals observed on the rising edge of
t he next clock cycle. Wthout |nsert|on of the 10 inactive high
observation cydEFEGIHRR STALESANSURBSEQUENTANQQIPHASES and go fromlow to
hi gh, other agents may contlnue to drive the bus to a |ow state, which
woul d create an uns rted
cycle provides a syg%ﬁ d%8m§ggﬁﬁégﬂ ?E?ﬁ?ﬁg*ﬁ”@ygﬁggﬁﬁﬁgmgggﬁ?§§§Men t hey
can safely obseeM@oasiipabe@iebn vafibis sigaalp FTherajuest pHases, forfehet mbkory
assertion of a signal, the next clock cycle is reserved for safe
observation of traheatjum a‘rescpatratadd?ydbteerc Chéﬁlﬁﬁn I@fant%@que@p@lr@feth@f t he
requesti ng agent to sn B@ res on bus h Rqﬁf NDLI ferring
o Frquroe 31 dig\ceeh 0t i SPBEASEal 207 FERUOth wORR P RO oNE  ORPB8NSses

all ows the sno e t he

o1 ove the Snodpan, c‘éug?f?%?E"B“aﬁéﬁ“’*%*‘%*‘%%%@“&'3%%?‘0?23?%@%929%
address parity tﬁél’r&[) uestplidse. Fererasiple, lim Figuee @ tiortqnestis shedanrchickphelse i s
one clock long and begins three clocks after the request phase begins
(three cl ocks aitthe soxppHepwtsaars @ t‘éﬂ)fOurGéﬁF(‘,‘éht%t‘FdﬂPcbécﬁ.ndg‘ hRI$BAOR here i s

tim for all agents. 22enedifHIERY. HOF R0 LUSRS AN tRteqlbl haS00P

10 commences in clock 5, the snoop results are driven four clocks later in clock 9
and observed in clock 10. Similarly, for the third transaction, the request
phase begins in clock 8, the snoop results are asserted in clock 12 and observed

in clqck 13. -

Figure 8 illustrates the effect of a snoop phase stall on the snoop phases

15 of subsequent transactions. In Figure 8 both the HIT# and HITM# signals are
asserted in clock cycle 6 to inaicate a si'\oop stretch. This stretch lasts for two
clock cycles from cycle 6 to cycle 8, in which cycle valid snoop results are
asserted on the bus. Those snoop results are observed in clock cycle 9.
Clearly, because of the snoop stretch the snoop results of subsequent

20 ' transactions must also be stretched. Under an embodiment of the protocol of
the present invention, the snoop phase of a transaction following a
transaction causing a stretch snoop phase must begin three clocks from the
beginning of the previous valid snoop phase or four clocks from the assertion
of its own ADS# signal, whichever is later. Alternatively, the beginning of

'25  the next snoop phase can occur one clock cycle earlier, i.e., the later of two



- 27 - sone agents still drive snoop results, but the results are ignored.

Figure 11 illustrates snoop phase abortion of a transaction due to

activation of the AERR# signal

are issued in clock cycles 2, 5 and 8,

ADS#. " As 5

di scussed above,

three clocks froma previous valid unab

fromits own ADS# signal .

Since AERR# Ts

)

3

in the error phase.
respectively,

Transactions 1, 2,

with assertion of
a snoop phase occurs during the | ater of
ed snoop phase or four clocks
nactive in the error phase in

clock cycle 5 and there is no history of a previous transaction snoop
phase, the snoop phase for transaction 1 begins in clock cycle 6, four

clocks fromits request phase.

10

active in the error phase in clock cycle 8, al
transaction 2 it8eapwrieyof hedAPR#isigarl agents abort or ignore the snoop

phase of transaction 2. Al

results in clo
to indicate an

£ ANsI TRYT
extension o

€ snoop w ndow. However,
if any. However,

AERR# overrides the stretch indication,
i nactive in the errdhegHagefithe pkaotol of tHeepredent idensionop cpliasgatef
transaction 3 begins at cycle 12, whjch

fromthe requedfansHions inshqwninleltlesonangd

phase of transaction 1. (Note that transaction 2 has been aborted and

renoved fromthe bus queue).

ak

the | ater
8lo¥hr ee cl ocks fromthe snoop

of 20

Si nce no snoopi ng agent extends the sno

Because no snoopi ng agents extend the

snoop phase f orcléckadisms thobeginning of dpprevieas siodpphask @€ fourBesa&y IAMERRY i s
agents determ ne that

other agents may drive their valid snoop 15
agent driving HT# and H TM# t oget her
t he assertion of
because AERR# is

f our

op

phase for tran
Figure 12 illu
events occur h
transacti on

10

" al adas & 1 HI -~ V-~ BP. V2N )
ST RS e A serg 12N Tt ete A—ehe—e-oek.
tTares sfoo I.J% IngAgent 18 Ir%t:cn o gfgﬁ*a’“a“ SN9OPLNE ABSR A5
ncinn nf t sSnonnn_ n m i
E:i%ead gxigrsion-oi—ihc-Snce v 5
I-S 1 0 S>8S
I-S 1 0 E-S
I-S 0 1 M-S
Stretch 1 1 Stretch
Write I-M 0 0 I-1
I-M 1 0 E-ol
I-M 1 0 Sl
I-M 0 1 Mol
SoM 0 lo 151
S M 1 0 E-l
S-M 0 1 M1
Stretch 1 1 Stretch
TABLE 3
MESI PROTOCOL

