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COVWPUTER SYSTEM AND METHOD FOR MAI NTAI NI NG MEMORY CONSI STENCY IN A
PrPELI NED, NON- BLOCKI NG CACHI NG BUS REQUEST QUEUE

5- FI ELD OF THE I NVENTI ON The present invention relates
ggnegally to conputer systens, and nore specifically to conputer .
syss ans havi ng nulti pl.e evel s of hierarchical menori es which nust be
mai nt ai ned consi st ent 10 BACKGROUND OF THE | NVENTI ON Comput er
systens may include nmultiple | evels of nmenories arranged in a

hi erarchi cal manner. For exanple, a conputer nay include a nain random

access menory (RAVEoNPETRRCSPST M KD Tt ot FOR MAINTAIRING

MEMORY CONSISTENCY IN A PIPELINED, NON-BLOCKING
CACHING BUS REQUEST QUEUE

5 FIELD OF THE INVENTION
The present invention relates generally to computer systems, and more
specifically to computer systems having multiple levels of hierarchical

memories which must be maintained consistent.

10  BACKGROUND OF THE INVENTION
Computer systems may include mﬁltiple levels of memories arranged

in a hierarchical manner. For example, a computer may include a main
random access memory (RAM), and a central processing unit (CPU) which
includes one or more levels of cache memory. Each level of cache is generally

15 faster and smaller than the ievel above it, but more expensive, either in terms
of dollars or silicon area. Caches are provided to enhance the execution speed
of an executing program in a manner transparent to the program. Each cache
is used to hold valid data logically viewed by the program to reside in RAM,
for faster access by the CPU. Such a systém may include a level one (L1) cache

20  which may advantageously be located within the CPU, and may further
include a level two (L2) cache which may be located within the CPU as an on-
chip or off-chip memory, and may further include a level three (L3) cache
which would more typically be located on the motherboard. Other

configurations are, of course, possible. e
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includes one or nore |levels of cache nenory. Each |evel of cache is
"generally 15 faster and smaller than the | evel above it, but nore
expensive, either in terns of dollars or silicon area. Caches are
provi ded to enhance the execution speed of an executing programin a
manner transparent to the program Each cache Is used to hold valid
data logically viewed by the programto regide I n RAM for faster
access by the CPU. Such a systemmay include a | evel one (L1) cache 20
whi ch may advant ageously be | ocated within the CPU, and may further

| nclude a | evel tVB.hhdd Aol IGD gapY. ? epREehd tysalipAidedeas an

on- chip or | p nmenory, I ncl evel three
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for maintaining logical coherency or consistency between the levels of
5 memory.

+ Advanced computer systems may include a pluraiity of agents which
are capable of reading and/or writing to inemory. This complicates the cache
consistency requirement. Such agents may include various entities within a
single CPU. They may also include a plurality of CPUs in a single system. Or,

10  they may include other types of agents such as direct memory access (DMA)
controllers or the like. | '

In such a system, the various caches may be coupled to various
combinations of buses. It is desirable that the various agents access the caches
over these bus{es) in a non-blocking manner, to enhance system performance.

15 What is desired is an ﬁnproved such system and method for
maintaining cache consistency for non-blocking, multi-level caching. This is
particularly desirable in a system which has any or all of the following
characteristics: out-of-order instruction processing, speculative execution of
instructions espedally those involving bus requests, deep bus pipelining,

20 support of self-modifying code, code and data cache fetching independence,
L2 cache integration, and multi-level internal caching.



| ocations in perhaps. one or nore |evels of cache, and because a given

| ogi cal datum may be witten to those various |evels at distinct
times, there is a need for maintaining | ogical coherency or

consi stency between the levels of 5 nenory. Advanced conput er
systens may indude a plurality of agents which are capable of reading
and/or witing to nenory. This conplicates the cache consi st ency
requi rement. Such agents may include variods entities within a single

CPU. They may also include a plurality of CPUs in a single system O, 10

they may include other t S%SBET%%EEtS such_as_direct nenory access (DWA)

controll ers oR2UiME HEE INVENIILINt ey t he vari ous caches

may be coupled to ari us conbj nations of .buses. |t,is desirable that
the various agent sxéeﬂﬁge’f%t‘?ﬁcﬂéame °a\}ﬁrfqrﬁbe§£b15lfs]?%‘§5‘gian a
non- bl ocki ng manper., t nhance s rmance. 1 at, .l s
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i ndependence, L2 cache iritegration, and nmulti-level internal caching.
requests, such as read requests and write requests, onto an external bus. The

computer system includes one or more CPUs each having this consistency

mechanism.



3 SUMMVARY AND OBJECTS OF THE | NVENTI ON A conputer system
and a nethod perforned by it, having a mechani sm-for ensuring
consi stency of data anong various |evel (s) of caching ina mlti-|evel
hi.erarchi cal nenory system The cache consistency 5 nechanismincludes an
external bus request queue which and associ at ed mechani sm whi ch
cooperate to nonitor and control the issuance of data requests, such. as
read requests and wite. requests, onto an gxternal bus. The conput er
system i ncl udes one or nore CPUs each having this consistency
mechani sm

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is illustrated by way of example, and not by way
o limitation, in the figures of the accompanying drawings and in which like

reference numerals refer to similar elements and in which:

Figure 1 illustrates a multiprocessor computer system comprising a set

of processors and a memory subsystem.

Figure 2 shows an overview of a multiprocessor computer system

10  upon which the present invention may be practiced.

Figure 3 is a block diagram showing a bus cluster system upon which
the present invention may be practiced.

15 Figure 4 shows an overview of a multiprocessor computer system of

the present invention.

Figure 5is a iming diagram of two bus transactions in one
embodiment of the present invention.
20
Figure 6 is a block diagram of the memory subsystem of a processor
incorporated into one embodiment of the computer system of the present

invention.



4 BRI EF DESCRI PTI ON OF THE DRAVWNGS The present invention is

i1lustrated by way of exanple, and not by way - of Limtation, in the
figures of the acconpanying drawi ngs and in which |ike ref erence
nuperals refer to simlar elements and in which: 5 Figure 1

Il lustrates a nmultiprocessor conputer system conprising a set of
processors and a nenory subsystem Figure 2 shows an overvi ew
of a nultiprocessor conputer system 10 updn which the present invention nay
be practiced. Figure 3 is a block diagram showi ng a bus

Figure 4 Shova an OB/ Tt 2 ok B TRaeli g fleePl BB

incorporating the teachings of the present invention.

Figure 8 is a block diagram of a processor in the multiprocessor

5 computer system.

Figure 9 is a block diagram illustrating the system of the present

invention.

10 I-‘igufe 10 is a block diagram showing further details of the external bus

request queue.

Figure 11 illustrates the reorder circuit which contains a reorder buffer
comprising a set of ROB entries (REQ through REn) that buffer speculative
15 result data from the out of order speculative execution of physical micro-ops.

Figure 12 illustrates a load memory drcuit which comprises an address
generation dircuit, a memory ordering dircuit, a data translate look-aside
buffer (DTLB) circuit, and a data cache drcuit.

20

Figure 13 illustrates a processor for one embodiment which comprises

an internal data cache, a memory access circuit, and transaction queues for

tracking deferred transactions.



the present invention. Figure 5 is a timng diagramof two
bus transactions in one enbodi nent of the present invention. 20
Figure 6 is a block diagramof the nenory subsystem of a processor

i neorporated into one enbodi ment of the conputer system of the present

I nventi on. ' 5
Figure 7 shows a block diagramillustrating an exenplary processor
i ncorporating the teachings of the present invention. Figure 8

is a block diagramof a processor in the multiprocessor
Figure 14 illustrates a node interface drcuit for one embodiment which

comprises transaction queues for tracking deferred transactions and for

propagating deferred transactions between bus clusters.
5 Figure 15 shows an example of an abort and redispatch process.

Figure 16 is a flowchart describing the steps for providing a memory

consistency model (i.e., process ordering) in a multiprocessor system.

10 Figures 17-18 provide a flow chart that illustrates the handling of a

communication transaction by the node interface circuit.

Figure 19 is a flowchart illustrating a read transaction by a requesting
bus agent.
15
Figure 20 is a flowchart illustrating a write transaction or an

invalidation transaction by a requesting bus agent.

Figure 21 isa simplified flow diagram of the operation of one

20 embodiment of the computer system of the present invention.

Figure 22 is a flowchart describing the steps for supporting an
operation to memory on a pipelined bus in one embodiment of the present

inventon.



5 conputer system Figure 9 is a block diagramillustrating

the system of the present I nventi on. 10 Figure 10 is a bl ock
di agram showi ng further details of the external bus request queue.
Figure 11 illustrates the reorder circuit which contains a reorder buffer

conprising a set of ROB entries (REO through REn) that buffer speculative
15 result data fromthe out of order specul ative execution of physical

m cr o- ops. Figure 12 illustrdtes a |l oad menory circuit which
conpri ses an address generation circuit, a nmenory ordering circuit, a
data transl ate | ook-asi de buffer (DTLB) circuit, and a data cache
circuit. 20 Figure 13 illustrates a processor for one

mbodi t which ' « L nt | t h
Cirout - and tr ans JOBTIR A e it deftrling X APl e BtRRRYset one.

operation on a pipelined bus in one embodiment of the present invention.

5 Figure 24 is a flowchart describing the steps for updating cache states

in a read operation in an alternate embodiment of the present invention.

Figure 25is a flowchart describing the steps for updating cache states
in aread operation in another embodiment of the present invention.
10
Figure 26 is a flowchart describing the steps for performing a write

operation on a pipelined bus in one embodiment of the present invention.

Figure 27 is a flowchart describing the steps for updating cache states

15 in a write operation in an alternate émbodiment of the present invention.

Figure28 is a flowchart describing the steps for updating cache states

in a write operation in another embodiment of the present invention.

20 Figure 29 is a flowchart describing the steps for performing a cache
line invalidation operation on a pipelined bus in one embodiment of the

present invention.



6 Figure 14 illustrates a node interface circuit for one

enbodi nent whi ch conprises transacti on queues for tracking deferred
transactions and for propagating deferred transacti ons between bus
clasters. 5 Figure 15 shows an exanple of an abort and redi spatch
process. Figure 16 is a flowhart describing the steps for
provi ding a nenory consi stency nodel (i.e., process ordering) in a
mul ti processor system 10 Fi gures ©17-18 provide a flow chart that
illustrates the handling of a

DETAILED DESCRIPTION

Figure 1 illustrates a multiprocessor computer system 120. The
multiprocessor computer system 120 comprises a set of processors 122-124,
and a memory subsystem 126. The processors 122-124 and the memory

5 subsystem 126 communicate over a multiprocessor bus 128.

Each processor 122-124 fetches a stream of macro instructions from the
memory subsystem 126 over the multiprocessor bus 128. Each processor 122-
124 executes the corresponding stream of macro instructions and maintains
data storage in the memory sﬁbsystem 126.

10 Figure 2 shows an overview of a multiprocessor computer system
upon which the present invention may be practiced. The computer system
generally comprises a processor-system bus or other communication means
201 for communicating information between one or more processors 202 and
203. Processor-system bus 201 includes address, data and control buses. As

15 descaribed above, processors 202 and 203 may include a small, extremely fa;t
internal cache memory, commonly referred to as a level one (L1) cache
memory for temporarily storing data and instructions on-chip. In addition, a
bigger, slower level two (L2) éache memory 204 can be coupled to processor
202 for temporarily storing data and instructions for use by processor 202. In

20  the currently preferred embodiment, the L1 and L2 cache memories are
included in the same chip package as processor 202. : R

Also coupled to processor-system bus 201 is processor 203 for
processing information in conjunction with processor 202. Processor 203 may
comprise a parallel processor, such as a processor similar to or the same as

25 processor 202. Alternatively, processor 203 may comprise a co-processor,



communi cation transaction by the node interface circuit.

Figure 19 is a flowhart illustrating a read transaction by a requesting
bus agent. 15 Figure 20 is a flowhart illustrating a wite
transaction or an i nval i dation transaction by a requesting bus agent.

Figure 21 is a sinplified flow diagram of the operation of one 20
enbodi nent of the conputer system of the present invention.
Figure 22 is a flowhart describing the st’eps for supporting an

operation to nenory on a pipelined bus in one enbodi nent of the present
I nventi on.
. such as a digital signal processor. Furthermore, a level three (L3) cache

memory 211 for temporarily storing data and instructions for use by other
devices in the computer system {e.g., processor 202, processor 203, etc.) and a
L3 cache controller 210 for controlling access to L3 cache memory 211 may

5 alsobe coupled to processor-system bus 201. The L3 cache controller 210 is
also coupled to memory-system bus 215.

A memory-system bus or other communication means 215 for
communicating information is coupled to processor 202 for prox;iding
processor 202 and other devices in the computer system access to the memory

10 and input/output (I/0) subsystems. A memory controller 222 is coupled
with memory-system bus 215 for mnh’dﬁing access to a random access
memory (RAM) or other dynamic storage device 221 (commonly referred to
as amain fnemory) for storing information and instructions for processor 202
and processor 203. Memory controller 212 maintains the order of read and

15 write operations based on specific rules described in detail below. A mass
data storage device 225, such as a magnetic disk and disk drive, for storing
information and instructions, and a display device 223, such as a cathode ray
tube {CRT), liquid crystal display (LCD), etc., for displaying information to
the computer user are coupled to memory-system bus 215.

20 An input/ oﬁtput ({I/0O) bridge 224 is coupled to memory-system bus
215 and 1/0 bus 231 to provide a communication path or gateway for devices
on either memory-system bus 215 or I/O bus 231 to access or transfer data
between devices on the other bus. Essentially, bridge 224 is an interface

between the system I/O bus 231 and the memory-system bus 215.



7 Figure 23 is a flowhart describing the steps for

perform ng a read operation on a pipelined bus in one enbodi nent of
the present invention. 5 Figure 24 is a flowhart describing the
steps for updating cache states in a read operation in an alternate
enbodi mrent of the present invention. Figure 25 is a flowhart
descri bing the steps for updating cache states In a read operation in
anot her enbodi ment of the present inventilén. 10 Figure 26 is a
fl omchart describing the steps for performng a wite operation on a

Pipel i ned busSplercliﬁcégﬁy,%nr?c?gcg zriir%{m%f thte eytg vggx(?ci]} dword data Fansfer traffic from

1/0 bus 231 into line size traffic on memory-system bus 215.
1/0 Eus 231 communicates information between devices in the
computer system. Devices that may be coupled to system bus 231 include a
5 display device 232, such as a cathode ray tube, liquid crystal display, etc., an
aIphanuzﬁeric input device 233 including alpHanumeric and other keys, etc.,
for communicating information and command selections to other devices in
the computer system {e.g., processor 202) and a cursor control device 234 for
controlling cursor movement. Moreover, a hard copy device 235, suchas a
10  plotter or printer, for providing a visual representation of the computer
images and a fnass storage device 236, such as a magnetic disk and disk drive,
for sioring information and instructions may also be coupled to system bus
231. |
Of coﬁrse, certain implementations and uses of the present invention
15 may no.t require nor include all of the above components. For example, in
certain implenlientations, the L3 cache controller and L3 cache memory may
not be required. In such implementations processor 202 and 203 will reside
directly on a memory-system bus 215. In other implementations, it may not
be required to provide a display device for displaying information. Certain
20 implementations of the present invention may include additional processors
or other components.
Figure 3 is a block diagram showing a bus cluster system upon which
the present invention may be practiced. The present invention can apply to
multiprocessor computer systems having one or more clusters of agents.

25 Figure3 shows two such clusters 301 and 302. Each of these clusters are



Figure 27 is a flowhart describing the steps for updating cache states 15
in awite operation in an alternate enbodi nent of the present invention.
Figure28 is a flowhart describing the steps for updating cache states
in,a wite operation in another enbodi rent of the present invention. 20
Figure 29 is a flowhart describing the steps for perform ng a cache

| ine invalidation operation on a pipelinedlpus I n one enbodi nent of the
present invention. '

DETAI LED DESCRI PTI ON Figure 1 illustrates a nultiprocessor

120. . T | t.i 120 . '
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four agents 303-306 and a cache 307. Agents 303-306 can include other

8

microprocessors, co-processors, digital signal processors, direct memory
access (DMA) controllers, input/output (I/0) devices, I/0 bridges, network
5  devices/controllers, separate caches with or without corresponding

processors, etc. In short, an agent can be any device that can perform either
loads or stores. Cache 307 is shared between these four agents 303-306. Each
cluster is coupled to a system bus 308. These clusters 301-302 are coupled to
various other components of the computer system through a system interface

10 309. The system interface 309 includes a high speed I/O interface 310 for
interfacing the computer system to the outside world and a memory interface
311 which provides access to a main memory, such as a DRAM memory
array.

In the present invention, processor ordering is inherently assumed by

15  existing software written for most processor system architectures. Support
for processor ordering implies that stores generated by any processor in the
system are observed in the same order by all processors of the system. In
other words, the order of the stores must be maintéined. Source codes
requiring a producer/consumer relationship depend on this support to

20 ensure proper functionality.