Table 3 illustrates the MESI state transitions for a write back cache

operating under the protocol of the present invention. The table shows that a

snooping agent holding a line in a modified state asserts only the HITM#

signal alone as its snoop response without simultaneously asserting the HIT#

cl ocks



-28- conbines with activation of AERR# in the error phase of the current
transaction to cause the snoop phase for the current transaction to be
cancel ed. Transactions 1, 2 and 3 are initiated with ADS# activation in
clock 5 cycles 2, 5 and 8. The snoop phase for transaction 1 begins in,
clock cycle 6, four clocks from ADS#. A sl ow snoopi ng agent drives both
H T# and H TM# active during clock cycle 6 to extend the snoop phase for

transaction 1 until
transaction 2 cannot occur at

clock cycle 11. 10

the error
gueue in cloc
sufficient ti

four clocks f

transacti on 1 swoppepiiase.

phase of transaction 2,

SEH Tafp

The snoop phasg

roﬁ%the tr

cl ocks,

unti |

clock cycle 8. This glarantees that the snoop phase of
| east for-three addit-ional

Because AERR# is active in clock cycle 8 during

duri ng obsevat
gy e 3ol
tREr &5t8MSAEdtk bt 3 PBEPIAG abbntGhetkietycthe thdsmissRnlAtigr of 5
i request phase and three clocks fromthe

anot her type of error

ansaction 3

iex-fﬁ# %];\d AR o

e snoop p

Along with parity errors,

transaction 2 is renoved fromthe bus
%J{H'l? LSVl provi des
ase of

Fansacti on

2.

affects the snoop phase. Under the MESI protocol as inplenented by the
present invention, if-a snooping agent holds a particular cache line in a
nodi fied statp_that—s 20 che—Hire—rust—hehela—+ 3 Av-a-d—stat e
in all other ER#BIShg aﬁﬁt‘%s.tm‘s gentqy Pt he sn3l8 a‘r‘#.as\, NORINE aCRE W | |
assert a H TM¢_snoop rdsult and all ot caches |[SHAMH ndt _assert ei t her
the H T# or HRead si gnglls: EHowever, anf%rror may |{ccur in|[hikh anot her
cache mistakenly assert|{d-the H T# sign® during t|fe snoop $e, thus
resulting i.n both the HIF#Eand 2 5 WWTN# si gnal{d being 4¥erked on the
wired OR bus.|This condition would be - 29 - drroneouslly detected as|a
snoop stretch| The asseStiateh of these lthw signal 41 oget her|St®€tqhj kel y to
continue for awritedefi njilt-eMeriod of tlihe: To acd®unt for |11
' : I-M 0 0 E-l
[-M 0 1 M-l
Stretch 1 1 Stretch
5 TABLE 4
MEI PROTOCOL
The protocol of the present invention is of course not limited to cache
memory holding its cache lines in the MESI state, but is applicable to any '
cache providing HIT# and HITM# signals. For example, Table 4 illustrates
10 the use of the HIT#/HITM# signaling of the present invention under the
| MEI protocol. Again, the only time both the HIT# and HITM# signals are
asserted together is to indicate snoop stretching. As an alternative
embodiment, because the MEI protocol does not utilize the HIT# signal alone,
~ snoop stretching could alternatively be indicated by asserting only the HIT#
15 signal.

WIRED OR GLITCH SOLUTION .

In addition to the use of a minimum number of snoop result signals,

the present invention solves an inherent physical problem incurred by using



this error condition, the bus includes a time-out nmechanismthat asserts an
initiation signal BINIT# informng all bus agents to clear out their bus 5
gueues. The tine-out nechanismmay reside in an |I/O controller that
nonitors the external bus over which the snoop signals are comuni cat ed. -
Alternatively, the tine-out nmechani smmay al so be inplenented in the
cluster controller, anong other uni ts.-Uéén-det ection, the tine-out

mechani smal so initiates an error recovery programthat can be resident in
10 menory or .disk, for exanple. The error recovery program may cancel the
runni ng application program or deliver an error.nmessage to the user. The
ti me-out nmechani smcan al so be used more general sense to handle
overly long i ndéft¥ed ERshisosing @t‘i?ﬁégRéeéé}g%lﬂglbf MipbarAf indixidint agengeh as

an extremely | ong. J8A Bek dih LOADRE,PLARGARI LSl i M (ITERNAL BUS

LOd C Figure 1371 es @an ‘externa ‘circurt

i npl ements the pggktaeoh aoefmtea@rm@sn%nbm&aﬁdl@to thY &l ferOHEstAGRnsRRHP! ed
to an external bus, including processors, |I/O controllers, nenory

interfaces and ckpe;ieemerbynthemxgmlsmpuhbx)ﬂpchuataggltanOEBLaftarrtbsubms ka3 mai ntain

menory .consi stenc hr oyghqut ' the system 2 and enforce the bus protocol.
In the context G&fT&dSER ghals ?%@%‘BL%G@%%%%@ nit closest to the bus
interface, .the cache control logic (CCL) 502 and the execution unit 504.

The processor execut ng'ﬁréﬂﬂbEll@%t&@ﬂebﬁnr&@mﬁ%lht@hapﬁénémw iMheqpder
m croprocessor or one that supports the speculative out-of-order execution

of instructi ons setflivg Gk 15ﬂféasure<ﬂ wddsreapdsti© progagaiongleaye wdiiccisithe aeBRQ

506, an 25 external control 9‘ c circuit (EBCTL) 510 and an ext ernal
snoop | ogi ¢ ci r G§PeriqnessRpR SEE’Q‘I raversing dhe plrysical lengthipighebas P%t‘*@g%éﬁtfl ally

a processor memgyy. bus. - QFS thaln&/ rQQelae‘}t?ltﬂ @ﬁn ];’;%B?@t@é;ﬂepa ggel BISEC ¢ er nal

processor, such as “one 1 nc cac e con
bus 520, botily OfcofpoRbntiBthE Bds Alock cydi@ardinuet whxﬁaﬁﬁdﬁangg&ob%drfsﬂuest

queue circuit 506 receives transaction requests fromthe
when designing the bus and the bus protocol. - :

Referring to Figure 10, in Case 1, two snooping agents SA1 and SA2
experience high to low (inactive to active) transitions. Figure 10 shows that
the wired OR bus responds to these transitions and settles within one

15 propagation delay. The ability of an observing agent to determine the valid
state of a signaliin'ione propagation delay from the time it was asserted is

known as “incident wave switching.”

.However, referring to Case 2, when two snooping agents experience
transitions from low to high (active to inactive), the bus takes more than one |
20 but less than two propagation delays to settle. Similarly, in.Case 3, when one
snooping ageht experiences a transition from low to high, while the other is
maintained in a low state, the bus again requires greater than one but less

than two propagation delays to settle.

In summary, whenever at least one of the signals on the bus makes a

25  transition from low to high, then regardless of the direction of the transition



5 502. It delivers those requests to the external bus 520 in order to

obt ai-n the requested information from anot her bus agent. The EBBQ 506 can
be viewed as the transaction "scheduler” for the EBL 500. The external
shoop logic (EBSNP) 512 is responsible for processing external snoop
requests. It issues snoop inquiries to the CCL 502 and EBBQ 506 based on 10
snoop requests fromthe external bus. 4t26 s-al so responsi ble for issuing
menory state change directives to the CCL 502 and the EBBQ 506 based on
external request type and internal snoop results. The external control

| ogi ¢ (EBCTL) 510 inplenents the bus protocol defined herein, and is

responsi bl e for of gk ighalesi artisus] it ol tidle EFBRQ @R ohe prbsagalbrdaRk, 15
bus, inform ng the EBSNP 512 and EBBQ 506 of external request activity,

transferring reéurabe edreds®B remtivoenttielna t8€bus02 -and t he external bus, and
tracking the status of all outstanding requests orthe bus. Wen snoopi ng

t he external bus 52 t he EBCIL 5 nd_EBSNP capture the external bus
signals. The EBSNP gliez‘erfr %5“?@ tg?’] f)eﬁeriﬁnlah'?%iz?nt%%{#em 83’63&56‘ - and

EBBQ 506 , whi Chaysel By th@wiRAWR LAERAGREAchiR0Ls iheidéf T stitent gy at this
point). The snoop inqliry includes the snoop address and an indicati on of

the type of snoeguitiag an sctine signgd@sdecediniond ydeito reirn502he bighusy due to
ongoing activity wiith the execution unit ?/?fg or if EBSNP 5&% detects an
address mat ch winastivesatecn the ngx RV RaMRyeReRHe ¥ Pidoyyired OR ghteh, alh; ¢ her

f th di t.i [ | LS5] : I h
EBCTL. 510, 1 n 1 BURGRE P e A8 B sk ARl AR GRed deCerRBBMRE 1 P ) e

external cont r okyd®gbfoukOort feVidsing Bdzeddtn@RIdCRIcclEbAd taREWOtheldlsTddaIsST gnal s
to the external }ous 520. °5 The external control |ogic (EBCTL) 510

al so perfornms ecbserveheokse daingredggr_bﬁg\eamdt dotkgayicleg Wéhwetsinsertimeéﬂfei cal ly,
o 11 an PncdmcHe B duervation S8, TR AL oM AT e R eI, s
(parity) error gnd {Qf ‘f‘@h%’iﬁ, biter §§Q{?@h\a§ Qhtifict @ f8ahe BUS to a low state,

which would create an unsafe edge.on which to observe. Moreover, the

inserted cycle provides a synchronous marker informing the snooping a‘gents

when they can éafely observe and assert their snoop signals. Thus, after

15 assertion of a signal, the next clock cycle is reserved for safe observation of the
bus result and determination of the response of the requesting agent to the

snoop results on the bus.

ERROR HANDLI

Referring to Figures 11 and 12, the protocol of the present invention
20 also allows the snoop f)hase to be aborted or canceled due to assertion of the
error signal AERR# in the error phase. The AERR# signal represents an
address parity error in the request. In one embodiment the error phase is one
clock long and begins three clocks after the request phase begins (three clocks
after ADS# is asserted). Cancellation occurs when there is time for all égents

25  to cancel the snoop phase and not drive snoop results. Abortion occurs when



Conversely, when, in acting as part of a requesting agent, EBCTL 510
detects an 10 AERR# signal on an outgoing address, it forwards the signal
to the EBBQ |l ogic. The EBBQ | ogic perforns a retry or invokes an error
handling routine. It will be appreciated that various nodifications and -
alterations m ght be made by those skilled in the art w thout departing
fromthe spirit and scope of the present27 nvention. For exanple, the
present invention nay be 15 physically enbodied in a variety of packages.
The present invention may be built into one integrated circuit package or
have its functionality spread over a nunber of chips, of be inplenmented by
an enul ator. Moreover, the.ipvention nma e qgnstructed on ¢hi ps of
different mater isaF‘se,agg’&i?ﬁt‘Héﬂk"lel%“88?1?858%5'3%‘ Itleu‘rﬁs‘é\lrtss%rﬁi’ﬂ‘é‘?reéi nal ly, the

present invention may operate in a 20 processor environnent that allows
specul ative super scafFgure @¥iIt2hraRs dRSoEIREE hbsHIOR lof WittdaksttdnRiREbLI Ned
processor environnment that perfornms neither specul ative executi on,