For example, assume that processor 303 is a producer of information
and processor 304 is a consumer of that information being generated by
processor 303. The code sequences for both the producer and consumer
processors are given as follows:

25



and a menory subsystem 126. The processors 122-124 and the nenory 5
subsyst em 126 communi cate over a mul ti processor bus 128. Each
processor 122-124 fetches a stream of nacro instructions fromthe

menory subsystem 126 over the nultiprocessor bus 128. Each processor 122-
124 executes the corresponding stream of macro instructions and maintains

data storage in the nenory subsysten1126.]é0 Figure 2 shows an
overview of a nultiprocessor conmputer syst upon whi ch the present

i nvention may be practiced. The conputer system generally conprises a
processor-system bus or ot her connunlgatlon means 201 for '
conmmuni cating i I on bet ween on processors 202 and 203.

desori bed abovellpioedas &5 8" 0BT" Ryl B0EBLY "oxtvemel y tast
i nternal cache W&%‘? Ispo ly referred tﬁz.a?o{ﬁl aﬁﬁ‘ﬂorﬁ%ﬁdﬁ'éspx cache

menory for te ng data and instru ons on- I'n addi tion,

a bi gger, slower level two (L2) cache nenory 204 can be coupled to
processor 202 for tenporarily storing data and instructions for use by
processor 5204eqdd8adéhily, H@egwd&a% yo&sﬁrgos%:@mca WK 0 éx'&ﬁohJWQ'M' L2
cache nennrles arg uded®*in the sa chi p pack a as processor

202. data &) SRIreQHR) folohRdPs S6®AG witd 6pertion 302 tb SetthegRgten 203
for processi ng information in conjunction Wth processor 202.

SPIV %CFZ fO{ Ozgﬁlmerseg%%ndgs : é that thedatalihalddpessoeissalid. Meanwhile, theocessor
processor 202. Alternatively, processor 203
nmay conpri se cansumpr proesssor 304 continuously performs a read operation R2 to
determine whether the flag has been set to a "1". This R2 read operation is
10 continuously performed until the flag is set to a "1" (by producer processor
303). Once the flag is observed to have been set (e.g, "1"), the consumer
processor 304 performs a read operation R2 to load the data from address X.
In order for this piece of code to be successfully executed in the
multiprocessor system, the order in which W1 and W2 are written by the
15  producer processor 303 should be the same order in which R1 and R2 appear
to be updated to the consumer processor 304.
In the present invention, performance is maximized by implementing
speculative processor ordering while preventing processor ordering
violations. In the currently preferred embodiment, stores remain in order and
20  are consistent. However, loads are allowed to pass other loads. Store |
instructions are retired immediately and remain in the store buffer, since
retirement does not reqﬁire a cache/memory access. These stores, known as

"senior” stores are executed to memory in the background. The contents of

the cache/memory system remain unchanged.



9 . such as a digital signal processor. Furthernore, a |level three (13)
cache menory 211 for tenporarily storing data and instructions for use
by ot her devices in the conputer system (e.g., processor 202, processor
203, etc.) and a L3 cache controller 210 for controlling access to L3
cache nmenory 211 may 5 also be coupled to processor-system bus 201. The L3
cache controller 210 is al so coupl ed {0 nmenory-system bus 215.

A nmenory-system bus or other comuni cati on neans 215 for comuni cati ng
information is coupled to processor 202 for providing processor 202

ot out put (110 VOt BB RvERiS T B W R AR " i
TOTOT Y- YS! Ot GhRe bkl O LALERAOATESHECL & AALGRY ARE oducer 12OV
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reads from the same address locations, it is forwarded to the core directly

5 from the store buffer. This mechanism is known as "store forwarding." Note
that this mechanism maintains processor ordering of the processor with
respect to its own writes. At this time, if any consumer processor in the
system reads from the two locations, neither will reflect the effect of the two
stores. This ensures that the processor ordering is maintained for the fwo

10  writes with respect to all other processors. The senior stores so retired, exit
the store buffer one at a time. This causes a memory system update. Hence,
the W1 store is guaranteed to be the first to exit the senior store buffer. Since
no sub-sequent store is allowed to exit the senior store buffer unit the system

-memory is assured to be updated.

15 When a load passes another load (e.g., speculative load operations), the
load buffer snoops the stores from other processors. If an external store
conflicts with a load that has already been completed with an earlier load that
is still outstanding, this indicates the detection of a violation. In one
embodiment, a load is considered to be outstanding if it has not yet been

20 loaded from memory. In an alternative embodiment, outstanding means that
memory has been accessed, but the load has not been retired yet. In this
alternative embodiment, false violaions may occur. this does not hinder
correctness, but impacts performance. The illegal load and all subsequent
micro-operations (riticrocode including source fields, destination, immediates,

25 and flags) are aborted. The sequence is then restarted at the load that



15 wite operations based on specific rules described in detail below A
Mass data storage device 225, such as a magnetic disk and di sk drive,
for storing i nformati on and instructions, and a display device 223,
sych as a cat hode ray tube (CRT), liquid crystal display (LCD), etc.,
for displaying information to t he conputer user are coupled to
menory-system bus 215. 20 An input/output (I/O bridge 224 is
coupl ed to nmenory-system bus- 215 arfd |/ O bus 231 to provide a
comuni cation path or gateway for devices on elther menor y- syst em bus
215 or 1/ O bus 231 to access or transfer data et ween devices on the
ot her bus. Eintateddhe pbotcondisionp By @daspatduegfthebad afalBt-ﬁf\ﬂé%ﬁ fhﬁe system
|/ O bus 231 and the nenory-system bus 215.

10 Specmrre@aialtylsrsa dgé 224 turns the byte/word/ dword data transfer
traffic from I/Obu SM e5|zetraft{lc on rrermré systembus
215. AD eampigis Cbge’F‘Rf‘BtF’ﬁt&t & RIORESHIRTdBEDBCes in t he

operaﬁon with regards to the read/write sequence (R1, R2, W1, and W2) for

5  the producer processor 303 and consumer processor 304 described above.
Assume that the load R2 is speculatively processed before that of the prior
load R1, thereby resulting in a processor ordering violation. This violation is
detected when the store W2 causes a snoop hit on the already coﬁxpleted load
R2 while load R1 is still outstanding. When the violation is detected, it is

10 corrected by aborting load R2. In addition, all subsequent specﬁlative states
are cleared. Later, the load R2 is redispatched. It accesses the valid data at
that time.

Figure 4 shows an overview of an example mﬂtiprocessor computer

system of the present invention. The computer system generally comprises a

15  processor-memory bus or other communication means 401 for
communicating i;tformaﬁon between one or more processors 402 and 403.
Processor-system bus 401 includes address, data and control buses.
Processors 402 and 403 may include a small, extremely fast internal cache
mMemory, Eommonly referred to as a level one (L1) cache memory for

20 temporarily storing data and instructions on-chip. In addition, a bigger,
slower level two (L2) cache memory 404 can be coupled to processor 402 for
temporarily storing data and instructions for use by processor 402. In one
embodiment, processors 402 and 403 are Intel® architecture compatible
microprocessors; however, the present invention may utilize any type of

25 microprocessor, including different types of processors.



cqQnput er system Devices that may be coupled to systembus 231 include a 5
di spl ay device 232, such as a cathode ray tube, liquid crystal display,
etc., an al phanumeric input device 233 including al phanuneric and
otsher keys, etc., " for communicating informati on and conmand sel ecti ons
to other devices in the conputer system (e.g., processor 202) and a
cursor control device 234 for controltding cursor novement Moreover, a
hard copy device 235, such as a 10 plotter or printer, for providing a

vi sual representation of the conputer I mages and a nass storage device

236, such as a mMgARbiBu ieﬂktoaﬁlﬂcégséi‘-n%ﬁd s bus 401 i%‘ifroéés@éi%fbﬂf ormation
and instructions may al s be coupled to system bus 231. o

course, Ccert apfocesSMEITFHMAtGNR GMun@ish With procBssos 402. Procesior 403 mymay
not require nor include all of the above conponents. For exanple, in

certain inpl ecomprise o parallehprdc@ssorchechcasnd pricessorshrildStocmcthe sameisy nay
not be required. In such inplenentations processor 202 and 203 wll| reside
directly on aprozessoy483.sAbemativel protessort 408 maypbmperiseat doopmcesdory not
be required to provide a display device for displaying information. Certain
20 i npl erfent Slﬂ?tm"si digitehsigpalpronessphy Ehe preresssr-masiory dusddi provides
processors or ot her gonponents. lgure 3 is a block

di agr am showi FFtemBEeese e eWéﬁfld’ﬁBHt/mtEﬁt (15 suP?i@fﬁﬁ‘éséﬁﬂemﬁV)é ntion
Computel oyst SRR RS SARERIA TRFCPToRREraaBPr R A%t forsoRHBHE 3 Shove
two such cl USi&ess ’e?t’)oalra%'a%n{)’ gc%'essEz%%xq\o% (ki&‘iﬁfoé’ lo%SeE' 8&%&:‘%&? storage device
421 (commonly referred to as a main memory) for storing information and
10  instructions for processor 402 and processor 403. Memory controller 422
maintains a strong order of read and write operations. A mass data storage
device 425, such as a magnetic disk and disk drive, for storing information
and instructions, and a display device 423, such as a cathode ray tube (CRT),
liquid crystal display (LCD), etc., for displaying information to the computer
15  user are coupled to processor-memory bus 401.
In one embodiment memory controller 422 contains a snarfing buffer
470, cache line buffer 471, implicit writeback (IW) logic 472 and merge logic
473. Snarfing buffer 470 is a temporary data buffer for storage of data
"snarfed" off the bus. Cache line buffer 471 is a temporary data buffer used
20 for storing Implicit Writeback Data Transfer da;:a taken off the bus. In one
embodiment, IW logic 472 stores data received from the bus into either
snarfing buffer 470 or cache line buffer 471, depending on the source of the
data. In an alternate embodiment, IW logic 472 transfers the data directly to
main memory without storing the data in a temporary buffer. IW logic 472

25 may also issue an implicit writeback response onto the bus, depending on the



corprised of any nunber of agents. For exanple, duster 301 is conprised of
four agents 303-306 and a cache 307. Agents 303-306 can incl ude ot her

m croprocessors, co-processors, digital signal processors, direct nenory
aceess (DVA) controllers, input/output (1/0O devices, I/0O bridges, network
5 devices/controllers, separate caches with or w thout corresponding
processors, etc. In short, an agent can bg any device that can perform

ei t her | oads or stores. Cache 307 ist%hared between these four agents
303-306. Each cluster is coupled to.a system bus 308 These clusters

E: ﬁ%ﬁﬁgﬁ Z;iyfc’”ﬁﬁ‘?ﬁpéﬁmﬁaea%‘awm”°”sco$ﬁreﬁé9§%°ﬁﬁ?ts g uges 4
' 1/ Q ls

L2 SPes, | b B SRGT e A 2 R TR SRR,
a_min ”emrybus%use@f%é4gsé%%mr atao&tfx@%ﬁ@%ngg(}a%? datg onig el P oS°™

I nvention processor or ring 1s rnherently assu

software witten f for
processor orderi ngmlé f%q%gwgﬁég%g?s/ gener at e’é‘tggﬁﬁgr%pr ocgzgsolr" Im% t he
5 buffer 471 together, then stores the cache line in main memory 421. In one

mode, merge logic 473 stores the cache line in main memory 421 viaa
memory interface 476. In one embodiment, snarfing buffer 470 and cache line
buffer 471 represent multiple buffers. That is, memory controller 422 contains
multiple snarfing buffers and multiple cache line buffers. Additional buffers
10  have not been shown so as not to clutter the drawings.
Memory controller 422's use of snarfing buffer 470, cache line buffer
471, TW logic 472, and merge logic 473 in the present invention is discussed in
more detail below. The transferring of data between memory controller 422
and the bus and between memory controller 422 and main memory 421 will
15  be understood by one skilled in the art, and thus will not be described further.
In an alternate embodiment, snarfing buffer 470, cache line buffer 471,
IW logic 472, and merge logic 473 are included in other agent(s) on the bus.
For example, processors 402 or 403 of Figure 4 may include this additional
logic, snarfing data off the bus and merging it to store in the agent’s internal
20 memory. In one mode, processors 402 and 403 include a temporary storage
buffer for storing the merged data line; thus, a subsequent request for the
same data line can be satisfied directly from the temporary storage buffer
rather than memory. In another mode, agents store the merged cache line in

an L2 cache memory, such as L2 cache memory 404 of Figure 4.



system are observed in the same order by all processors of the system In
ot her words, the order of the stores nust be nmaintained. Source codes
requiring a producer/consuner relationship depend on this support to 20

ensure proper functionality. For exanpl e, assume that processor
303 is a producer of information and processor 304 is a consuner of
that information being generated by pr geessor 303. The code sequences
for both the producer and consumer processors are given as follows: 25

12 Pr oducer Consuner store data

WL:
to address X Rl ‘g‘gjakgg%@%df&ené BP8celor 402 also inthud & £LF cdcteInbhasy

R2 | oad data from
438 coupled to a cachecontroller 439. In one mode, cache controller 439

asserts signals on processor-memory bus 401 and receives signals on bus 401
through bus interface 441. Cache controller 439 checks requests on bus 401 to
5 determine whether cache memory 438 contains a copy of the requested cache
line by checking the state of the cache line as described below. Cache
controller 439 may assert a HIT# signal or a HITM# signal, depending on the
state of the cache line, as discussed below. In one mode, cache controller 439
transfers the cache line in cache memory 438 to bus 401 when it asserts a

10 HITM# signal in response to the reqﬁest. In one embodiment, cache
controller 439 places the cache line onto processor-memory bus 401 through
bus interface 441. The issuing of signals and transferring of data to and from
bus 401 by cache controller 439 will be understood by one skilled in the art,
and thus will not be described further.

15 In an altemate embodiment, cache controller 439 also controls a 12
cache memory 404 coupled to processor 402. The interaction between cache
controller 439 and cache memory 404 is as desaibed above between cache
memory 438 and cache controller 439.

Processor 402 as shown includes additional detail. The remaining

20  agents on processor-memory bus 401 may also include the additional logic
shown in processor 402. In one embodiment, all agents on the bus which
issue requests include cache memory 438 and cache controller 439. This
additional logic has not been shown in all agents so as not to clutter the

drawings.



5_ Consequently, the producer processor 303 perforns a wite operation W
of data to address X, followed by a second wite operation W2 to set
the flag to a "1", thereby indicating that the data in address X is
valid. Meanwhile, the consuner processor 304 continuously perfornms a
read operation R2 to determ ne whether the flag has been set to a "1".
This R2 read operation is 10 continuouslyiperformed until the flag is set
to a "1" (by producer processor 303). Once the flag is observed to
have been set (e.g., t he consuner processor 304 perforns a read

1"),
operation R2 to '%@n&:ﬂﬁ' at (I OybMiEeasa iXcoupled tbiprocatesr-fremdryibuspi ece
ul'ly

of code to be success xecuted in the mul t i processor system the
order in whi gh1 ¥d epste?l/@ buywdl toeprdvidé heotimpnicdtior pafir orgateway3os
shoul d be the sanme order in which R1 and R2 appear to be updated to

t he consuner devizesen eithdPgrocessor-memory bus #6kopiAQdus 43h e acdeshor
performance is maxi m zed by i.npl enenti ng specul ative processor

orderi ng whi ltensfer\datd betyeenateyices onchd ethergus. Essentially, boidge 424 is 2
currently preferred enbodi ment, stores remain_in order and 20 are

consi st enb. finkecface betweendha systam e bus 43hand the pracesspagnemary, pus 401.

Instructions are retired imediately and remain in the store huffer, since
retirenent does nélor%@ﬁéommééﬁéﬂ%@%@e%%’é? 3§Y"Cﬁ1¢'ﬂﬂm as

"senior" stores are executed to nenpry in the be}cégr ouqd. };I'he43<iontdegts of

the cache/ mertBe OmpyfenFystemni Revicehtiag gy be coupled Yo system bus 431 include

a display device 432, such as a cathode ray tube, liquid crystal display, etc., an |
alphanumeric input device 433 including alphanumeric and other keys, etc.,

10 for communicating information and command selections to other devices in
the computer system (e.g., processor 402) and a cursor control device 434 for
controlling cursor xhovement. Moreover, a hard copy device 435, such asa
plotter or printer, for providing a visual representation of the computer
images and a mass storage devicé 436, such as a magnetic disk and disk drive,

15  for storing information and instructions may also be coupled to system bus |
431. _

In some implementations, it may not be required to prpvide a display
device fc:r dis;pléymg information. Certain implementations of the present
invention may include additional processors or other components.

20 Additionally, certain implementations of the present invention may not
require nor include all of the above components. For example, processor 403,
display device 423, or mass storage device 425 may not be coupled to
processor-memory bus 401. Furthermore, the peripheral devices shown
coupled to system 1/0 bus 431 may be coupled to processor-memory bus 401;

25 inaddition, in some implementations only a single bus may exist with the



13 Whil e two consecutive stores (i.e., WL and W2) have
retired in the senior store buffer, the existence of the stores is
visible only to the producer ° .processor and not to any consumner
processors. |f the producer processor reads fromthe sane address

| ocations, it is forwarded to the core directly 5 fromthe store buffer.
This nmechanismis known as "store formardhgg." Not e that this
mechani sm mai nt ai ns processor ordering of “the processor with respect
toits own wites. At this tinme, if any consuner processor in the

systemreads f {1 ' 1] of the
y J!Srﬁ&sl'&@ 402and 408, rh@ﬂii)r% RehirORér 437, hna?fgkmbrgn lRvRES 291

t wo stores. This ensures that the processor ordering is maintained for

the two 10 Wimﬁm&aﬁwfom@sﬁwemer processors. The senior stores
so retired, exit the store buffer one at a tine. This causes a nenory

syst em updat e. Hend@fferent phases fitimaiifferent srapsactionsead dverlap, thereblyi rst to

exit the senior store buffer. Since no subsequent store is allowed to
exit the seni qpipelining byssage and impraving bue performanegrofiguras shews ed to be
updat ed. 15 Wien a | oad passes another |oad (e.g., speculative |oad
operat i onsP, texemplary qugtlapped requeshFeyRONsA Phases 95 tWOSHNSRAEMSHr ocessor s.

If an external_store .
Resfemrng to Figure 5, every transaction begins with an Arbitration Phase, in

which a requesting agent becomes the bus owner. The second phase is the
Request Phase in which the bus owner drives a request and address
information on the bus. The third phase of a transaction is an Error Phase,

10  three clocks after the Request Phase. The Error Phase indicates any
immediate errors triggered by the request.- The fourth phase of a transaction
is a Snoop Phase, four or more clocks from the Request Phase. The Snoop
Phase indicates if the cache line accessed in a transaction is valid or modified
{dirty) in any agent's cache.

15 The Response Phase indicates whether the transaction failed or
succeeded, whether the responsé is immediate or deferred, and whether the
transaction includes data phases. If a transaction contains a response-
initiated data phase, then it enters data transfer along with the response
phase.

20 The use of a pipelined system can pose several problems. For example,
in Figure 5, request 1 is driven in clock T1 and request 2 is driven in clock T4.
If request 1 and request 2 are both requests for the same address, the system
must maintain cache consistency in order to properly execute both request 1

and request 2.



conflicts with a |oad that has already been conpleted with an earlier |oad
t hat Is still outstanding, this indicates the detection of a
violation. In one enbodi ment, a load is considered to be outstanding
if, it has not yet been 20 |oaded fromnenory. In an alternative

enbodi nment, outstandi ng neans that menory has been accessed, but the
| oad has not been retired yet. In this al ternative enbodi nent, false
viol ati ons may occur. this does not hinde0 correctness, but inpacts
performance. The illegal load and all subsequent m cro- operations

(m crocode including source fiel ds destipation, imediates, 25 _and
flags) are aborted. tersaination of 3 glohah obsarvation glogk reslvests prablem.

14 initiated the abot condltlo B |spatch|ngth | oad at a
later time, thEhatis,a ok ch ¥‘1C5‘ e enfire sygiemis ed 40 now

offered to demgnstrate the oc ssor or,de
Gbserve the transaltio one embodfx gt this global observation clock is

at the Snoop Phase. Thus, before the Snoop Phase of a particular transaction,
5 everyagentin the system treats the transaction as never having taken place.
This is so even though the requesting agent has driven a request onto the bus.
However, after the Snoop Phase every agent treats the request as having
taken place.
The global observation clock is at the Snoop Phase because every agent

10  knows the fate of the transaction at the Snoop Phase. That is, whether an
agent has a modified cache line corresponding to the request is known, and
agents which must update the state of their own cache line know to do so.
Thus, the agent(s) which are involved with the response to the requesting
agent are known.

15 Note that under certain drcumstances, a particular transaction may not
be globally observed at the Snoop Phase for that transaction. For example, in
systems employing a n{ultiple-bus hierarchy the current transaction is
globally observed if the ownership of the requested cache line can be satisfied
within the bus cluster of the processor issuing the request (regardless of

20  whether it is in modified or shared state). However, the situation may arise
where the cache line is not owned within the bus cluster and is eitherina
different cluster or system memory, which is reached via the cluster manager
of the current cluster. In such a case the cluster manager is responsible for
obtaining ownership of the cache line. Three different scenarios exist in such

25 acase.



operation with regards to the read/ wite sequence (Rl, R2, W, and W2) for
5° the producer processor 303 and consumner processor 304 described above.
Assune that the load R2 is specul atively processed before that of the prior
load R1, thereby resulting in a processor ordering violation. This
V|0Iat|on S detected when the store W2 causes a snoop hit on the

al ready conpl eted | oad R2 while load RL is still outstanding. Wen the
violation is detected, it is 10 correctedzpy aborting load R2. In
addition, all subsequent specul ative states are cleared. Later, the

|l pad R2 is redispatched. It accesses the valid data at that tine.

Figure 4 shows an gy ee/firgvscehais, tﬂé@ﬁie@s)ﬁ?ldflthémzslevelmtqmbas is
system of the present i.nvention. The co er systemgenerally conprises a

15 processor jpenaisteltdvallablel I@fns@@ﬁ@ﬂﬂv ¢hé bamerstip of ffklcdche line can be
comuni cating information between one or nore processors 402 and 403.

Processor - sysioe@rdnteedbi theBil wdof descurdentramsdciont Thusthees.
Processors 402 and 403 may include a small, extrenely fast internal cache
menory, commr&zgnsaaimnsgbbhaﬂywsemedmlth@ﬁ@oq Eﬁa&@%be@my trppactipn,
tenporarily storing data and_instructions on chip cgd tion, bi gger,
sl ower |evBl tascligausyedzhone. Freasegoryoscenario e(%mﬁr@ﬁpt 43?86@3@8 8l 402 for

embodi ment SL%E%%%@&SEZ@S‘%{&%&&%%% arasiaie ol P PEERRbal e B ”
T or opr ocessorenErERPT e ara s LS Btk théSedibubgP® ©f 29
processor. In this instance, the cluster manager defers global observation of
the transaction. When the next level system bus ownership is finally
.1 0 obtained, the cluster maﬁager returns the ownership of the cache line with a
deferred reply. During the Snoop Phase of the deferred reply the transaction
is globally observed. Finally, ownership of the next level system bus might
not be possible in order to avoid a deadlock. Hence, the transaction is
aborted and retried one more time. The transaction is not globally observed
15  until the retried transaction is successfully completed. The retried transaction
is globally observed based on the case it falls 'under during retry.
The states of the corresponding cache lines are updated during the
Snoop Phase in order to support the global observation clock. Thatis, to
ensure proper system behavior the cache line states are updated at the global
20 observation dock. For example, in Figure 5, if request 1 and request 2 are
both read requests to the same cache line, the cache line states which must be
updated as a result of request 1 are updated prior to the Snoop Phase for
request 2. Otherwise, the proper agent(s) may not assert the necessary HIT#
or HITM# signals for request 2. '



15 Al so coupled to processor-nenory bus 401 is processor 403
for processing information in conjunction with processor 402.

Processor 403 may conprise a parallel processor, such as a processor
simlar to or the sane as processor 402. Alternatively, processor 403
may conprise a co-processor, 5 such as a digital signal processor. The
processor-nenory bus 401 provides system access to the nenory and

i nput/output (1/0O subsystens. A nmenory 22 controller 422 is coupled with
processor-nmenory bus 401 for controlling access to a random access
menory (RAM or other dynam c storage device 421 (commonly referred to

as a nmein nenory) F@fe:iéxﬁﬂeﬂﬂxe@ﬁ ds@ forredubst 1 of i 5 beginsfa@elock
processor 402 and processor 403. nory controller 42 mai ntai ns a

strong order ¢f Awdsdandllagehss orpthediisaissert Ar deassestdiT#Hand 2FM#  devi ce
425, such as a magnetic disk and disk drive, for storing information

and i nstructi cignalgdepending jpnathe dtate ofthed@quested cachedirminhtbeir caglyest ube
(CRT), liquid crystal display (LCD), etc., for displaying informtion
to the conput &hese signals are observed %y all agents on the bus in the next clock, clock 8.
5 Inoneembodiment, each agent on the bus updates its cache s;fate in clock 7,
along with asserting or deasserting HIT# and HITM# signals. Thus, by dock
o 8 each agent has updated its snoop state. In the example shown in FIG 2, the
Snoop Phase for request 2 begins at clock 10. Thus, since each agent's cache
state is updated by clock 8, each agen: asserts or deasserts the proper HIT#
10  and HITM# signals in the Snoop Phase for request 2, even if request 2is a
request for the same cache line as request 1.

In an alternate embodiment, each agent updates its cache state
in clock 8 or clock 9, upon observation of the snoop HI'I’# and/or HITM#
signals in clock 8. In the example of Figure 5, cache consistency is maintained

15  when the cache states are updated prior to the Snoop Phase for request 2.
Thus, updating cache states in clock 8 or clock 9 preserves cache consistency.

Figure 6 is a block diagram of the memory subsystem of processor Py

in one embodiment of the computer system of the present invention. Itis
apprediated that other subsystem architectures may be utilized in order to

20 practice the present invention. During execution of a program within |

- processor Pg an instruction is first fetched and then decoded into one or more

primitive operations. These primitive operations (called "micro-operations”
or "nﬁ&oops") then flow through the machine — potentially being executed
out-of-order with respect to one another — until they are ultimately retired.

25 Thus, the operation of the processor Py is best understood as a series of



15 wuser are coupled to processor-nmenory bus 401. In one

enbodi nent nenory controller 422 contains a snarfing buffer 470,
cache line buffer 471, inplicit witeback (IW logic 472 and nerge |ogic
473. Snarfing bufter 470 is a tenporary data buffer for storage of data
"snarfed" off the bus. Cache line buffer 471 is a tenporary data buffer
used 20 for storing Inplicit Witeback Data Transfer data taken off the
bus. In one enbodi ment, IWIlogic 472 ores data received fromthe bus
into either snarfing buffer 470 or cache line buffer 471, dependi ng on
t he source of the data. In an alternate enbodi ment, IWIlogic 472

transfers the ) cain
pfeSs i Ra b thitzo-operd b WRRRaYe 1o t&orﬁta%t BSdihsera

a tenporary b ogic 472 nay al so issue an inplicit witeback

response ontOﬁé&ohw&ucaeﬁ@aﬂawu@mcéﬁmumcatemo a set of buffers. _
16 request and whet her nenory controller 422 will be transferring

data to sat i sfjle bXeeution s atprbgraen evitho peocebsdid Rydbegrids @ithsthe detphing: t 0
t he bus through a
of instructions from memory, and placement of the fetched instructions into a
5 buffer or queue. Next, the instructions are converted into a set of primitive
micro-operations. A separate allocation process determines which of the
many physical registers results the micro-operations are to be steered to.
Once resources have been allocated, the appropriate operands are fetched and
made ready by placing them into a reservation station (RS). The reservation

10  station is a buffer that holds micro-operations that have not yet executed.
When data is ready fora given instruction, the RS dispatches to one of a
plurality of execution units according to data dependencies and execution
unit availability. Once the execution unit performs the -requested operation, a
writeback is performed back to the reservation station.

15 " The out-of-order engine of processor Pg also includes a re-order buffer
(ROB), which is a functional unit where speculative results are collected, re-
ordered and then retired. Retirement is the active process of removing a
completed micro-instruction from the re-order buffer and committing its state
to whatever permanent architectural state is designated by the original source

20 program.

With continuing reference to Figure 6, the memory subsystem receives
dispatches (mostly memory READs and memory WRITEs) from the out-of-
order (0-0-0) dispatch core 621. Dispatch core 621 includes the processor's
reservation station and re-order buffer. The memory subsystem receives

25 dispatches from the reservation station and returns data and fault



bus interface 475, which takes data off the bus and places data onto the
bus. Merge logic 473 nerges the data in snarfing buffer 470 and
cache line 5 buffer 471 together, then stores the cache line in main
mgnory 421. In one nmode, nerge |logic 473 stores the cache line in nmain
menory 421 via a menory interface 476. In one enbodi ment, snarfing
buffer 470 and cache |ine buffer 471 represent nmultiple buffers. That
is, menory controller 422 contains mA%4 i pl e snarfing buffers and
multiple cache line buffers. Additional buffers 10 have not been shown so
as not to clutter the draw ngs. Menory controller 42ts use of
snar fing buf f einferffatiareldus tb itheRBahtldROB. Whetvthe thérovgisabdyilemanekivarge
logic 473 in the present-invention is discussed in nore detail bel ow
The transf er ri mgmery RBRAD et \icb@ AR)migroeperation, érmag 2ssue a requestttbdubus and
bet ween nenory controller 422 and nain nennr; 421 will 15 be understood by
one skilled i nbkirte raad datafromiedernal memery 682.0¥harnthe subsystem receives a

In an alternate enbodi . snarfing buffer 470, cache line buffer 471,

| Wlogic 472, %@%W@Fe a bt %gmqmqmmmh Tomagwiedata bpcloto t he

bus. E , . 402 4Q3 of Fi 4 i ncl ude thi

adi i onal S S4eH) EerkigBEF et/ e Baconabanvtianan Sudediore i
e agents intgrna r n_one.node,. pracess a i ncl ude

a ll:) errgor a{y st%’rsgeé:% b6S 61%?%@%’8?‘*??8?? ﬁ%t’l"ﬁeo ﬁgfﬁg%fﬁ%‘?étﬁsi%ﬁéz : P“utsi a

subsequent re : o Lsfie rec

from '? he terrpgérll%rﬁ)tglos gﬁgéﬁegsﬁ,eégﬁeﬂ%uwgs}?&eggﬁf g&?%%?’ ijprxrlegﬂ%{%er m%de,

agents store t@&e&%ﬁ%ﬁo@&ﬁﬁeﬁ&?o&&eﬁng; an L2 cache nenory, such as L2

cache nmenory 404 of Figure
The memory subsystem of Figure 6 includes a data cache unit (DCU)

10 637 comprising an 8K 2-way set associative array, with a cache line size of 32
bytes in a current embodiment. DCU 637 is partitioned into four data banks.
This allows two accesses (one LOAD, one STORE) at the same time as long as
they are on separate banks. DCU 637 also provides a two cycle access time on
LOADs and STOREs that hit the cache. Furthermore, DCU 637 is a non-

15  blocking cache, which means that it can process incoming accesses while
continuing to process cache misses utilizing external bus 611 (via external bus
interface 640). Data cache unit 637 include_s four fill buffers, each 256-bits
wide, that are used to store outstanding cache accesses. DCU 637 stalls cache

misses only when all fill buffers are busy. DCU 637 uses a

20 Modified/Exclusive/Shared/ Invalid (MESI) protocol to support cache
coherency for multi-processor computer systems.

The memory subsystem of processor Pg further comprises a data
translation look-aside buffer (DTLB) 628 that translates linear addresses to
physical addresses for memory accesses. DTLB 628 performs a look-up in a

25  cache array containing the mapping from the linear-to-physical address



17 I n one enbodi nent, processor 402 also includes a L1 cache
menory 438 coupled to a cache controller 439. In one node, cache
controller 439 asserts signals on processor-nmenory bus 401 and

recei ves signals on bus 401 t hrough bus interface 441. Cache
controller 439 checks requests on bus 401 to 5 determ ne whet her cache
menory 438 contains a copy of the requested cache | ine by checking the
state of the cache line as described bel ow. Cache controller 439 may
assert a HI T# signal or a H TM# signal, depéhding on the state of the
cache line, as discussed below. In one node, cache controller 439
transfers the cach *tge | n cache menory 438 to bus 401 when it asserts a
10 H TM# si gﬁH?C%-ﬁD ééélgéoﬁ eV 510N informatinn withreadh physitad
controll er 439 .nl aces {he cache |ine agnto pro?essor-nennr bus 401 t hrough
bus i nt er f ace 24#7ESS; ‘Faé’sﬁﬁr?ﬁ%fwgi ess thanslationssaeh clagk weledata to and

nthe art, ol eI ERPoORBReR LA Pia artiad Brerall Rage aray g A an
alternate enbegBwibe 6AGNGHE WRHNIPAe arfsy c&lltgﬁxscaq'pz}yr dreds Hormation for
5 4K page sizes and contains 64 entries. The large page array contains address

information for 2M and 4M page sizes and contains eight entries. Both arrays

are four-way set associative caches. DTLB 628 also checks memory accesses

for protection privileges, exceptions, traps, data breakpoints, etc.. If the

translation buffer detects an exceptioﬁ of any sort, it returns fault information

10  to the re-order buffer of dispatch core 621, and notifies the rest of the
~ subsystem to abort the access.

The memory subsystem of Figure.6 also includes a memory order
buffer (MOB) that controls dispatching within the memory subsystem. In
Figure 6, the memory ordering buffer is illustrated as comprising load buffer

15 630 and store buffer 631. These buffers handle all LOAD and STORE
operations and track the progress of these operations as they move through

the processor. When an operation is dispatched and cannot complete due to

an address or resource conflict, the MOB blocks the operation and stores the
dependency information. Load buffer 630 contains 16 entries, while store

20  buffer 631 contains 12 entries in a current embodiment. The entries of load
buffer 630 and store buffer 631 are allocated as micro-operations, and are
issued into the ROB of O-O-O dispatch core 621.

The memory order buffer functions as\a kind of second-order
reservation station. The MOB re-dispatches blocked operations when the

25 blocking source is removed. Some memory operations cannot execute



cache nenory 404 coupled to processor 402. The interaction between cache
controller 439 and cache nenory 404 is as descri bed above between cache

menory 438 and cache controller 439. Processor 402 as shown

i pcl udes additional detail. The remaining 20 agents on processor-nenory
bus 401 may al so include the additional |ogic shown in processor 402.
I n one enbodi nent, all agents on the bus which | ssue requests include
cache nmenory 438 and cache controller 439. ofhis addi tional |ogic has
not been shown in all agents so as not to<%tnter t he dr awi ngs.