out - of - order exectivatom ofrtbe AFRRérsgral &r thepercatphese. Trarsactiomnt,iHand Baisé d,

t herefore, be neasured jn terns gf t%e cl ai.ns, whjch foll ow 25“ CLAI MS 1.
In a conputer sySHefhimsIPFngydss 4 2388 SorrePstyEl¥sY 1A §SssEian ok 4PS¥-s46i ng bus
transaction r,equashssAubodl, d &35h AB% KRR R e Mer /BRI A, o
transacti on requests and i Ssul ng bus signals of an externa us, erein
the bus transactgrevisuaivglid uRESbrid shobpphadeastifosi goels fhamiiRbwan plpgzal i ty of
cycles, a nethod for stretching the snoop phase of a bus transaction
conprising the sigps Since AERRAGs inaflivesin fg?étrel,‘ phasejir stock wpde Sragdabenetis
asserting both a I(;%T# bug signal and Hl TM¢ bus, si gr]_%lf toge her to indicate
that the first SKJYPORGCLYERTVINTSFaNTAFAR SNOBR Phessn 5rsnOQP iPhashi8p resul ts
for a predeterm :0d; | : 1.5t snoopi ng
agent deasserti ntﬁ ﬁczﬁglglg% iéc;ﬁq})%cgggétlﬁgiﬁg}ﬁ %;st f%“ﬁf%%éj}ysgi gnal s

t oget her andi oasBeciusehd drdopiig dfens@afend abeibicdp phase foFhmangedtivad, f claim 1,

wherein when the HT# and H TM# bus signals
completes in one clock.

Because AERR¥ is active in the error phase in clock cycle 8, all agents
determine that transaction 2 is aborted, and thus all agents abort or ignore the
snoop phase of transaction 2. All other agents may drive their valid snoop "

results in clock cycle 9 including an agent driving HIT# and HITM# together

[
W

to indicate an extension of the snoop window. However, the assertion of

AERR# overrides the stretch indication, if any.

However, because AERR# is inactive in the error phase in clock cycle
11, the snoop phase of transaction 3 begins at cycle 12, which is the later of
20 four clocks from the request phase of transaction 3 and three clocks from the
snoop phase of transaction 1. (Note that transaction 2 has been aborted and
removed from the bus queue). Since no snooping agent extends the snoop

phase for transaction three in this example, it completes in one clock.

Figure 12 illustrates snoop phase cancellation of a transaction. Two

25  events occur here -- an extension of the snoop phase in a previous transaction



are not asserted together by the sanme snoopi ng agent, they each represent
val i & snoop results, the H T# bus signal alone indicating that a cache |line
associated with the transaction request is stored in a shared or excl usive
state in a cache associated with snooping agent, and the H TM¢ bus signal
alone” indicating that a cache line assocjgted with the transaction request
is stored in a nodified state in a cache associated with a snoopi ng agent.
3. The met hod of claim1, further conprising the step of before the later
cycle, the first snooping agent reasserting both the H T# and H TM¢ bus
signal s toget hegodidinkd 1 ith! dcfibafPOPABARAGE Re m@tprag@bméer!@ er@ssertion of
the snoop results for the predeterm ned snoop period. 4. e net hod of .
claim1, wher eipahdaeti@xtcetanad tHelshobp phasei foe the(irians transhetibe te baput er syst em
i ncl udes a second snoopi ng agent, the nethod further conprising the steps
of : during the ¢dnceledcycl e, the second snoopi ng agent asserting its valid
snoop results; and during the later cycle, the second snoopi ng agent
reasserting its vali re P t .l al wherein

t he external bus is]gmﬁﬁggﬁwdR§%b§%%ﬁgl?tglgﬁﬁgﬁfgggg§é¥%#$iﬁ%%%ﬁbs a
second agents t&elede} Hefd BUThbeRodpOpiRise forgnkdittion t @Rginefin cldel itk 4,he first
cycle, the second snooping agent asserting both a HI T# bus signal and a

Hl TM# bus si gnafour slpeknisomt HDBHdACcHeW snpeping Agerd sleiyasi bethdd Bi#randald EFM# nust

del ti f ljd lts f th d i ned, . i od;
and dur ng 1 he TAVEAUEEI Bk HEe SpanEne he g FLGE (o HRSSEUOR g ot h ¢ he
HI T# and HI TMW# QU& ﬁjcﬂlnsa.l ’?hirs %;ﬂ/g{agl?ereé tl?a@%elﬁloﬁyghlﬁgﬁ’ téans_g&folnnﬂca?mgfacond

| ater cycle after tHe later , the secon noopi ng agent deasserting

the assertion ofcchothlebigoHhTee aduitibilal Mécksyansli vkl §cleqget her and asserting
its valid snoop results, and the first snooping agent reasserting its valid

10 Because AERR# is active in clock cycle 8 during the error phase of
transaction 2, transaction 2 is removed from the bus queue in clock cycle 9
during observation of AERR#. This removal provides sufficient time for all -

agents to cancel the snoop phase of transaction 2.

. The snoop phase for transaction 3 begins in clock cycle 12, the later of

oy
v

four clocks from the transaction 3 request phase and three clocks from the

transaction 1 snoop phase.

Along with parity errors, another type of error affects the snoop phase.
Uhder the MESI protocol as implemented by the present invention, if a
snooping agent holds a particular cache line in a modified state, that same
20 cache line must be held in an invalid state in all other snooping agents.
Thus,.during the snoop phase, one cache will assert a HITM# snoop result
and all other caches should not assert either the HIT# or HITM# sigﬁals.
However, an .error may occur in which another cache mistakenly asserts the
~ HIT# signal during the snoop phase, thus resulting in both the HIT# and

25  HITM# signals being asserted on the wired OR bus. This condition would be



snoop results. 6. The method of claim1l, wherein the external bus is a
W red OR bus the bus signals being logically inactive when in a high

vol tage state and logically active when in a | ow voltage state. 7. The
met hod of claim®6, wherein the period of the bus clock cycle is snal
enough to acconplish incident wave sw tgding of the bus signals on the
.wred OR bus. 8. The nmethod of claim 1, wherein each bus transaction has
a request phase during which a transaction request is issued, each request
phase is separated by a predeterm ned request generation period, in the
absence of a previous stretched snoop phase, the begi nning of the snoop

phase for a traRsacldiPdeictted Aparsabassttdtern Tiecasbagon BE HEs@twb BgnaRqUest
phase of the transaction by a predeterm ned request-snoop lag tine, if a

previ ous snoopogdiberas likslysto rcentmedfor ahéndrdigitaperigd of timiee Tnawpuphfase for a
transaction is s;garateg,fro the ti val.i SHOQ% results are asserted for
his: i B

d
a previous trdiSLIHRNBY G éﬁéﬂ@g ﬁb@“gﬁéﬁﬁ- ysTdgat f9387ts and the
SNoop- snoop 'qgitfahggaigg\faﬁg 18 infom g’ A1 b@adeRNoldir LaAHESE peo0P | ag

tinme. 9. The net aim8, wherein tHe predeterm ned request

gener at i on sperquedes O tigesouit Imezkarkisre rodyordsideyin laas/ nabntdoleptradet er mi ned -
request-snoop lag tine conprises four bus clock cycles. 10. The nethod of
claim9, wher enpnitas the exetnal hitheversubich tRanaep| sigals 37 oBmynisaeds hr ee bus

cl ock cycl es. :_Th thod of claim9. wherein the predetern ned

snoop- snoop | diél%ﬁrpﬁté"%%%??g@%o?t\/ﬂe?‘uaglsc_ i ake. ee'sr?pIE%eTge.d n %e met hod of
claim 8, wher &g &neoolief, AflonBWsthérSurdtsM 1Ssh SRelid, (1RGMA S transaction
has an error phase during which an error signal nay be

mechanism also initiates an error recovery program that can be resident in
10 memory or disk, for example. The error recovery program may cancel the
running application program, or deliver an error message to the user. The
time-out mechanism can also be used in a more general sense to handle
overly long indefinite snoop stretches caused by natural reasons, such as an

extremely long deadlock in a remote processor cluster.
15 EXTERNAL BUS LOGIC

Figure 13 illustrates an external bus logic circuit (EBL) that implements the

“protocol of the present invention. Every bus agent coupled to an external bus,
including processors, 1/O controllers, memory interfaces and cluster controllers,
incorporates an EBL circuit to maintain memory consistency throughout the system

.20 and enforce the bus protocol. In the context of a 'processor, the EBL 500 is the unit
closest to the bus interfacé, the cache control logic (CCL) 502 and the execution unit °
504 The processor execution unit 504 can be found in a standard in-order
microprocessor or one that supports the speculative out-of-order execution of
instructions. The EBL 500 includes-é bus request queue circuit (EBBQ) 506, an

25  external control logic circuit (EBCTL) 510, and an external snoop logic circuit

(EBSNP) 512.



asserted and if an error signal is asserted during the error phase of a
tfansaction, in the absence of a previous stretched snoop phase, any snoop
results asserted during the snoop phase for the transaction are ignored, if
a_previous snoop phase was stretched, the snoop phase for the transaction
is canceled by all snooping agents. 13. In a conmputer system having at

| east one requesting agent for issuing B0 4ransaction requests and at

| east one snooping agent for nonitoring transaction requests and issuing
bus signals on an external bus, wherein the bus transactions are tined by a
bus clock signal having a plurality of cycles, a nmethod for stretching the

snoop- phase of a b%kﬁeﬁnﬁﬁmioi iQQSsERM{yi ShdBeshdtem&hBRS0@ ;THe HBL 300 283Q0RANY
0}

agent asserting b a H T# bus signal and-a H TW# bus signal together when
the first snogpeffgcedgenternptocdsioaysuals sepneé aluding/eachel comomdjogieSO3, gd thr a
predet erm ned snoop period, the cycle in whh§?.the K%rst noopi ng agent
asserts both ekigredl bus 53bbREY obwhish Y] differentglockspeeds- and when t he
first snooping agent is ready to assert its valid snoop results, the first

snoopi ng agent deaggegld %g_tuéélf‘qléﬁé?ﬁédap%be%ceb@shratnbﬂﬁlﬂh?# @R it Mre bas

signal s toget her and ass Ing its valid snoop results, the cycle in which
the first snogp2ng deliesrs tAcseaeysestd o thakbiternshimeyb20ds ofdes thebrin themeqeitedt a
| ater cycle. 14. The met hod of claim 13, wherein the external bus is a
wired OR bus, iefchatiors fromasratben s agaat aFheckBRSY SPheanebeviersg aieh an -error

signal may be asserfed, gnd (f,an errn hgnal is asserted during the error
phase of a tréméﬁtioﬁn?&%“i%e?ﬁﬁggﬁgg 5@? a previous stretched snoop phase,
any snoop results asserted during the snoop phase for the transaction are

ignored, if a previrplexteRRPBndPRRIVEBSNPY Sl2abedpondible foopocpsageetanalt he

transaction is canceled by all 'snoopi ng agents. 15. A conputer system for

i npl ement i ng ansopoguests.eltdbiuey sprap ingeiries tohbe §¢dt Ohand HBRG2 PehisecPdck for

generating a bus clock signal havinglgkplgrality of c}es for tim ng bus
us. Ifisalso res

transacti orfs. S"REP §We§lﬁ]fmﬁ}9q g)ftﬁrd\_ ponsible Ior 1ssuing memory-stdte
change directives to the CCL 502 and the EBBQ 506 based on external request type

and internal snoop results.