18 An input/output (I/0O bridge 424 is coupled to

DI 00801 - MBIl 3tvely, s kpBRlp /e SR ol 48 L SHHCHEs Ror
speculative operations-at the correct time. The memory order buffer also
dispatches memory writes (i.e., STORESs) to data cache unit 637.

By way of example, Figure 6 illustrates how core 621 dispatches a store

5 operation that gets decoded into two micro-operations: a store address micro-
operaf;ion (STA) and a store data operation (STD), illustrated by blocks 624
and 625, respectively. Load micro-operations dispatched by core 621 are
illustrated by block 623 in Figure 6.

All micro-ops dispatched by the reservation station are tracked by the

10 load and store buffers. For example, store data micro operations are directly
entered into store buffer 631, whereas store address and load data micro-
operations are translated by DTLB 628 to their physical addresses. Physical
addresses for the load data and store address micro-operations are shown in
Figure 6 by blocks 634 and 635, respectively. Store address micro-ops are

15  entered into store buffer 631, while load data micro-ops are sent to the load
buffer and data cache unit 637.

As described earlier, data cache unit 637 either provides the
appropriate physical data back to dispatch core 621, or issues a memory
access to main memory via external bus interface unit 640 and system bus

20 611. Note that when both store address and store data micro-ops have
dispatched, and are no longer speculative, the memory order buffer of the
memory subsystem combines them, and dispatches them as a STORE, as

| shown by block 641, to DCU 637. In many cases, Stores are buffered well

after retirement, since they create no dependency on other operations.



devices on either processor-nmenory bus 401 or 1/0O bus 431 to access or
transfer data between devices on the other bus. Essentially, bridge 424 is
an 5 interface between the system|/O bus 431 and the processor-nenory bus
401. |/ O bus 431 communi cates i nfornmati on between peri phera
devices in the conputer system Devices that nay be coupled to system
bus 431 include a display device 432, such as a cathode ray tube,
liquid crystal display, etc., an alphﬁpuneric i nput device 433

i ncl udi ng al phanumeric and ot her keys, etc>’, 10 for conmunicating

I nformati on and comrand sel ections to other devices in t he conputer

system (e. 0., Procgaggd BlndBdiGod it STORIIpALLERY Lathdtioba

controlling cursor novenent. Moreover, a hard py device 435, such as a
plotter or pr :?g&&naﬁéézg R bBYbAbRtEr be¥iiiddheredB MRSWAY 8 tovef frbfita Gafmut er

| mages and a nass storage device 436, such as a maghetic disk and di sk
drive, 15 forthgtshouiinbfhaseTaippenednStore addtetandaloyatidroof sterecdatp) ed to
syst em bus 431. In sonme inplenentations, it nmay not be
requi red to pripweler,aatliexpluty speculatitaly and bat-ofHosgén yo irgreask@roedssom.

~Certain inplenentations of the present I nvention may include
addi ti onal 5pr qeefsnascar ot her conponents. 20 Additionally, certain
i npl ement ati ons of the present invention may not require nor include

all of the above cdwrxplaned abave, STEH eperpHionearasplitdnto two migpspl ay
D1 OcoSSOr - oM EBERARTSID S A IRSt (S SN 968 ARSI D SPPTA Bign
5. - addit 1 orPPeRELHAL RSB IRk AE 5 5 28 2Rt o1 't
the translation. The STD micro-operation is illustrated by block 625 and
10  comprises a data conversion operation. Both of these operations write their
data into store buffer 631, which is physically partitioned across three units.
The memory order buffer contains a linear address, status, and micro-
operation information. DCU 637 contains the actual physical addresses.
In one embodiment, store buffer 631 contains twelve entries, holding
15 up to twelve STORE operations: Store buffer 631 is used to queue up all
STORE operations before they dispatch to memory. Buffer 631 also checks all
LOAD: for store address conflicts. This checking keeps the LOADs consistent
with previously executed STORES still remaining in the store buffer.
Load buffer 630 contains sixteen buffer entries, holding up to sixteen
20 loads. The load buffer is used to queue up LOAD operations. All LOADs go
ino the load buffer, so they can be snocped; they are re-dispatched from
there. The queue operations are then re-dispatched by load buffer 630 when
the conflict has been removed. Processor ordering is maintained for LOADs
by snooping external WRITEs against completed LOADs. In accordance with

25 the present invention, an agent's WRITE to a speculatively read memory



19 processors 402 and 403, nenory controller 422, and peri pher'él

devi ces 432 t hrough 436 coupled to the single bus.
D fferent phases fromdifferent transactions can overl ap,

t her eby

piypel i ni ng bus -usage and inproving bus performance. Figure 5 shows 5
exenpl ary overl apped request/response phases for two transactions.
Referring to Figure 5, every transaction begins with an Arbitration Phase,

in which a requesting agent becomes the bus owner.

The second phase

is the Request Phase in which the bus owner drives a request and

rror Prase, J0CHORBES AL Srotdet f%%gﬁ&%éd BRI hrace ©

i ndi cat es any o

phase of a tr ans: t%l on Nnoo

R B PE Al Ll AL L R OURR e a8 foUT !

our Oor nore S fromthe

Request Phase. shg Snoop Phase |nd| cates if the cache I|_ne accessed in
a transaction's valid or nodified (dirty) in any agent's cache. 15

The Response Phase wittirClk @febSf it yiias, rbaaaed 4r2MifoRhie84vRén a STORE

5 or LOAD operation is issued into the reservation station. Buffers 630 and 631

receive speculative load and store address operations from the reservation

station within the dispatch core 621. A LOAD operation decodes into one

micro-operation, while a STORE operation is decoded into store data and

store address micro-operations. At allocation time, the operation is tagged

10  with its eventual location in either buffer 630 or 631. The reservation station

provides the op-code while the processor's address generation unit calculates

and provides the linear address for an access. These operations are either

executed immediately or are written into the memory order buffer for

dispatch at a later time. In the case of a LOAD, data cache unit 637 is

15 expected to return the data to core 621. In parallel; address and status bits are |

written into the load buffer to signal the operation's completion.

In the computer system of the present invention, strong-ordering is

emulated by processor Pg even though it is an inherently weakly-ordered

machine. That s, Py is a processor that is capable of executing instructions

20 out-of-order; Pg allows LOADs to pass LOADs, yet it presents the

architectural model of strong ordering (i.e., no passing) through speculative

processor ordering. All completed and non-retired LOAD operations snoop

external bus 11 for external STOREs (i.e.,' WRITEs). If an external WRITE

address matches a non-retired LOAD address, then a processor ordering

25 violation is flagged. Instead of retiring the flagged LOAD, as would normally
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succeeded, whether the response is immediate or deferred, and whether the
transaction includes data phases. 'If a transaction contains a response-
initiated data phase, then it enters data transfer along with the response
phase. 20 The use of a pipelined system can pose several problens.
For exanpl e, in Figure 5, request 1 is driven in clock T1 and request
2 is driven in clock T4. | f request 3gand request 2 are both requests
for the sane address, the system must mai ntai n cache consistency in
order to properly execute both request 1 and request 2.

20, < robi em bedBhE SEI LS LA Bl AssraalisnscLoghussol Voo
Thi s ol obal oRTBRSRPa fsfarts ARSI ieR bog ARATH Ml Bl A Ore T he
" Snoop Phase ofigaparticular transaction, _
In a current embodiment of the present invention this sequence of
5 steps is known as a RONuke operation. In a RONuke operation, the LOAD is
canceled; the speculative progress of the computer system is aborted, and the
processor starts executing from the canceled LOAD.
Another way of looking at the problem which can occur between
processors of a multi-processing system is that if LOADs execute out-of-

10  order, they can effectively make another processor's STORE operations
appear out-of-order. This results from a later LOAD passing an earlier LOAD
that. has not yet been executed. The later LOAD reads old data while the
earlier LOAD, once executed, has the chance of reading new data written by
another processor. If allowed to commit its architectural state, these LOADs

15  would violate processor ordering rules. To prevent this from occurring, load
buffer 630 watches (i.e.; snoops) all data WRITEs on external bus 611. This is
illustrated by Figure 6 by the snoop line coupling load buffer 630 to external
bus 611 through bus interface unit 640. If another processor writes a location
that was speculatively read, the LOAD and subsequent operations are cleared

20 andre-executed to get the correct data.

Assume that processor #1 has a strong-ordering memory model, i.e.,
~ memory operations are assumed to occur in the original program order.
Also, assume that précessor #2 is an out-of-order processor, e.g., processor Pg.
When processor #2 is ready to execute the first LOAD operation to memory
25 location 5, external bus 611 is snooped by load buffer 630 to determine if there



5 every agent in the systemtreats the transaction as never having taken
pl ace. This is so even though the requesting agent has driven a
request onto the bus. However, after the Snoop Phase every agent
treats the request as having t aken pl ace. The gl oba
observation clock is at the Snoop Phase because every agent 10 knows the
fate of the transaction at the Snoop Phase. That is, whether an agent
has a nodified cache line corresponding to,the request is known, and
agents which nust update the state of thei° own cache line know to do so.
Thus, the agent(s) which are involved with.the response to the requesting
agent are known.

1 Note th d tal [ ,

particul ar t rdﬁéi&iiqgﬁiq}ﬁg‘nﬁéang‘O?aﬁagéf W%%ﬁé@sggéﬂﬁﬁgﬁ?%%ap Phase
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nmanager o} e current cluster. “In such a case the cluster manager is
responsi bl e f ofhis ?1)7 firs@ﬁb@drgjr‘ﬂg RSN threftatelts thaaiRhidd)and therere-di f f er ent
scenarios exist i such 25 a case.

executing from the aborted LOAD.

Recall that for load buffer 630 inside the memory subsystem keeps
track of all outstanding LOADs for the processor at any given point in time.
10 Ifa LOAD has happened - or is about to happen in the future ~ the address
is present in load buffer 630. Processor Pg snoops bus 11 for STORESs from
other agents by snooping those addresses. ‘If an address is the same as any
address present in load buffer 630 pending execution, then a potential risk for
violating strong-ordering exists. Load buffer 630 snoops external bus 611 and
15  looks for STORESs on the bus which match the address present within buffer
630. When the tagged (snoop hit) LOAD entry of the load buffer eventually
triés to retire, the machine's state is first destroyed. The processor then begins
re-issuing instructions beginning with the aborted LOAD.
Referring now to Figure 7, a block ‘diagram illustrating an exemplary.
20  processor 700 incorporating the teachings of the present invention is shown.
The exemplary processor 700 comprises an execution unit 701, a bus
controller 702, a data cache controller 703, a data cache 704, and an instruction
fetch and issue unit 705 with an integrated instruction cache 706. The
elements 701-706 are coupled to each other as illustrated. Together they



21 In the first scenario, the ownership of the next |eve
systembus is I mredi atel y avail abl e: Consequently, the ownership of
the cache |ine can be guaranteed by the Snoop Phase of the current
transaction. Thus, the transaction is globally observed at the Snoop
Phase of the current transaction, 5 as di scussed above. In a second
scenari o, the ownership of the next |evel system bus is not

i mmedi ately possible, and yet, it can be ogiained at a later tinme.
Furthernore, the cache line can be returned back to the requesting
processor. In this instance, the cluster manager defers gl obal observation

of the transaction, \Wen the next |evel system bus ownership is
finally 10 cioperateth fetee issugsexacuimangsave @qurlﬁgntrﬁéul&ménéméh%fs inhe
cache line with a deferred reply. During the Snoop Phase of the

deferred repl ya pipelined manderon _
The instruction fetch and issue unit 705 fetches instructions from an

external memory through the bus controller 702 via an external 'system bus.
5 Bus controller 702 manages transfers of data between external cornpone.nts
and processor 700. In addition, it also mahages cache coherency transfers.
The instruction fetch and issue unit 705 then issues these instructions t.o- the
execution unit 701 in an in-order sequence. Basically, the execution unit 701
performs such functions as add, subtract, logical AND, and integer multiply.
10  Some of these instructions are fetched and dispatched speculatively. The
execution unit 701 holds and executes the integer and floating point
instructions when their operand dependendies on execution results of
preceding instructions are resolved. In similar fashion, the execution unit 701
holds and forwards the load and store instructions to the memory ordering
15 buffer 708.

Retirement logic 707 commits the states of these instructions to
whatever permanent architectural state that was designated by the original
source code. Within memory ordering buffer 708, loads and stores are
checked for memory ordering effects. Stores and/or loads are potentially

20 postponed until ordering inconsistencies are resolved.

The memofy ordering buffer 708 is comprised of store buffer 709 and
load buffer 710. Store buffer 709 is a first-in-first-out (FIFO) structure for
storing address, size, data, and other key attributes. The top pointer of the
structure points to the store most recently retired. The bottom of store buffer

25 709 (i.e, the one containing the oldest retired store) is the one ready to be



I's globally observed. Finally, ownership of the next |evel system bus m ght
not be possible in order to avoid a deadl ock. Hence, the transaction is
aborted and retried one nore tinme. The transaction is not globally observed
16 wuntil the retried transaction is successfully conpleted. The retried

transaction I's globally observed based on the case it falls under
during retry. The states of the corresponding cache |ines are
updat ed during the Snoop Phase in order to support the gl obal
observation clock. That is, to ensure proper system behavior the

cache line states are updated at the global 20 observation cl ock. For
exanpl e, in Fiwuiten § a memeryalsysteangueleaadata cache 204. The stooe buffen?s
requests to the same cache |line, the cache |ine states which_ nust be
updat ed as a resHlyivigible fhe Prodessercaip Rig-eexgsiition unit 7obasd nstruetiase f or

s s ool istb 785, EAISRA oo Tt rasopmive b edsionca ot ¥ 1 T
22 the store.

5 The load buffer 710 is a scratchpad buffer used by the memory
subsystem to impose access ordering on memory loads. Each load operation
is tagged with the Store Buffer ID (SBID) of the store previous to it. This SBID
represents the relative location of the load compared to all sfores in the
execution sequence. When the load executes in the memory, its SBID is used

10  as a beginning point for é.nalyzing the load against all older stores in the
buffer.
If loads execute out of order, these loads might make other processors'
store operations appear to be out of order. This situation might arise when a
younger load passes an older load that has not been executed yet (e.g., read
15 operation R; is executed before a prior read operation R;). This younger load
reads old data, while the older load might read new data written by another
procéssor. If allowed to commit to state, these loads would violate processor
ordering. The present invention prevents this violation from occurring by
uMg the load buffer 709 to snoop all data writes from other agents on the
20  bus710. Snooping refers to the act monitoring data and address traffic for
particular values. If another processor writes a location that was
speculatively read, that load and subsequent operations are cleared and re-
executed to retrieve the correct data (e.g., reimpose processor ordering).
Data cache controller 703 controls the access of data to/from the data
25  cache 704. Data cache 704 is a fast, small, hardware-maintained scratchpad



For exanple, the Snoop Phase for request 1 of Figure 5 begins at clock

7. At clock 7, all agents on the bus assert or deassert H T# and H TM¢
signals, depending on the state of the requested cache line in their
caches. These signals are observed by all agents on the bus in the
next clock, clock 8. 5 1In one enbodi nent, each agent on the bus updates
Its cache state in clock 7, along with asserting or deasserting H T#
and H TM# signals. Thus, by clock 8 edch agent has updated its snoop
state. In the exanple shown in FIG 2, the Snoop Phase for request 2
begins at clock 10. Thus, since each agent's cache state is updated by

clock 8, each Rgeidly A3 tdh B8 rddBRESBI felverREoA GRS thhd Frif méfdry by W

signals in the Snoop Phase for request 2, even I'f request 2 1s a

request for theagodred Saedte THekata sadtRoRollér 703 and the data cache 704 N @n
al ternate enbodi nent, each agent updates its cache state In clock 8

or clock 9, upespaits®y thaloabingtructionsiineediddly, forV/28ind dAM if necessirgnal s in
clock 8. In the exanple of Figure 5, cache consistency 1s naintained 15

when t he cachdnsbatrast, stoee insttactionparedruffared nin Stteo prdtidssinstractiomoarest 2.
Thus, updating cache states in clock 8 or clock 9 preserves cache
consi st encyp.  not necessarily exgrgtedéfcdwagded in thekordiea gheynwefte iskeedrenor y
subsystem of processor Pl[err] i n one enbodi ment of the conputer system
of the presentMoOrRRYRLiSOMe ipstructions are sperudativaly exeatted! farwasded ybt any
architectures may pe utilized in qgrder to 23 practice the present
i nvention. Du r‘r‘ﬁé S eXaFfigR TeTulis of the irget HARRNg point, and load instructions
are buffered, and then retired or committed in order. In comparison, the
buffered store instructions are retired or committed in order and then
10  dispatched in the "background,” at the convenience of the memory system.
Speculative integer, floating point, and load execution results and buffered
stores of mis-predicted branches are purged.
The instruction fetch and execution unit 705 is intended to represent a
broad category of instruction fetching and issuing elements found in many
15 computer systems. Their constitutions and functions are well known. In the
presently preferred embodiment, the instruction fetch and issue unit 705
includes an instruction cache 706. The instruction cache 706 is a fast local
memory that holds the instructions to be executed. When a program attempts
to access an instruction that is not yet or no longer in the cache, the processor
20  waits until hardware fetches the desired instructions from another cache or
memory downstream. Itis the responsibility of the instruction fetch and issue
unit 705 to decide which instruction cache entry ought to be accessed next for
maximal program performance. In the currently preferred embodiment, the

instruction cache 706 and data cache 704 exists in a memory hierarchy.



processor Po an instruction is first fetched and then decoded into one or

nor e primtive operations. These primtive operations (called

"m cro-operations” or "mcro-ops") then flow through the nachi ne -
petentially being executed out-of-order with respect to one anot her -
until they are ultimately retired. 25 Thus, the operation of the processor
Po is best understood as a series of 34

23 processes involving mcro-operations which are issued froma set
of different macro-i nstructions and whi ch comruni cate through a set of

TS et chi ng PSSP R Tt fre P BAE Tt LRSS BP0 FLELLL Dol o
etched |05 SR04 Lk B oty R oo s S UGGH S, o
allocation progees; I8l iEudErdY 833 ThePi6cessor 822 also comprises a register
renaming section including a register alias circuit 834 and an allocator drcuit
5 836. The processor 822 also comprises an out of order execution section
comprising a reservation and dispatch drcuit 838, an execution circuit 840, a
reorder circuit 842, and a real register circuit 844.
The bus interface circuit 830 enables transfer of address, déta and
control information over the multiprocessor bus 828. The instruction fetch
10 and micro—o? issue circuit 832 fetches a stream of macro instructions from the

.memory subsystem 826 over the multiprocessor bus 828 through the bus

interface circuit 830. The instruction fetch and micro-op issue drcuit 832

implements speculative branch prediction to maximize macro-instruction

fetch throughput.