The external control logic (EBCTL) 510 implements the bus protocol defined
herein, and is responsible for forwarding requests from the EBBQ 506 to the external
15 bus, informing the EBSNP 512 and EBBQ 506 of external request activity,
transferring requeste"a data between the CCL 502 and the external bus, and tracking

the status of all outstanding requests on the bus.

When snooping the external bus 520, the EBCTL 510 and EBSNP 512 capture
the external bus signals. -Th'e EBSNP 512 forwards the snoop inquiry to the CCL 502

20 and EBBQ 506, which return a snoop response (not in HIT#/HITM# form at this
I.;oint). The snoop inquiry includes the snoop address and an indication of the type

of snoop that is being performed.

If the CCL 502 is busy due to ongoing activity with the execution unit 504 or if

EBSNP 512 detects an address match with respect to an outstanding transaction,



-35- at | east one external bus for comrunicating bus signals and bus
tfansaction request; at |east one requesting agent, coupled to a
correspondi ng external bus, for issuing bus transaction requests; and at

| east one snoopi ng agent, coupled to a correspondi ng external bus, for

noni t'oring transaction requests and issupng bus signals on its
correspondi ng external bus, wherein a Ti#gt'snooping agent asserts both a
H T# bus signal and a H TM# bus signal together when the first snooping
agent nust delay assertion of valid snoop results for a predeterm ned snoop
period, the cycle in which the first snoopi ng agent asserts both signals

t oget her bei ng,; Lr . , en the fisrst snoopi ng agent is
ready to asser?que?%h\glglf?%gsg ﬁg%%%%geésﬁ"lay ?,ggly\kll%rgfnrlésl ons%fl(’)@ﬁisﬂa°%8§?fﬁs_ defhssert s
the assertion BBCPDSI0.t inerebpokite 21 chetdcTIMY rdauRt of lafinRdisatiROSH ety Fe ?&x‘if ts
its valid -snoop results, the cycle in which the first snoopiﬁb agen

asserts its vatandrod agiphS Hedrivasshd epprgpdatediidd aadl ot HITMY sigralsh6.the Thernal
system of claim wherein, when the H T# and H TM# bus signals are not
asserted togetmﬁ% y the same snooping agent, they each represent valid
snoop results, the H T# bus signal alone indicating that a cache |ine -
associ ated sv t h t hehkreaftsad lcbRiFol IBEIEBCTE) SHQN i ' xcl usi ve
state in a cache associated with agsﬁoopi én)g age%&érgﬁgs?%ﬁﬂﬁ% 0E‘us si gnal
al one i ndi cat i mgomhegtara aughiegrequestas Spedifitadlg, wher it heting apH€ bf RBné&HINESt
is stored in a cac sociated with a snooping agent, 17. The system of
clai m 15, wher3eRt Eaf?ﬁsr@td%sﬁcﬁpﬁhmjy SHORIN $LREIBMEAdsiess, it meserts TRERRitto
ant ‘s 5L SRRl BE LA R0 JE AhA EAILLS clenal it el Btadd BO2P| 10

agent nust again del ay asserti t he snoop resu dét er m ned

snoop peri-od. d8nversel wihen] Bactihg @b phiMol & reqMasrgd dpeh N EBENLN10YetddiSad S @
wired OR bus, during the first cycle, if a second snooping agent Is ready

to assert 1%s 4BRRY signalopn aroulgomng addeesseit forevasdsotbpisignabipetht EBSSEIog . i THe
val i d snoop regggéﬁ'.and . . .
ogic performs a retry or invokes an error handling routine.

' : .
It will be appreciated that various modifications and alterations might

be made by those skilled in the art without departing from the spirit and

scope of the present invention. For example, the present invention may be

[y
wn

physically embodied in a variety of packages. The present invention may be
built into phe integrated circuit package or have its functionality spread over
a number of chips, or be implemented by an emulator. Moreover, the
invention may be constructed on chips of different méterials, such as silicon
or gallium arsenide. Finally, the present invention may operate in a

‘20 processor environment that allows speculati\:'e superscalar, out-of-order
execution or within a pipelined processor eﬁvironment that performs neither
speculative execution, out-of-order execution, nor sdperscalar operation. The
invention should, therefore, be measured in terms of the claims which

follow.

[\ ]
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during the later cycle, if the first snooping agent is asserting both the
H T#-bus signal and the H TM¢ bus signal together, the second snooping

agent reasserts its valid snoop results. 19. The syw,
wherein the external bus is a wired OR bus, during the first cycle, t he
second snoopi ng agent nust del ay asserti of its vaI i d rnﬁmmt |&

t he predetermn ned snoop period, the sec “snoopi ng ageHm“m

HI T# bus signal and a H TM¢ bus signal together, and durtngttHe ["até

cycle, if the second snooping agent nust again delay assertion of |ts val i d
snoop results for the predeterm. ned snoop period, the second snooping agent
reasserts both the H T# and H TM¢ bus g g@m? together; and during a second
| ater cycle after the later cycle, "if cond snoopi ng agent is ready to
assert its valid snoop results, thatl second snoopi ng agent deasserts the
assertion of both the H T# and H TM¢ bus signals together and asserts its
val id snoop results, and the first snoopi ng agent reasserts its valid snoop
results. 20. The system of claim 15, wherein the external bus is a wired
OR bus, the bus signals being logically inactive when in a high voltage
state and logically active when in a |ow voltage state. 21. The system of

cl ai m 20, wherein thelmpercoathwer shetehthaeingcdt leyst! end feirmtihgaipengiof 0
acconplish incident wave switching of the bus signals on the wited OR bus.

22. The sigstigip Iofis baasaatich reduestsi andat leabtisne snospittg agerttedfera request
phase during which a transaction request is issued, each request phase is
separ at ed bsoaitorgetrensadiieoh resppeskst agdnleslangdmspsgnals on antextemtad buse of a
previous stretched snoop phase, the beginning of the snoop phase for a
transact i onwhereiaghe dusdransactiohe apegimed hy aous block sigradthaytiag e pzihralhtq
transaction by a predetermned request-snoop |ag tine,
of cycles, a method for stretching the snoop phase of a bus transaction
comprising the steps of:
during a first cycle, a first snooping agent asserting both a HIT# bus
signal and a HITM# bus signal together to indicate that the first snooping
agent must delay assertion of valid snoop results for a predetermined snoop
" period; | |
during a later cycle, the first snooping agent deasserting the assertion of
both the HIT# and HITM# signals together and asserting its valid snoop

results.

2. The method of claim 1, wherein when the HIT# and HITM#
signals are not asserted togéther by the same snooping agent, they each
represent valid snoop results, the HIT# signal alone indiéating that a cache
line associated with the transaction request is stored in a shared or exclusive
state in a cache associated with a snooping agent, and the HITM# signal alone

indicating that a cache line associated with the transaction request is stored in

a modified state in a cache associated with a snooping agent.
This Sheet Has Been Replaced




if a previous snoop phase was stretched, the begi nning of the snoop phase

for a transaction is separated fromthe tine val i-—shoop-results are

asserted for a previous transaction by a predetermn ned snoop-snoop | ag
time, and the siToisShestHaoPedh@®eplickdre i s shorter in ggl mumﬁu"mm
request - snoop | ag ME e system Tl aim22% i Wl ¥
predeterm ned req n period conprises three bus clock cycles
and the prredeterm ned request-snoop lag time conprises four bus clock
cycles. 24. The systemof claim 23, wherein the predeterm ned snoop-snoop
lag time conprises three bus clock cycles. 25. The system of claim 23.
wherein the predeterm ned snoop-snoop lag tinme conprises two bus cl ock .
cycles. 26. The systemof claim15, wherein the external bus is a wired OR
bus, each bus tr3nsaciThermhtwdanf eleimrl, fhaher ¢amprisingitbh séep efr or si gnal
may be asserted, if a snooping agent _or a requesting agent asserts an error
signal during thbeforeghe patgs ydle, the firsh saeoping: agent rpessgHsRe beth the HIT#
previ ous stretched snoop phase ] 'S i ents and réquesti?g agents

I
i gnore the aﬂééélwmwlaéwthég lgoféwei ?fgpﬁﬂ%orggs@@eah&wm%ée ay

transaction, if .a pr.eyious snoo ase was retched, the snogp phase for
the transact¥6rtPR qgéﬁ@eﬁngﬂpbﬂfsgltg ?%‘h P’Fféfé;?f@ﬁ’tngg S0P RefdOet hod of
claim1l, further conprising the step of: if the H T# and H TM¢ bus signals
are asserted sinultaneously for greater than a predeterm ned period of
time, thereby producing a cache protocol violation, detecting and handling
the protocol violation. 28. The nethod of claim 13, further conprising the

step of: 4. The method of claim 1, wherein the external bus is a wired OR

bus and the computer system includes a second-snooping agent, the method
further comprising the steps of:

during the first cycle, the second snooping agent asserting its valid
snoop results; and |

duriﬁg the later cycle, the second snooping agent reasserting its valid

snoop results. -

5. The method of claim 1, wherein the external bus is a w;ired OR
bus and the computer system includes a second snooping agent, the method
further comprising the steps of:

during the first cycle, the second snooping agent asserting both a HIT#
bus signal and a HITM# bus signal together to indicé.te that the second
snooping agent must delay assertion of valid snoop results for the
predetermined snoop period; and

during the later cjrcle, the second snooping agent reasserting the both
the HIT# and HITM# signals together; and

during a second later cycle after the later cycle, the second snooping

agent deasserting the assertion of both the HIT# and HITM# signals together -



- 38 - REPLACEMENT SHEET 18 AUG 998 if the H T# and HI TM# bus si gnal s are
asserted sinultaneously for greater than a predet er mraed—period—of—tine;

t her eby produci ng a cache protocol violation, detecti i he
protocol violation 29. The conputer systemof claim Fﬂllm I! m mﬁﬂill sing
-a time-out mechanismfor detecting and Bandling a pro SON

wherein the protocol violation occurs if the H T# and H TM# bus signals are
asserted sinultaneously for greater tha a predeterm ned period of tine.
30. The nmethod of claim6, wherein each bus clock cycle has a first edge
and a second edge, the bus signals being driven on the first edge of a bus
clock cycle and observed on the first edge of a next bus clock cycle. 31.
The met hod @rid gssertingats valisk snaep Frsuftsrand Bwegfirst snQOPINgG; 38N¢ dERSSEHYE he
second edge is a. ,falling edge. 32. - The system of claim 20, wherein each
bus clock cifEValif£809piieselts-edge and a second edge, the bus signals being
driven of the first edge of a bus clock cycle and observed on the first
edge of a next bus clock cycle. 33. The systemof claim 32, wherein the
first edge is a rising edge of a bus clock cycle and the second edge is a
falling edge of a bus clock cycle. 34. |In a conputer system having at

| east one requesging PRERLethSA of TEMIND WHErell BRSaakim HiedyesksrednORat
| east one snooping agent for nonitoring transaction requests and issuing

bus si gnal sp@gaRd egtt Bliddlocke§cle havatfhetedgrarat & etadhidgdge)¢hsbaspignhse of
a bus transaction conprising the steps of. 'during a first cycle, a first

snoopi ng agksithgadessertad ibattivechifh mat lbiched iogrthk faatedgesetabds bydesifignal
,together to ingi cate that the first snooping agent nust delay assertion of
‘val i d snoopbeiagussertédaciivelader énartivechighoophedinsbedgeliaf inpreyious bus cycl e,
the first snooping agent deasserting the assertion of both the first and
second bus eydmal s together and providing its valid snoop results using
said first and second bus signals individually.