15 For one embodiment the stream of macro instructions fetched over the
multiprocessor bus 828 comprises a stream of Intel Architecture
Microprocessor macro instructions. The Intel Architecture Microprocessor
macro instructions operate on a set of architectural registers, including an
EAX register, an EBX register, an ECX register, and an EDX register, etc.

20 The instruction fetch and micro-op issue cifcuit 832 converts the
macro-instruction of the incoming stream of macro instructioﬁs into an in-
order stream of logical micro operations, hereinafter referred to as logical
micro-ops. The instruction fetch and micro-op issue circuit 832 generates one
or more logical micro ops for each incoming macro instruction. The logical

25 mico-ops corresponding to each macro instruction are reduced instruction



many physical registers results the mcro-operations are to be steered to.
Once resources have been allocated, the appropriate operands are fetched
and made ready by placing theminto a reservation station (RS). The
reservation 10 station is a buffer that holds mcro-operations that have
not yet executed. When data is ready for a given instruction, the RS
.di spatches to one of a plurality of execution units according to data
dependenci es and execution unit avai Pability. Once the execution unit
perfornms the requested operation, a writeback is perfornmed back to the
reservation station. 15 The out-of-order engine of processor P[err]

al so i ncl udessa hRr@bgeratibré Hedt perforn MeBnctidh 6NtHescorrdspBairhMactyni t
where specul ative results are collected, re- ordered and t hen

retired. RetifrgaRittiohs Thatogiedlintizr ifparittanett agd dogical opeeaidmat £d
mcro-instruction fromthe re-order buffer and conmmtting its state to
what ever per maretlrds lead hnd stoire opkrationts do tse pesigyasubdystgmt 886. or i gi nal sour ce
20 program Wth continuing reference to Figure 6, the nenory
subsyst em r ecei vesThe instrtictipnfetsh andmiro-pprissus Graey8¥2 mansfersrthe jn-\Rl TES)
fromthe out-of- order, (OO O dispatch core 621. Dispatch core 621
i ncl udes the prérsisam of logical mégerapsiipdhe iegstroaliandreut Btend thefer. The
T e itk e 10ghcS erb o B B, Fo or ol ™

instruction fetch and micro-op issue drcuit 832 issues up to four in-order

logical micro-ops during each dock cycle of the processor 822. Alternatively,

the in-order logical micrq—oips may belimited to four during each clock cycle

10  to minimize integrated circuit die area for the processor 822.

The instruction fetch and micro-op issue drcuit 832 contains a micro
instruction sequencer and an assodated control store. The micro instruction
sequencer -implenients mico programs for performing a variety of functions
for the processor 822, including fault recovery functions and processér

15 ordering functions.

Each logical micro-op generated by the instruction fetch and micro-op
issue circuit 832 comprises an op code, a pair of logical sources and a logical
destination. Each logical source may specify a register or provide an
immediate data value. The register logical sources and the logical

20  destinations of the logical micro-ops specify architectural registers of the
original macro instructions. In addition, the register logical sources and the
logical destinations of the logical micro-ops specify temporary registers for
microcode implemented by the micro instruction sequencer of the instruction

fetch and micro-op issue circuit 832.



24 i nformati on back to the RS and ROB. When the nenory subsystem
recei ves a menory READ (i.e., a LOAD) micro-operation, it may issue a
request to bus 611 to read data fromexternal nenory 612. Wen the
subsystem recei ves a menory WRITE (i.e., a STORE) m cro-operation, it
my wite data back to 5 external nmenory 612, a peripheral /0O device,
or to another agent coupled to system bus 611. Since the reservation
station of core 621 operates based on data fl ow dependenci es, the
menory subsystem of processor Po needs to 36 detect violations of nenory
orderi ng. The nenory subsystem of Figure 6 includes a data
cache unit (DCU) 10 637 conprising an 8K 2-way set associative array, wth
a cache |ine size Ghe3agister ality/tieaiit 834receivestite ipndrier degital MIdb-6PE | S
partitioned into four data banks. This allows two accesses (one LOAD,
one STORE) at oveethedegical micrap bgB0s and genenadss aearespassling setofinnks. DCU
637 al so provides a two_ cycle access tinme on LOADs and STOREs that hit
the cache. Fuordespryisical pagoseps bxrenamying the logical spirres aadhegioghi ch neans

that it can process,incqQm ng accesses while .. copntinuing to process
cache misses GEFIRatoRg 022?5% FYET%5eRS- ( %’e@iﬁtﬁﬁ’ﬁs %I%“tgwref:?ﬂ"%?a&fce
640). Data.cache_uni,t 637 includes four. fill huffer h_256.,bits.

wi de, that Sar SVOILH PEE BIFORE VSR Bisgeical micie-ti Bls S0 RapE I logise]

cache sources and the logical destination of each logical micro-op into physical
sources and a physical destination, and transfers the in-order physical micro-
ops over a physical micro-op bus 852. |

Each physical micro-op comprfses the opcode of the corresponding

10 logical micro-op, a pair of physical sources, and a physical destination. Each
physical source may specify a physical register or provide an immediate data
value. The register physical sources of the physical micro-ops specify
physical registers contained in the reorder drcuit 842 and committed state
registers contained in the real register circuit 844. The physical destinations

15  of the physical micro-ops specify physical registers contained in the reorder
circuit 842.

The register alias circuit 834 transfers the logical destinations of the
logical micro-ops over a logical destination bus 854. The logical destinations
transferred over the logical destination bus 854 identify the architectural

20  registers that correspond to the physical destinations on the physical micro-
op bus 852.

The allocator circuit 836 tracks the available resources in the reorder
drcuit 842, the reservation and dispatch circuit 838, and the execution drcuit
840. The allocator circuit 836 assigns physical destinations in the reorder

25  drcuit 842 and reservation station entries in the reservation and dispatch-



m sses only when all fill buffers are busy. DCU 637 uses a 20

Nbdi fi ed/-Excl usi ve/ Shared/ Invalid (MESI) protocol to support cache
coherency for nulti-processor conputer systens. The nenory
subsystem of processor Po further conprises a data transl ation

| ook- asi de buffer (DTLB) 628 that translates |inear addresses to

physi cal addresses for nenory accesses. DTLB 628 perfornms a | ook-up in a 25
cache array containing the mapping fromtheysl inear-to-physical address

25 space. DTLB 628 al so caches nmenory region infornmation with each
physi cal address, and can performtwo address translations each cl ock
cycl e. .. In a current enbodinent, DTLB 628 contaipns a_snall page
array and a  circuit 8384e theghysicalgpiareps ordhe PE'JQ’@%FPWPP&S&% The ay

o e O el B o BTl P Y e SR | 10
contains eight bggiterriinpiﬁé e?gctu@io%rcrizacﬁt 840 to the physical micro-ops on the physical
micro-op bus 852 that have an opcode specifying a load memory operation.
5 The allocator circuit 836 transfers allocated physical destinations to the
register alias circuit 834 over a physical destination bus 856. The allocated
physical destinations specify physical registers in the reorder drcuit 842 for
buffering speculative results for the physical micro-ops. The aﬁocated
physical destinations are used by the register alias circuit 834 to rename the

10  logical destinations of the logical micro-ops to physical destinations.

The allocator circuit 836. allocates the physical registers of the reorder
circuit 842 to the physical micro-ops in the same order that logical micro-ops
are received over the logical micro-op bus 850. The allocator dreuit 836
maintains an allocation pointer for allocating physical registers of the reorder

15 drcuit 842. The allocation pointer points to a next set of consecutive physical
registers in the reorder circuit 842 for each set of logical micro-ops received
over the logical micro-op bus 850. The ordering of the physical registers
assigned to the physical micro-ops in the reorder circuit 842 reflects the
ordering of the original logical micro-ops.

20 The allocator circuit 836 specifies the reservation station entries for the
physical micro-ops on the physical micro-ops bus 852 by transferring
reservation station entry select signals to the reservation and dispatch drcuit
838 over a reservation station select bus 866.

The allocator circuit 836 assigns a load buffer entries to each physical

25 micro-ops.on the physical micro-ops bus 852 that specifies a load memory



are four-way set associative caches. DTLB 628 al so checks nenory accesses
for protection privileges, exceptions, traps, data breakpoints, etc. If the
transl ation buffer detects an exception of any sort, it returns fault
information 10 to the re-order buffer of dispatch core 621, and notifies

the rest of the subsystemto abort the access. The nenory
subsystem of Figure 6 also includes a nenory order buffer (MOB) that
controls dispatching within the nenory subsystem In Figure 6, the
menory ordering buffer is illustrated as cé%prising | oad buffer 15 630 and

store buffer 631. These buffers handle all LOAD and STORE oper ati ons
and track the progye of. these o I ops a he ve t hrough t he
processor. V\he$P eoé@?ébpé}ofyﬂﬁgégﬁ&“éﬁﬁﬁ@%h@%m ¥ due to

an addre or resqurce lict, L h | ocks the operati and stores

t he SZepen éﬁﬁﬁ“%@?ﬁ_&i‘f@ﬁdeﬁ‘@fwﬁf?‘ﬁ%a %F&&r@sﬁé{&éﬁ‘ﬂ:‘i‘% 38 whi | e
store 20 buff eraa%g’a%g%ﬁg?g}ggﬁtrl es in a current enbodi nent. The

entries of |oa nd store buffer 631 are all ocated as

ntrie (i ons. e - hg | ' h
770" oPer AL On<. ok 4fvsion SATUSRAA LRI BRin o B b e
second-or dg  awaiting Refldrlby Hetbieofitiorl tRclfbBus CTRY VAR BlPalBlin

operations when the 25 bl ocki'ng source is renoved. Some nenory opefations
cannot execut ecircuit 838 receives the in-order physical micro-ops over the physical micro-

op bus 852, assembles the source data for the physical micro-ops, and -
dispatches the physical micro—o;;s to the execution circuit 840.
The reservation and dispatch circuit 838 receives the physical micro-

10  ops over the physical micro-op bus 850 and stores the physical micro-ops in
available reservation station entries. The reservation and dispatch circuit 838
assembles source data for the physical micro-ops, and dispatches the physical
micro-ops to appropriate execution units in the execution drcuit 840 when the
source data is assembled.

15 The reservation and dispatch drcuit 838 receives the source data for
the pending physical micro-ops from the reorder cdircuit 842 and the real
register circuit 844 over a source data bus 858. The reservation and dispatch
circuit 838 also receives source data for the pending physical micro-ops from
the execution circuit 840 over a result bus 862 during a write back of

20  speculative results from the execution dircuit 840 to the reorder circuit 842.

The reservation and dispatch drcuit 838 schedules the physical micro-
ops having completely assembled source data for execution. The reservation
and dispatch circuit 838 dispatches the ready physical micro-ops to the
execution circuit 840 over a micro-op dispatch bus 860. The reservation and

25  dispatch drcuit 838 schedules execution of physical micro-ops out of order



26 specul atively, so it nonitors the retirenment process and

di spat ches non- specul ative operations at the correct tine. The
menory order buffer also di spat ches nmenory wites (i.e., STOREs) to
data cache unit 637. By way of exanple, Figure 6 illustrates
how core 621 di spatches a store 5 operation that gets decoded into two

m cro-operations: a store address m cro- operation (STA) and a store
data operation (STD), illustrated by. bl ockgy 624 and 625, respectively.
Load m cro-operations dispatched by core 621 are il lustrated by bl ock
623 in Figure 6. Al'l mcro-ops dispatched by the reservation

dara moro optiatagd e Srpn g ReoBPHRLIHE (RE DhysPAl SRS ' ©

wher eas st or eaRAHiaE %o b ARG STelitRen unit resPBPEAlh E8 Rbitidrans! at ed
by DTLB 628 t%&tgﬂdélﬁg %g%sj?ca addr esses. PhysiE%I ggdressgs?hfor t he

| oad data andgshff®oaddress micro-operations are shown in Figure 6 by
bl ocks 634 and 635, respectively. Store address micro-ops are 15 entered

e . G DLl s sioies bac Juspacagen b o,

cache uni t5 63gutesfidrder @teautidaof thephysical micro-ops to the reorder circuit 842 over
the result bus 862. The writes back of speculative results by the execution
circuit 840 is out of order due to the out of order dispatching of physical
micro-ops by the reservation and dispatch circuit 838 and the differing
number of processor 822 cycles required for execution of the differing types of

10 physical micro-ops.

For one embodiment, the execution circuit 840 comprises a set of five
execution units EUG-EU4. The reservation and dispatch circuit 838 dispatches
up to five physical micro-ops concurrently to the execution units EU0-EU4
over the micro-op dispatch bus 860.

15 The execution unit EUQ performs arithmetic logic unit (ALU) functions
including integer multiply and divide as well as floating-point add, subtract,
multiply and divide micro-ops. The execution unit EU1 performs ALU
integer functions and jump operations. The execution unit EU2 performs
integer and floating-point load operations from memory as well as load linear

20 address functions and segment register operations. The execution unit EU3
performs integer and floating-point store and segmentation register
operations. The execution unit EU4 performs integer and floating-point store
data operations. |

The reorder circuit 842 contains the physical registers that buffer

25  speculative results for the physical micro-ops. Each physical register in the



appropri ate physical data back to dispatch core 621, or issues a nenory
access to nmain nenory via external bus interface unit 640 and system bus 20
611. Note that when both store address and store data m cro-ops have

di spat ched, and are no | onger specul ative, the nenory order buffer of the
menory subsystem conbi nes them and dispatches themas a STORE, as

shown by bl ock 641, to DCU 637. In many cases, Stores are buffered well
after retirenent, since they create no depapdency on ot her operations.

27 It should be understood that STORE operations cannot execute
specul atively or out-of-order because there is no way to recover froma

NS g, " PrSBEL Sl LR ARED Her O AN IR AR A B BT,
i ncrease procg§§@§ 5 performance.

The real register circuit 844 contains committed state registers that
correspond to the architectural registers of the original stream of macro-

§ instructions. Each committed state register in the real register dircuit 844
accommodates integer data vah_les and floating-point data values.

For one embodiment, the committed state registers of the real register
drcuit 44 comprise the EAX, EBX, ECX, and EDX registers, etc. of the Intel
Architecture Microprocessor, as well as architectural flags for the Intel

10 Architecture Microprocessor. The real register circuit 844 also éontains _
committed state registers for the microcode registers used by microcode
executing in the instruction fetch and micro-op issue dircuit 832

The reorder drcuit 842 and the real register circuit 844 receive the

physical micro-ops over the physical micro-op bus 852. The physical sources

15 of the physical micro-ops specify physical registers in the reorder drcuit 842
and committed state registers in the real register file 844 that hold the source
data for the physical micro-ops.

The reorder dircuit 842 and the real register circuit 844 read the source
data specified by the physical sources, and transfer the source data to the

20  reservation and dispatch circuit 838 over a source data bus 858. Each physical
source of the physical mic:‘d-0ps includes a real register file valid (RRFV) flag
that indicates whether the source data is contained in a physical register in
the reorder dircuit 842 or a committed state register in the real register file 844.