7. The method of claim 6, wherein the period of the bus clock cycle
is small enough to accomplish incident wave switching of the bus signals on

the wired OR bus.

8. ° The method of claim 1, wherein each bus transaction has a
request phase during which a transaction requést is issued, |

each request phase is separated by a predetermined reqLJést generation
period,

in the absence of a previous stretched snoop phase, the beginning of
the snoop phase for a transaction is separated from the beginning of the
request phase of the transaction by a predetermined request-snoop lag time,
| if a previous snoop phase was stretched, the beginning of the snoop
phase for a transaction is separéted from the time valid snoop results are

asserted for a previous transaction by a predetermined snoop-snoop lag time,

and
This Sheet Has Been Replaced
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-39 - 35. The nethod of claim 34, wherein when the first and second bus
signals are not asserted.together by the same snoopi ng agent, they each

represent valid snoop results, the first bus-sign?LPQLQDQ_LnchaLLHg-that a
cache line associated with the transaction reques¥ is stored in a shared or
exclusive state in a cache associated with a snoopi m‘““i \“‘H second
bus signal alone indicating that a cacdg +ine assocm“m | .
transaction request is stored in a nodified state in*a €ache "issoci at ed

wi th a snooping agent. 36. The met hod of claim 34; further conprising the
'step of. before the later cycle, thé first snooping agent reasserting both
the first and second bus signals together if the first snoopi ng agent nust
agai n del ay assethei gvwogksndup bpbpe essharserf ior duragiq et eherrepeksiaaopp
period. 37. The net hod of claim 34, wherein the external bus is a wired
OR bus and legdimenput er systemincludes a second snoopi ng agent, the nethod
further conprising the steps of: during the first cycle, the second

snoopi ng agent asserting its valid snoop resul'ts; and during the |ater

cycle, the second snooping agent reasserting its valid snoop results. 38.
The nethod of claim 34, wherein the external bus is a wired OR bus and the

conput er system jncludes a second snoqpi agent, the nmethod further
conprising the s 'epsu'glf“? %ﬂf‘Pﬁfﬁjﬂé*fﬁﬁ?&nﬁW@r E},\é Pﬁ%g%téé%‘h’ae%ﬁ%‘ﬁsﬁg agent
asserting both a.first. bus signal .,and.a secgnd hus_si,gnal taqgether to

i ndi cat e trﬁnef%é(’%@@&r?gl %%88855% t%rggrhusnﬁg& 8%&5@ aaggE‘FthSagEﬂ‘mVB??&d snoop
results for_the predeterm ped. s i.qd: ihg the later cycle, the
second snoorﬁﬂﬁgﬂa{:]‘éog}p fagatsugl r%°§‘ﬂ§8?%sgﬁ°é‘6ﬁ1 Stc@l&;g? ?fél%gand second bus signals
toget her; and during a second |ater cycle after the |ater cycle, the second
snoopi ng agent deasserting the assertion of both the first and second bus

signal s together and asserting its valid snoop results, and the first
snoopi ng agent reasserting its valid

10. . The method of claim 9, wherein the predetermined snoop-

snoop lag time comprises three bus clock cycles.

11.  The method :of claim 9, wherein the predetermined snoop-

snoop lag time comprises two bus clock cycles.

12. - The method of claim 8, wherein each bus transaction has an
error phase during which an error signal may be asserted and if an error
signal'is asserted during the error phase of a transaction,

in the absence of a previous stretched snoop phase, any snoop results’
asserted during the shoop phase for the transaction are ignored,

if a previous snoop phase was stretched, the snoop phase for the

transaction is canceled by all snooping agents.

This Sheet Has Been Reilaced |

RUANTH



snoop results. - 40 - 39. The net hod of claim 34, wherein the external
bus is a wired OR bus and each bus clock cycle has a first edge and a
second edge, the bus signals being deasserted inactive high and I atched on
the first edge of a bus cycle after being asserted a mﬂ 1 tive
hi gh-on the first edge of a previous bug cycle. 40. H"lm mﬂmlﬂmal m
34, wherein each bus transaction has & %qUest phase 8urfng whicl a* :
transaction request is issued, each request phase is separated by a
predet erm ned request generation period, in the absence of a previous snoop
phase, the beginning of the snoop phase for a transaction is separated from
the beginning of theqgequest phasengh ¥Be Li2RiRGkM t%% %HELSP%hﬁﬁﬁ!ned
request - snoop | ag tlne if a previaus snoop phase stret

begi nni ng of thefsaobpSthQBSﬁ@noa,tBab§&en¢0ﬁ1ﬂ§ gép@mmaamhaﬁanhe time
valid snoop resalegér%sda%?%t 24 £ERen P B itheS LEBRHA qgg

predet ern ned snoop-snoop time, and the snoop- sn t|ne | Shorter
in duration than the request-snoop.lag tine.
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