The physical destinations of the physical micro-ops on the physical

25 micro-op bus 852 specify physical registers in the reorder circuit 842 for



As expl ai ned above, STORE operations are split into two mcro-
operations: a store address (STA) and a store data (STD). The STA m cro-

operation is illustrated by block 624 and is an address cal cul ati on and
t¥anslation. The STD micro-operation is illustrated by block 625 and 10
conprises a data conversion operation. Both of these operations wite their
data into store buffer 631, which is physi®tally partitioned across three
units. The nenory order buffer contains a |linear address, status, and
m cr o- operation information. DCU 637 contains the actual physical

addr esses. buffering the $pecalative resudtsnafrthe ostt of erderfekecutisiof thetpiysicat wel ve
entries, hol ding 15 wup to twelve STORE operations. Store buffer 631 is
used to queue migraabps. The regibRRinspH 4R irecedvescthephysival destinsdions of therenory.
Buf fer 631 al so checks all LOADs for store address conflicts. This
checki ng keepPhysisal misre-ops p¥erthe physical mifmorop bus Potangl dearsdbed STOREs
"Si xteen’ but { ciP ARV BGISIET PRSP Eop RSl festmiiiags.  The | oal butf or
oo Losthese s AR all B0l B o e Son
The queue 0Der A PBRREphBET el SR8 GRRGH dBihoadh Bt ket 830y
Che’ procent | ieaRt s i AR ERtF I B e Do W O TROERAET 1)

destinations of the physical micro-ops. The logical destinations in the

physical registers of the reorder drcuit 842 specify committed state registers

10 inthereal register circuit 844 for retirement of the physical micro-ops.

A retire logic drcuit 846 imposes order on the physical mico-ops by
committing the speculative results held in the physical registers of the reorder
circuit 842 to an architectural state in the same order as the original logical
micro-oés were received. The retire logic circuit 846 causes transfer of the

15 speculative result data in the reorder circuit 842 to corresponding committed
state registers in the real register circuit 844 over a retirement bus 864. For
one emBodixnent, the retire logic circuit 846 retires up to four physical
registers during each cycle of the processor 822. For another embodiment, the
retire logic circuit 846 retires up to three physical registers during each cydle

20  of the processor 822 to minimize integrated circuit die space.

The retire logic circuit 846 also causes the reorder circuit 842 to transfer
the macro instruction pointer delta values for the retiring physical micro-ops
over a macro instruction pointer offset bus 820 during retirement.

The restart circuit 48 receives macro instruction pointer delta values

25 over the macro instruction pointer offset bus 820. The restart circuit 848



| ocation forces the out-of-order engine to clear and restart the LOAD
operation. This aspect of the invention will be described in nore detai
shortly. Wthin the nmenory subsystem resources are allocated
when a STORE 5 or LOAD operation is issued into the reservation station.
Buffers 630 and 631 receive specul atiyg | oad and store address
operations fromthe reservation station within the dispatch core 621.
A LOAD operation decodes into one m cro-operation, while a STORE
operation is decoded into store data and store address

m cr o- operat.@nlgula&esammttﬁdmtm@ontpmn@éé'mmordsmgéggqumo with its
eventual location in eltherﬁﬁﬁ 30 or, &§§1he reservation station
provi des the dRSEEyEONpQinter %H eWrlegeneration unit

cal cul ates The retire logic circuit 846 maintains a retirement pointer to the
physical registers in the reorder circuit 842. The retirement pointer points to
5 sets of consecutive physical registers for retirement. The retirement pointer
follows the allocation pointer through the physical registers in the reorder
circuit 842 as the retire logic retires the spéculative results of the physical
registers to the committed state. The retire logic circuit 846 retires the
physical registers in order because the physical registers were allocated to the

10  physical micro-ops in order. _

The retire logic circuit 846 broadcasts the retirement physical
destinations specified by the retirement pointer over a retire notification bus
870. The memory ordering buffer in the execution circuit 840 receives the
retirement physical destinations, and issues a set of memory ordering restart

15  signals 876. The memory ordering restart signals 876 indicate whether a -
memory load operation corresponding to one of the retiring physical
destinations has caused a possible processor ordering violation. The memory
ordering restart signals 876 indicate which of the retiring physical
destinations has caused the possible processor ordering violation.

20 ~ The memory ordéring restart signals 876 are received by the restart
circuit 848. If the memory ordering restart signals 876 indicate a possible
processor ordering violation, the restart circuit 848 issues a reorder clear
signal 878. The reorder clear signal 878 causes the reorder circuit 842 to clear
the speculative result data for the unretired physical micro-ops. The reorder

25  clear signal 878 causes the reservation and dispatch circuit 838 to clear the



and provides the linear address for an access. These operations are either
executed imediately or are witten into the nenory order buffer for

di spatch at a later tinme. In the case of a LOAD, data cache unit 637 is 15
expected to return the data to core 621. In parallel, address and status
bits are - witten into the |oad buffer to signal the operation's

conpl eti on. In the conputer $ystem of the present invention,
strong-ordering is enul at ed by processor Plerr] even though it is an

i nherently weakl y-ordered machine. That is, Pl[err] is a processor that

i's capabl e of pexdagiphisicahsli¢roadpsthat A0ait divpatdi tothd@kecition cifcut 840/s LOADs
to pass LOADs, yet it "presents the archi tectural nodel of strong

ordering (i.eThefeoriesdimpsighil8rsglsoxpases theiallecator cirpuid 836 soreset ther i ng.
Al'l conpl eted and non-retired LOAD operati ons snoop external bus 11
for external Sllé&REen(pointer forRillbEsting tHe physical vegistersiRl the reorder aitduits s

mat ches a non-retired LOAD address, then a processor ordering 25

viol ation i s 84%ugpddausesthe setireflogicicirruih §46 terdsebifgaetireamnent painteyfori
normally retiring the physical registers.

If the memory ordering restart signals 876 indicate a possible processor
ordering violation, the restart circuit 848 uses the macro instruction pointer
delta values received over the macro instruction pointer offset bus 820 to
calculate a restart instruction pointer value. The restart instruction pointer

10  value specifies the macro instruction corresponding to the physical micro-op
that caused the possible memory ordering violation. The restart drcuit 848
transfers the restart instruction pointer value to the instruction fetch and
micro-op issue circuit 832 over a restart vector bus 822. |

The instruction fetch and micro-op issue circuit 832 receives the restart

15  instruction pointer value over a restart vector bus 822. The reorder clear
signal 878 causes the micro-instruction sequencer of the instruction fetch and
micro-op issue circuit 832 to reissue the in order stream of logical micro-ops
that were cleared from the reorder dircuit 842 before retirement. The
instruction fetch and micro-op issue drcuit 832 reissues the logical micro-ops

20 by fetching a macro instruction stream starting at the macro instruction
address specified by the restart instruction pointer value, and by converting
the macro instruction stream into logical micro-ops, and by transferring the
logical micro-ops over the logical micro-op bus 850.

If the memory ordering restart signals 876 do not indicate a possible

25 processor ordering violation, then the retirement of the physical registers



29 be
m cr o- operati

done, the LOAD is aborted along with all subsequent
ons. The processor then starts re-issuing mcro-ops

starting with the aborted LQAD. In a current enbodi nen

the present i

nvention this sequence of 5 steps is known as a RONuke

operation. In a RONuke operation, the LOAR, s cancel ed; the
specul ative progress of the conputer systemis aborted, and the

processor starts executing fromthe cancel ed LOAD.
of looking at the problem which can occur hetween Tﬁroceasor.s Qf a

specifipdhythe setiring physicaldestisations Prasgeds s T

mul ti processi
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The register alias circuit 834 and the allocator circuit 836 receive the
retiring physical destinations over a retire notification bus 870. The register
alias circuit 834 accordingly updates the register alias table to reflect the
retirement. The allocator circuit 836 marks the retired physical registers in the
reorder circuit 842 as available for allocation.

Figure 9 illustrates the computer system 910 of the present invention.”
The computer system includes a system bus 912 which may actually include a
plurality of distinct buses such as a main system bus, an interprocessor
communication bus, a local area network bus, or other such bus, each
including groups of bus lines for one or more functions such as data, address,
and control information transmission.

In the interest of clarity of Figure 9, and of the reader’s ease in
understanding the invention, all such buses are represented by bus 912,
which will hereinafter be referred to as external bus 912. Other such
simplifications have been made herein, for the reader’s benefit. The true scope
of the present invention should not be misunderstood to be narrowed by such

simplifications.
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20 and re-executed to get the correct data. Assune t hat

processor #1 has a strong-ordering nenory nodel, i.e., menory
operations are assuned to occur in the original program order. Al so,
assunme that processor #2 is an out-of-order processor, e.g., processor
Plerr] When processor #2 is ready to execute the first LOAD operation
to menory 25 location 5, external bus 611155 snooped by | oad buffer 630 to
determne if there 30

is a risk of violating strong ordering. For exarrple if the LOAD to nenory

to " Cemmry T oeaepE e e PleARlpfs e el P TR RBE Bhileap S O

£ 2007 kB IR bl AR AP =
(HD). Other such components may also be coupled to the external bus.
Also coupled to the external bus are one or more CPUs. There maj also
5 be one or more sockets for accepting additional CPUs. Such additional CPUs

may be added to the system to enhance its performance, and may include
upgrade CPUs which override the previously—eﬁsting CPUs, or they may

include additional multiprocessor CPUs which éperate in tandem with the

other existing CPUs, or they may include enhancement CPUs such as math

10  coprocessors or graphics accelerators which operate to complement the other
CPUs. Such a multiprocessor {MP) system may be homogeneous, including
CPUs of only a single architecture (ISA), or it may be heterogeneous,
including CPUs of different architectures. In one embodiment, the CPUs may
be Intel Architecture microprocessors. In any case, the socket(s) may include

15  sockets for accepting additional CPU(s) with their attendant L1 cache(s) and
optional L2 cache(s).

Any one or more of the CPUs may include the features described
herein below regarding exemplary CPU 914, and any of the sQCket(s) may
provide bus connection for such features in the additional CPU(s).

20 CPU 914 may, of course, include additional features beyond those
which are shown. Other such features have been omitted from Figure 9, again
in the interest of simplicity. For example, common features such as floating
point and integer execution units are not shown, nor are other less well-

known features such as an out-of-order engine or speculative execution



5. avoid the natural weak-ordering nodel that would otherwi se result. It

does this by first destroying the specul ative state of the machi ne,
and then re- executing fromthe aborted LOAD. Recal | that
for load buffer 630 inside the nmenory subsystem keeps trak of all

out standi ng LOADs for the processor at any given point intine. 1 0 If a
LOAD has happened - or is about to happen #& the future - the address

is present in load buffer 630. Processor P[err] snoops bus 11 for STOREs
from ot her agents by snooping those addresses. If an address is the
same as any mecharisme Shipisaudito say, HoveavehthitetheGi8sqrdinventiaxeaytnatibe t hen
a potential risk for violating strong-ordering exists. Load buffer 630
snoops ext er npradiiced 8¢ith smch fedtures,aksevien wigtnrtad] ofthe detdilssshawich nmat ch the
address present within buffer 630. Wen the tagged (snoop hit) LOAD
entry of the |oad Bofthepupssesof pgderstandingthis inveation e: y,rfél’ﬁaéﬁm@s
state is first destroyed. The_ processos then bggins e-issuing

i nstructions begieﬁmbﬁé%ﬁwngh@ﬂamm .udmganextemameqqeﬁ@ now to
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iIlustrated. TRERYHESEPIEAY the EBRQ. An instruction fetch unit (IFU) is coupled to the
RPA. A data cache unit (DCU) is also coupled to the RPA. The CPU may

10  include a level one cache unit (L1), either a unified cache or, as shown in

Figure 9, a data L1 cache in the DCU and an instruction L1 cache in the IFU.
CPU 914 also includes a status tracking logic unit (STL) coupled to the

EBRQ. The STL is coupled to the external bus and the backside bus, either
directly as shown or indirectly, and provides information indicating the

15  statuses of the respective buses. Such status information may indicate, for
example, whether the bus is busy, performing snooping, suffering parity
errors, and any other such information as may be useful in practicing the
method of the present invention. The STL may further keep track of: status of
data returned from the external bus, status of data forwarded to the L1 cache

20 (instruction and/or data L1), status of data forwarded to the L2 cache, cache -
state of the data such as MESI status, snoop status of the request, information
pertinent to the return of the data to the L2 cache, and error status such as
address errors, data errars, and/or external bus response errors. The STL may
also keep track of the status of each request, such status information

25 including: whether the request is pending servicing by the BBL/L2, whether



31 cooperate to fetch, issue, execute, and save execution results of
I nstructions in a pi pelined manner. The instruction fetch
and issue unit 705 fetches instructions from an external menory

t hrough the bus controller 702 via an external systembus. 5 Bus

control ler 702 manages transfers of data bgyween external conponents

and processor 700. In addition, it also nmanages cache coherency transfers.
The instruction fetch and issue unit 705 then issues these instructions to
t he rexecution unit 701 in an in-order sequence. Basically, the
execut i on uni thdfequest is cpeehtly being setrviced byi the BBy 1 svhethert thacequdsbisi cal
AND, and integer nultiply. 10 .Sone of these instructions are fetched and
di spat ched spgending sesvige omthe externadbayisywihethen the reqeshis ausrently keirg ut es

the integer and floating point
J serviced on the eectemal bus, whether the request is pending return service to

the BBL/L2, whether data is being returned to the BBL/L2, and whether the
5 request is done/completed.
A queue-to-backside-bus request logic unit (BSBRL) is coupled to the
EBRQ and to a backside bus logic unit (BBL).
The BBL couples the CPU 914 to a cache, for example a level two cache
unit (L2). The L2 cache may be located within the CPU as either an on-die
10  cache or in a multi~chip module, or it may be constructed as a physically
separate packed chip. In one embodiment of any of these configurations, the
" 12 cache may advantageously be coupled to the CPU 914 over a backside bus
916. ’nus will reduce bus traffic on the external bus 912.
It will be understood that a multi-level hierarchical memory system
15  may be constructed having any of a wide variety of configurations. In some
configurations, it may include virtual memory, in which a portion of the hard
disk is treated as yet another level of cache.
In the system of Figure 9, various ones of the DCU, IFU, BBL/L2,
CPUs, DMA, and other such components may act as agents issuing and
20 receiving bus requests on the external bus. The EBRQ accepts bus requests
from any of the agents within the CPU/L2, and sequencés them onto and off
of the external bus. In the illustrative example shown, the EBRQ handles
external bus requests to and from the DCU, IFU, and BBL/L2.
Vario.us bus agents may perfornﬁ various bus requests, according to

25 different embodiments of the invention. In one embodiment, such bus



I hstructions when their operand dependenci es on execution results of
preceding instructions are resolved In simlar fashion, the execution unit

701 hol ds and forwards the | oad and store instructions to the nenory
ofdering 15 buffer 708. Retirement |ogic 707 commts the
states of these instructions to what ever permanent architectural
state that was designated by the original source code. Wthin nenory

ordering buffer 708, |oads and stores are48 checked for nenory ordering
effects. Stores and/or |oads are potentially 20 post poned until ordering

I nconsi stenci es are resol ved. . The menory orderi b fﬁ\iUmB S

conpri sed of m@mﬂ@em@aadtherequeﬁ&aé\sﬂfmé}'bﬁfequ@ttﬁgmg? 709 is

a first-in-first-out gFI FO) structureahioi storing address, size, data,
diaktek: of th

and ot her key IEUi andbBBEEL2 758hewp i e structure points to
the store nost recently retired. The bottom of store buffer 25 709 (i.e.,

the one containing the aldest retired store) is the one readyto be

TABLE 1
Read Write
DCU X ' X
IFU X
BBL/L2 X
5 - The DCU read and write requests are, of course, data reads and writes.

The IFU read request is, of course, an insiruction fetch. DCU and IFU external
bus requests are generally directed to the L2 cache; DCU and IFU operations
onto the external bus will typically have been already looked up in, but
missed, the L1 cache.

10 The BBL/L2 write request may be a "dirty victim writeback”. When the
12 cache becomes full, new cache line allocation requires that an already
occupied cache line be written out to memory. This written out cache line is
said to be the "victim" of a cache line replacement. A victimized line only
needs to be written out if it contains data which has been changed with

15  respect to the non-cached (or cached-at-a-higher-level) data which that line
represents. Such a changed line is "dirty". If a non-dirty line is evicted, it can
simply be overwritten and ignored, because the elsewhere-existing data is

s#ill valid at that address.



32 witten to a nenory subsystem such as data cache 704. The store

buffer 708 Is only visible to the processor core (e.g., execution
unit 701 and instruction fetch and issue unit 705). External snoops
de not recogni ze the existence of the store. 5 The | oad
buffer 710 is a scratchpad buffer used by the nmenory subsystemto

| npose access ordering on nenory | oads. Ea% | oad operation I s tagged

with the Store Buffer ID (SBID) of the store previous to-it. This SBID

represents the relative location of the | oad conpared to all stores in the
execution sequence. \Wen_the |oad executes in the rrermr%/ its SB|D is used
10 as a begi nning B&élcﬁmm&}ié’l‘:&"ﬂ geﬂﬁéeFmSé?gsiaﬂgﬁ ’éﬁ‘l‘estﬂﬁ@%teé‘?ér es in

t he buffe I.f | oads, execute ,out of, ord t hes Ioads
might make of @Ye!b?@@é%aﬂé another e 65Uk S iR R ei52e afiresy

"oad © hat has WA VRER EVRELEDyels Fngletely indkhescien iy B iR, & ol de
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occurring by  yhich they are serviced, is critical in maintaining memory consistency.
Various ordering schemes may be employed, such as strong or weak
ordering. However, whatever ordering is used, it must be used consistently.
When one requesting unit issues a read and another requesting unit
10  issues a write to the samé address, the first unit must receive the data that the
second unit is issuing. This may be accomplished by issuing the write onto
the external bus before the read and by guarantying that the write will
complete. Or, it may be accomplished by providing an alternative mechanism
for the read-requesting unit to receive the data from the write-requesting unit.
15 In the embodiment shown in Figure 9, the EBRQ accepts new requests
from the IFU and the DCU through the RPA, and presents these requests to
the BBL through the BSBRL, so the BBL can determine whether the L2 cache
contains the requested address, or in other words, whether the L2 cache
contains a cache line storing data cached from that address in memory. If an
20 12 cache miss occurs, the BBL signals this and asks that the requests be
serviced by the external bus. This may mean that they get serviced by an L3
cache (not shown), for example, or directly from main RAM. If the request is a
read request, and if the data is notin the L2 cache, the BBL may make room in
the L2 cache for the data which will ultimately be returned per the request, by
25 evictingaline fror.;n the L2 cache as desaibed above.



utilizing the load buffer 709 to snoop all data wites fromother agents on
the 20 bus 710. Snooping refers to the act nonitoring data and address
traffic for particul ar values. |If another processor wites a | ocation
that was specul atively read, that | oad and subsequent operations are
cleared and re- executed to retrieve she correct data (e.g., reinpose
processor ordering). _ Data cache controller 703 controls the
access of data to/fromthe data 25 cache 704. Data cache 704 is a fast,
smal |, hardwar e- mai_nt ai ned_ scr at chpad

33 menory wiigeredishows additienalidetailsaboug the KBR(: Te BERG mai n
Cache 704 inclidens aiene | GHOT: oRtEr th SEREUE MBI PPARBOIRAGOS PRI ng
ot her woras. -1 ees ot epicebofe the 83ty TOR e A0 FecR U Rt B A okt 1 1
the order theywers &ﬁfdf&lueuing mechanism for choosing which request to send to the
5 BBL/L2 for servicing. Other schemes may be employed in other
embodiments.
The queue 1020 includes one or more éntries. In the illustrative
embodiment shown, it contains four entries at queue locations 0 through 3.
Each entry may include a variety of information about a respective réqueg?;
10 For example, the entry may include an identification (ID) of the request, a
type (TYPE)'of the request such as read or write, an address (ADDR) to which
the request is directed, and the current status (STATUS) of the request. Other
information may also be induded; as desired. o
A queue manager 1022 controls the allocation and deallocation of
15 entries in the queue 1020. New entries in the queue are allocated when a
request from the IFU or DCU is accepted by the RPA. Entries are deallocated
from the queue when they have been successfully serviced by the BBL/12, or
when they have.been issued and successfully completed on the external bus
and (optionally) returned their data to the BBL/12, or when a serious error
20  occurs which requires premature deallocation such as when several address
parity errors occur or when a hard failure response is returned on the external
bus. Thus, the quette manager 1022 operates in cooperation with the RPA.
The EBRQ may also include a list 1024 of L2 dirty victim line eviction

requests. It may include one or more entries. In the illustrative embodiment

25 shown, it indudes two entries at list locations 0 and 1. Each entry may include



Mor eover, sone instructions are specul atively executed/forwarded. In any
case, the execution results of the integer, floating point, and | oad

i nstructions are buffered, and then retired or conmtted in order. In
conparison, the buffered store instructions are retired or conmtted
in order and then 10 dispatched in the ' §@ckground at the conveni ence
of the nmenory system Specul ative integer, floating point, and | oad
execution results and buffered stores of m s-predicted branches are
purged. The instruction fetch and execution unit 705 is

i ntended to. r%}ﬁ%ﬁf informatiop abgut exicteagdinesosudhrasithe addsess{ADIPRhef and
i ssuing ele ts,fqund in 15 ¢ ysteng., Their constitutions and
functions ar eé] c}}élb%w Hap“f{ﬁ @Jip‘%%@é)e?\ftt?‘ﬁ yicsiopwEietagh sequasht | t he

706, The i nst ?LE?.@Z‘@E' %ﬁé&fb‘@z%sma?@gss&heﬁk}??éﬁ’gf ind Rerli3cption o SRimase ¢ e

I nstructions ‘]il\qp pﬁﬁ?ut ed. Wen a program attenpts to access an
i nstruction t IS not yet or no longer in the cache, the processor 20

menory dounst 1 cam " Ren die feduele SN itbot S DR P B, 8T AR G022 G "
i ssue unmocz&'é atr%x?%élﬂa%lé‘@h&g alt B8 & Bf@féc@.?e%ﬁ‘ioﬁ tarc¥ @;&g@lﬁo be

accessed next for maxi nal program pe or man

oL gt i st e 1
undel}s/tanding the invention. What is to be understood is that the new
request is put at the end of the FIFO.

10 When that request eventually reaches the front of the FIFO, the
manager 1022 removes it and the EBRQ presents it to the BBL. If the BBL is
not able to seryice the request at that particular point in time, for whatever
reason, the BBL rejects the request, and the manager 1022 again inserts the
request into the queue. In one embodiment, the rejected request is returned to

15  the end of the FIFO.

Requests which are presented to the external bus may be subjéct to the
same rejection and reinsertion scheme. For example, an exterﬁal bus parity
error may force the request to be rejected and reissued at a later time.

In one embodiment, rejected requests do not need to be subjected to

20  the same ordering requirements as outlined above, with respect to other
requests, but in such embodimént, appropriate steps must be taken to ensure
memory consistency. | '

The above-detailed scheme ensures that no request is treated
"unfairly”, yet it provides for high system perforniance. However, there are

25 additional considerations which the present invention addresses.



34 Figure 8 illustrates the processor 822. The processor 822
conpri ses a front-end section including a bus interface circuit 830
and an instruction fetch - and mcro-op issue circuit 832. The )
processor 822 al so conprises a register renam ng section including a
register alias circuit 834 and an allocatge circuit 5 836. The processor
822 al so conprises an out of order execution section conprising a
reservation and dispatch circuit 838, an execution circuit 840, a

reorder circuit 84&8@3‘%&%@@@4uﬁ%@&{tﬂmiﬂp@%awlwmtheDc:U,@ﬂP bus

interface circuit es trans of address,” data and cont Yol

i nf or mat i on ougy BEY/IMhhy s BSAPAND WiitB28quddis; thaeldrb ébuomefRirgh 10  and
m cro-op issue circuit 832 fetches a streamof macro instructirons fromthe

menory SUbSySTo?&éx@Kggﬁbkﬂémk pehictuiriusp be addsessetd UFhéd @ré Biewd in Tablelpys
interface circuit 830. The instruction fetch and micro-op. issue circuit 832

5 .
TABLE 2
DCU write vs. IFU read
DCU write vs. BBL /L2 write
DCU or IFU Vvs. BBL/L2 write
read
external read vs. internal write

The case of a DCU read vs. a DCU read is ignored in the'embodiment
shown, because the DCU will not issue two requests to the same address in a
10 manner that would cause conflict.
This fourth case is present in a multiprocessor system. In that
embodiment, a read request to a given address and issued onto the external
'bus by one processor cannot be followed immediately by a write request to
the same address issued onto the external bus by another processor, until it
15  can be guaranteed that the read request has snooped the second processor's
cache(s) and received any modified data which was cached therein.
Thus, the first, second, and third cases are understood to be purely

internal to one CPU’s domain.



I npl enments specul ative branch prediction to maxim ze nmacro-instruction

fetch throughput. 15 For one enbodi nent the stream of nacro

i nstructions fetched over the mul ti processor bus 828 conprises a
stream of Intel Architecture M croprocessor nmacro instructions. The
Intel Architecture M croprocessor macro instructions operate on a set
of architectural registers, including an 33 EAX regi ster, an EBX

regi ster, an ECX register, and an EDX register, etc. 20 The

i nstruction fetch and micro-op issue circuit 832 converts the

macro-instruction offheliBustiedicompdnertrofahe Bpstem ofithé predenoiyentiof an i n-
order stream of |ogical mcro operations, hereinafter referred to as

| ogi cal i @bperapsto Pérforona huntberof nhedhahismwonmetlodsiwhizhiservd r cui t
832 generates one or nore logical mcro ops for each incom ng macro
i nstruction. Thegethgr kapreRent menory cogdering pratsemsdn the EBR@aThesemiay

nstruction ar eini:i?z%lé,c iidvairirgxts relrjr(f};cjd(i)rr;tents: (A) same address blocking mechanism, (B)
5 self-modifying-code handling mechanism and bus snooping mechanism, (C)
backwa'zrd',inquiry mechanism, (D} conflict address buffer mechanism, and (E)
other, more general mechanisms. . |

In one embodiment, as shown in Figure 9, the CPU 914 further
includes same address blocking mechanism 930, self-modifying-code and

10 snooping mechanism 932, backward inquiry mechanism 934, and conflict
address buffering mechanism 936.

The same address blocking mechanism ensures that, when a new
request is presented to the BBL for lookup in the L2 cache, its address is
compared with every address in the.EBRQ corresponding to a request which

16 has already passed the L2 cache. If a match is found, the new réquest is
rejected by the BBL and put at the end of the FIFO, as described above.

The self-modifying-code and self-snooping mechanism ensures that,

. when an IFU request is presented to the BBL for servicing, a self-modifying-
code snoop is performed on the DCU and EBRQ to detect the presence of
20 modified data either existing in the DCU, or in the process of being written as
arequest in the EBRQ. If modified data is found, the request is sent out onto
the external bus with a directive to self-snoop or look back into the CPU for
the modified data.
The backward inquiry mechanism ensures that, when the BBL/L2
25 evicts a dirty victim line, the address is looked up in the DCU and the EBRQ,



35 | set micro operations that performthe function of the

correspondi ng macro I nstruction. The logical mcro-op specify
arithnetic and | ogi cal operations as wel | as | oad and store operations
to the nmenory subsystem 826. The instruction fetch and m cro-op
Issue circuit 832 transfers the in- 5 ordder stream of | ogical mcro-ops
to the register alias circuit 834 and the allocator circuit 836 over a
| ogi cal mcro-op bus 850. For one enbodi nent, the i nstruction fetch

and m cro-op oSl thlefakidts §%¥orie%§é@&l}‘hﬂxdd‘?ﬁé&’%rsiéh &k%;\?ame daka‘?@ifﬁsl

m cro-ops during each clock cycle of t’he processor 822. ternati vely

the in-order Idﬁﬁh%'exﬁi,%@bﬁ@‘ﬁec{ﬂ&t%di@ﬁ?&&@ﬁ&ﬁfﬁzﬁﬁbh%ﬁﬁgﬁg cl ock
0oCces

cycle 10 to mnimze integrated circuit die area for the pr or 822.

The instructi fimdwiddiomtie scar@ Bmeves issusd but bhtPHhe exddthal Bgs.a m cro
I nstruction sequencer and an associ ated control store. The mcro

i nstruction Heneondlietraddrpdsdrfferinginechands mosrsuresf that, velidrod féqiese
vari ety of functions for the processor 822, including fault recovery
f unct i ons @ndfrpmoargsagent isdissuedt ateoithg ektermalibussits address is storeddach | ogi cal
m cro-op generated by the instruction fetch and m cro-op I ssue circuit
832 conpri sescaligipdsisess buffes inot showmgConipagisons sdthathds huffenpresient the
destination..Each | ogical source may specify a register or provide an
CPU fromssuing any request which may conflict with a previously-issued
request to the same address, until the previously-issued request can be
guaranteed to be “safe". A request is safe when it has passed the so-called
10  error window and global observation window and is thus guaranteed to
complete.
These mechanisms combine to prevent memory from being reordered,
or in other words, to prevent cache inconsistencies from occuwrring, as follows.
In the case of DCU write vs. IFU read, if the IFU read is serviced by the
15 BBL first, the self-modifying-code sncop mechanism will detect the presence
of the outgoing modified data in the EBRQ, and will instruct the EBRQ to
direct the external bus to self-snoop the CPU. The self-snoop will cause the
modified data for the DCU write to be written out through an implicit
writeback mechanism of the CPU, and the DCU write will be canceled.
20 In the case of DCU write vs. BBL/L2 write, when the L2 cache dirty
victim request is presented, the backward inquiry mechanism will find the
DCU write request already in progress, and will cancel the BBL/L2 write
request. |

In the case of DCU read or IFU read vs. BBL/L2 write, if 2 DCU read
25 or IFU read enters the FIFO while a BBL/L2 write to the same address is



i medi ate data value. The register |ogical sources and the |ogical 20
destinations of the logical mcro-ops specify architectural registers of

t he original macro instructions. In addition, the register |ogical
sources and the | ogi cal destinations of the |ogical mcro-ops specify
tenporary registers for m crocode i nplemented by the mcro instruction
sequencer of the instruction fetch an@sm cro-op issue circuit 832.

36 The register alias circuit 834 receives the in-order

| ogi cal m cro-ops over the logical mcro-op bus 850, and generates a

correspondi ng eedurrifig;ithe read will be Hiackpd frone aHvﬁﬁhﬁp&BSﬂi@YBB&/@W bhe
| ogi cal sources and | ogi cal ~ destinations of the |logical mcro-ops. The

regi ster ali astheisapeaddgess bleddngosechhnisnt i n-order | ogical micro-ops
over the logical m ngrt(})x_e 2Eseboli’sex§e?'gél rgg ilst ir;%erlno ngiatle, the conflict address
buffering mechanism prevents the internal write from being issued on the
5  external bus until the snoop from the external read is guaranteed to have
completed. If the snoop hits the outward-going modified data, the write
request will be canceled. |
Figure 11 illustrates the reorder drcuit 1142. The reorder drcuit 1142
implements a reorder buffer 1182 comprising a set of ROB entries (RE0
"~ 10 through REn). The ROB entries REQ through REn are physical registers that
buffer speculative result data from the out of order execution of physical
micro-ops. For one embodiment, the .ROB entries REQ through REn comprise
a set of 1164 physical registers. For another embodiment, the ROB entries
REO through REn comprise a set of 1140 physicél registers.

15 Each ROB entry comprises a valid flag (V), a result data value, a set of
flags, a flag mask, a logical destination (LDST), fault data, and an instruction
pointer delta ((PDELTA). '

'Ihe valid flag indicates whether the result data value for the
~corresponding ROB entry is valid. The reorder circuit 1142 clears the valid

20 flag for each newly allocated ROB entry to indiéafe an invalid result data
value. The reorder circuit 1142 sets the valid flag when speculative result
datais wﬁtten back to the ROB entry from the execution dircuit 1140.

The result data value is a speculative result from the out of order
execution of the corresponding physical micro-op. The result data value may

25  Dbe either an integer data value or a floating-point data value. For one



sources and the | ogical destination of each logical mcro-op into physical

'sources and a physical destination, and transfers the in-order physical

a

m cro- ops over a physical mcro-op bus 852. Each physi cal
m cro-op conprises the opcode of the correspondi ng 10 | ogi cal m cro-op,
pair of physical sources, and a physical d&stination. Each physi cal

source may specify a physical register or provide an i medi ate data
val ue. The regi ster physical sources of the physical mcro-ops specify
physi cal regi shyoliment, thewesult datdrealuedielidof eadhcROB RA( tiroughtRRrd state
regi sters contained in the real register circuit 844. The physi cal
destinations tbmprises 1186 hitsyte iacadmmiociate boih isyeger and(floatingapointdatat er s

contained in the reorder circuit 842. The register alias

circuit 834 tmwahsfsers the | ogical destinations of the | ogi cal
m cro-ops over a I%gi cal destination bus 854. The |ogical destinations

transferred over t
20 regi sters that correspond to the physical de

spfopmatignp The speculative ardmmal?ﬂaﬁ xaformtm is teassferredios” t he
avai l abl e resources.in tge reor.der .circuit, %4 , the reservat|on and
di spatch circdhe e 44u

circuit 836 assigns Si destinations in the reorder 25 circuit 842
r@?ﬁ?ﬁ%ﬁsgﬁf‘*%@-i n the reservation and dispatch

m cr o-

flags o TRBIStET eleyit pemretirpment olthgt or

and reservati &

10

15

20

The logical destination LDST specifies a committed state register in the
real register circuit 1144. The result data value of the corresponding ROB
entry is transferred to the committed state regis ter specified by LDST during
retirement of the ROB entry.

The fault data contains fault information for the fault processing
microcode executing in the instruction fetch and micro-op issue circuit 1132.
When a fault occurs, the fault handing microcode reads the fault data to
determine the cause of the fault.

The IPDELTA is a macro instruction pointer delta value that identifies
the macro instruction corresponding to the physical register.

The reorder circuit 1142 receives the physical mico-ops pmop_0
through pmop_3 over the physical micro-op bus 1152. The reorder circuit
1142 reads the source data specified by the physical micro-ops pmop_0
through pmop_3 from the reorder buffer 1182. The reorder circuit 1142
transfers the result data values and the vaiid flags from the ROB entries
specified by the physical sources psrcl and psre2 of the physical micro-ops to

the reservation and dispatch circuit 1138 over the source data bus 1158.

e|flags and flag maskprovidespecedntiviecarahitegrural fagr chi t ect ur al

tinati ons on_the physical



37

bus 852. The
a menory ordering

circuit 838 to the physical mcro-ops on the physical mcro-op

allocator circuit 836 al so assigns |oad buffer entries in
buffer in the execution circuit 840 to the physical

m cro-ops on the physi cal m cro-op bus 852 that have an opcode

specifying a | oad nenory operation. 5

The allocator circuit 836

transfers all ocated physical destinations to the regi ster alias
circuit 834 over a physical destination bus 856. The all ocated
destinations specify physical registers in the reorder circuit 842

buf f er i ngFaspxamiple, itheresattidats viluesiahd validslags|fromthoRQB. The

physi cal
for

al |l ocat ed
834 to renaneentFies specifieddyy thel phitsical saurcenpstsi andepsrchdicthie pmep @& anes t o

physi cal
physi cal

m cro-ops in

desti nati o

physi cal destinations are used by the register alias circuit

|l ocator circuit 836 allocates the

. h
regi E%%ﬁfgﬂé}f a3 pRurce gatairel ;s_"g’- 8?‘13991 Prepthe soyreadaty bysildss.
TR BT Re S5y a LY Brides b8 BfiFee dps sPednedhyiba ne. an
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circuit 8

physi cal
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flags indicate valid source data.

Similarly, the reorder circuit 1142 transfers the result data values and

valid flags from the appropriate ROB entries as the source data srcl/src2

data_1 through source data srcl/src2 data_3 over the source data bus 1158 for

the ;;hysica.l micro-ops pmop_1 through pmop_3.

The reorder drcuit 1142 clears the valid bits of the ROB entries

specified by the physical destinations pdst the physical micro-ops pmop_0

through pmop_3 received over the physical micro-op bus 1152. The reorder

circuit 1142 clears the valid bits to indicate that the corresponding result data

value is not valid because the physical micro-ops pmop_0 through pmop_3

that generate the result data value are being assembled in the reservation and

dispatch circuit 1138.

The reorder circuit 1142 receives the logical destinations Idst_0 through

ldst_3 and the macro instruction pointer deltas mipd_0 through mipd_3 over -

the logical destination bus 1154. The reorder circuit 1142 stores the logical

destinations Idst_0 through ldst_3 into the LDST fields of the ROB entries

specified by the physical destinations pdst the physical micro-ops pmop_0

through pmop_3. The reorder circuit 1142 stores the macro instruction

pointer deltas mipd_0 through mipd_3 into the IPDELTA fields of the ROB



registers in the reorder circuit 842 for each set of |ogical mcro-ops

r'ecei ved over the logical mcro-op bus 850. The ordering of the

physi cal registers assigned to the physical mcro-ops in the reorder
circuit 842 reflects the ordering of the original |ogical mcro-ops.
20 The allocator circuit 836 speci:gies the reservation station
entries for the physi cal m cro-ops on"the physical mcro-ops bus 852
by transferring reservation station entry select signals to the
reservation and dispatch circuit 838 over a reservation station sel ect
bus 866. entries spetifieddiy theqphysical destinatkss padst thyphypsitalavichubper

entries to each physical 25 mcro-ops on the physical m cro-ops bus 852
that speci f i espmopdathraugh pyop. 3.

38 opcode. The allocator circuit 836 assigns the |oad buffer entries
by t r ansf er r i 50§ example the Morderdrquit t142 stores ke kdsich and themipd) 0

dispateh clreul t 833 DST and the IPDELTA of the ROB entry specified by the physical

5 destination pdst of the pmop_0. The logical destination in the LDST field of a
ROB entry specifies a committed state register in the real register drcuit 1144
for retirement of the corresponding ROB entry. The macro instruction pointer
delta in the IPDELTA field of a ROB entry specifies the original macro |
instruction of the corresponding ROB entry.

10 The reorder circuit 1142 receives write back speculative result
information from the execution drcuit 1140 over the result bus 1162. The
write back speculative result information from the execution units EUQ
through EU4 comprises result data values, physical destinations pdst and
fault data.

15 The reorder circuit 1142 stores the write back speculative result
information from the execution units EUO through EU4 into the ROB entries
specified by the physical destinations pdst on the result bus 1162 For each
execution unit EUQ through EU4, the reorder circuit 1142 stores the result
data value into the result data value field, and stores the fault data into the

20 fault data field of the ROB entry spedified by the physical destination pdst.

The result data values from the executions circuit 1140 each include a
valid flag. Each valid flag is stored in-the valid flag field of the ROB entry
specified by the physical destination pdst. The execution units EUQ through
EU4 set the valid flags to indicate whether the corresponding result data

25 valuesare valid.



aver a |load buffer ID bus 872. The reservation and di spatch
circuit 838 holds the physical mcro-ops 5 awai ti ng execution by the
execution circuit 840. The reservation and di spatch circuit 838

recei ves the in-order physical mcro-ops over the physical mcro- op
bus 852, assenbles the source data for the physical mcro-ops, and '

di spatches the physical mcro-ops to the execution circuit 840.
The-reservation and dispatch circuit 838 receives the physical mcro- 10
ops over the physical mcro-op bus 850 ari® stores the physical micro-ops in
avail abl e reservation station entries. The reservation and dispatch circuit

838 ~ assenbl es source data for the physical mcro-ops, and dispatches
t he physi cal THE 86 Ae? Eﬁcﬁx@l?@i&@ﬁ%@ﬁf& %@%Eh@gh}‘ﬂtéﬁiésﬁnm@ns
execution circuit 840 when the : source data Is asSenb

The reser vat iar @idredirs ROE A RN 117038he eaiionednt gy sial desirtdlons f OF
t he pendi ng physical mcro-ops fromthe reorder circuit 842 and the real

register cir cidube Bédeoti citcaio 1142 tl@immiithe8p8culitioe restt dathivaluesif

di spatch circuit 838 also receives source data for the pending
physi cal i crihe RDB énivies REQ thraugh REr taiatchiteciural statedbOtransdferring éeul t  bus
862 during a wite back of 20 specul ative results fromthe execution
circuit 840 tsperhlativecvesudrdata valuies t@U® real register drcuiffhiddresesithet i on and
di spatch circuit 838 schedul es the physical mcro- ops havi ng

conpl et el y astedngsnedt skléd data for execution. The reservation and

di spatch circuit 8 d| atc st read hysi L m c
execution circuit q?ﬂs(;tlg&aS élbg “ﬁ??@ 3r~sé’§ékvat i on and

2 h h I f I f
25 di spatoh, %ra&gattnéééo%gn%da PO B e RS SAL Bb ISR Ut ©

through rm_4 comprises a result data.value and a logical destination 1dst
10  from one of the ROB entries REO through REn.

The retirement physical destinations from the retire logic circuit 1146
also cause the reorder drcuit 1142 to transfer the macro instruction pointer
deltas for the retiring R_CB entries to the restart circuit 1148 over the macro
instruction pointer offset bus 1120.

15 The reorder circuit 1142 receives the reorcier clear signal 1178 from the
restart circuit 1148. The reorder clear signal 1178 causes the reorder drcuit
1142 to clear all of the ROB entries. |

Figure 12 fllustrates a load memory dircuit in the execution drcuit 1240.

The load memory dircuit comprises an address generation dircuit 1200, a
20 memory ordering circuit 1202, a data translate look-aside buffer (DTLB)
drcuit 104, and a data cache drcuit 1206.

The address generation circuit 1200 receives dispatched load memory
physical micro-ops from the reservation and dispatch circuit 1238 over the
micro-op dispatch bus 1260. Each dispatched load memory physical micro-

25  op on the micro-op dispatch bus 1260 comprises an opcode, a pair of source



39 according to the availability of the source data for the physical
m cr o- ops and according to the availability of execution unit
resources in the execution circuit 840. The execution
circuit 840 wites back the speculative results fromthe 5 out of order
execution of the physical mcro-ops to thg reorder circuit 842 over

the result bus 862. The wites back of sp gulative results by the execution
circuit 840 is out of order due to the out of order dispatching of physical
m cro-ops by the reservation and dispatch circuyit 838 _and the differing

nunber of prodataswiuezrcl_dpta and sredudatacr physiealdestinationpdshandialpad i ng

types of 10 hysical .m cto-ops. For one enbodi nent, the
execution ci r&&%@“@% @)‘rﬂ%ﬁ'ses a set of five execution units EUO- EU4.

physi cal T or o opel eAbesE Aergratoh Rt T BRGF ke alineas agdless &7
each dispatched load memory physical micro-op according to the source data
5  values srcl_data and src2_data. The linear address may also be referred to as
a virtual address. For one embodiment, the address generation drcuit 1200
implements memory segment registers and generates the linear address
according to the memory segmentation of Intel Architecture Microprocessors.
The address generation circuit 1200 transfers linear load memory
10 micro-ops to the memory ordering circuit 1202 over a linear operation bus
1290. Each linear load memory operation on the linear operation bus 1290
corresponds to a dispatched load memory physical micro-op received over
the micro-op dispatch bus 1260. Each linear load memory micro-op
comprises the opcode of the corresponding load memory physical micro-op,
15  the linear address |_addr determined from the corresponding source data
values srcl_data and src2_data, the corresponding physical destination pdst,
and the corresponding load buffer identifier Ibid.
The memory ordering circuit 1202 contains a load buffer. The memory
ordering circuit 1202 receives the linear load memory micro-ops over the
20 linear operation bus 1290. The memory ordering circuit 1202 stores the linear
load memory micro-ops in the load buffer according to the corresponding
load buffer identifier Ibid. The memory ordering circuit 1202 dispatches the
linear load memory micro-ops from the load buffer to the DTLB circuit 104

over the linear operation bus 1290.



over the mcro-op dispatch bus 860. 15 The execution unit EU0

perfornms arithnmetic logic unit (ALU) functions I ncl udi ng i nteger
mul tiply and divide as well as floating-point add, subtract, mul tiply
and divide mcro-ops. The execution unit EUl perfornms ALU I nt eger
functions and junp operations. The executiggn unit EU2 perforns I nt eger

and fl oating-point |oad operations fromnenory as well as |oad I'i near 20
address functions and segnent register operations. The execution unit EU3

operat i ons.  The cAReIP DR cu 1avheseiBt Mreens RN Lader RRdERG Bo nt
d ' : .. Lhe.. ' it 842 '
The physi cal PREVRES AT R mpmerg ordeing pafl TS o dbhieds GramBl Ly o ca

%Cf 0-ops. EaG(L 8y STHEDTIHIEAES 1302 PrBfides a physical address to the data

cache drcuit 106 over a read bus 1294 for each linear load memory micro-op
5 received from the memory ordering circuit 1202.

The DTLB drcuit 1204 converts the corresponding linear address
1 addr intoa physical address for the memory subsystem 1226. The DTLB
circuit 1204 maps the linear address |_addr of each linear load memory micro-
op into a physical address according to a predetermined memory paging

10 mechanism. '

The DTLB drcuit 1204 transfers the mapped physical address
corresponding linear address 1_addr of each linear load memory micro-op to
the memory ordering circuit 1202 over a physical address bus 1296. The
memory ordering circuit 1202 stores the physical addresses for each linear

15 load memory micro-op in the corresponding load buffer entry. For one
embodiment, the memory ordering circuit 1202 stores a portion of the
physical addresses for each linear load memory micro-op in the
corresponding load buffer entry.

The data cache circuit 1206 reads the data specified by the physical

20  address on the read bus 1294. If the physical address causes a cache miss, the
data cache circuit 1206 fetches the required cache line from the memory
subsystem 1226. The data cache dircuit 1206 receives cache lines from the
memory subsystem 1226 over an interface bus 1274 through the bus interface
circuit 1230 which is coupled to the multiprocessor bus 1228.



reorder circuit 842 accommpdates integer data val ues and fl oati ng-point

dat a _ val ues. The real register circuit 844 contains
commtted state registers that correspond to the architectural
Legi sters of the original streamof macro- 5 I nstructions. Each

comm tted state register in the real reggster circuit 844
accommodat es i nteger data values and fl oati ng-point data val ues.
For one enbodinment, the conmtted state registers of the real register
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circuit 844 rﬁﬁf.i Yhe {é&ﬁlt bus 12?){§I§5Q§#ﬁé§‘tﬁé §ﬁ3%£§8§ﬁﬁa98n%ﬁ @l m cro-op

bus 852. The ‘physical sources t he sical "mcro-ops specify

physi cal gegi ' ' | : ircafidogenmitted state
regi st er_sgi n @FS@%@“&%@?@ f‘ltﬁeémé at ﬁgpg_?%e_ sgg?'ce data for
the physical m cran@Rgemory rdering circhitd 202 9615 o el s ﬁﬁgcfcgngs%ﬁ&er eal

register circuit 844 readthe solrce data specifi‘ed by hysi cal
sources, and thiifprb&issdritfusSIQus @erotighahé bus etePdce eivaIY 223006ver ke di spat ch

circuit 838 over "a source data bus "858.. Each physi cal

interface bus 1274. The memory ordering circuit 1202 "snoops" the
multiprocessor bus 1228 for an external store or read for ownership operation

10 by one of the processors 1223-1224 that may cause a processor ordering
violation for one of the dispatched linear load memory micro-ops. The
memory ordering circuit 1202 "snoops" the multiprocessor bus 1228 for an
external store operation targeted for the physical address of an already
dispétched linear load memory micro-op stored in the load buffer.

15 During retirement of each load memory physical micro-op, the
memory ordering circuit 1202 generates the memory ordering restart signals
1276 to indicate a possible processor ordering violation accofding tothe
snoop detection.

Figure 13 illustrates the processor 1320 for one embodiment. The

20  processor 1320 comprises an internal data cache 1302, a memory access circuit
1304, an instruction fetch pipeline 1306, an out-of-order dispatch drcuit 1308,
and an execution circuit 110. The processor 1320 further comprises an in-
order queue circuit 1300, a snoop queue circuit 1312, and an outstanding

transaction queue dircuit 1314.



source of the physical mcro-ops includes a real register file valid (RRFV)

flag that indicates whether the source data is contained in a
physi cal register in the reorder circuit 842 or a commtted state
register in the real register file 844. The physi cal

destinations of the physical mcro-ops on the physical 25 m cro-op bus
852 specify physical registers in the reoQg@r circuit 842 for

41 buffering the speculative results of the out of order execution
of the.physi cal m cro-ops. The reorder circuit 842 receives the

M ero-op bus 852, IR itatgision feigh Pipeliia (iop e Ehet A B il BRLAOBy  he
phystcal dest ekl b d92g LR EIOUR RO B o G B e
[0 cal oes!! it g o Pt g e b BBRSRELHOSIERILARS |00
physi cal m cr gz @aSdispiien kel 2508 efHd Artdfirdlel Bispfch circuit 1308 dispatches
5 instructions of the instruction stream to the execution drcuit 1310 according -
to availability of source data for the instructions and execution resources in
the execution circuit 1310 rather than the éequential program order.
The out-of-order dispatch circuit 1308 dispatches memory access
instructions including load and store instructions to the memory access drcuit
10 1304. The memory access circuit 1304 executes the memory access
instructions by accessing the internal data cache 1302. The memory access
circuit 1304 enters communication transactions in the outstanding transaction
queue circuit 1314. Each entry in the outstanding transaction Queue dreuit
1314 corresponds to a communication transaction issued by the processor
15 - 1320 over the bus 1330. Each entry in the outstanding transaction queue
circuit 1314 indicates whether the corresponding communication transaction
is deferred, and indicates the final cache state for the cache line according to
completion of the communication transaction.
The in-order queue circuit 1300 logs bus transaction information for
20 thebus 1330. Each entry in the in-order queue circuit. 1300 corresponds to a
transaction on the bus 1330. Each entry in the in-order queue circuit 1300
includes the status of the DEFER and HITM signals for the corresponding
transactions. The outstanding transaction queue circuit 1314 obtains
information to determine the final cache state for communication transactions

25 from the in-order queue circuit 1300.



physical registers of the reorder circuit 842 specify conmitted state
registers 10 in the real register circuit 844 for retirenent of the

physi cal m cro-ops. Aretire logic circuit 846 inposes order on
t he physical mcro-ops by commtting the speculative results held in

t he physical registers of the reorder circuit 842 to an architectural
state in the sane order as the original | ogi-cal m cr o- ops were

received. The retire logic circuit 846 cauggs transfer of the 15
specul ative result data in the reorder circuit 842 to correspondi ng
comm tted state registers in the real regi ster circuit 844 over a
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poi nt er deI ta vg}m—es 25 ver the -nacro instruction pointer offset bus
820. The rest gpdstporieCsticopPnership for the cache line, or regain snoop ownership
during a deferred transaction.
The memory access circuit 1304, and the outstanding transaction queue
circuit 1314 maintain the cache states for the cache lines in the internal cache
10  1302. The cache states for the internal data cache 1302 comprise a modified
state, an exclusive state, a shared state, and an invalid state. A cache linein
the invalid state is nota variable in the internal data cache 1302.
A cache line in the modified state is stored in modified form in the
internal data cache 1302. A modified cache line in the internal data cache
15 1302 is not current in the memory subsystem 1326 or in a valid state in any of
the internal data caches of the processors 1321-1323 or the input/output
subsystem 1325.- Similarly, a modified cache line in the internal data cache
1302 is not stored in the memory subsystem 1355 or in any of the internal data
caches of the processors 1350-1352 or the input/output subsystem 1354.
20 A cache line in the exclusive state is stored in the internal data cache
1302. The exclusive state cache line is also current in either the memory
subsystem 1326 or the memory subsystem 1355.
A cache line in the shared state is stored in the internal data cache 1302.

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



42 calculates a commtted instruction pointer value according to the
macr o instruction pointer deltas for the retiring ROB entries.

The retire logic circuit 846 maintains a retirenment pointer to the

physical registers in the reorder circuit 842. The retirenment pointer
points to 5 sets of consecutive physical registers for retirenent. The
retirenment pointer . follows the allocggion pointer through the physical
registers in the reorder circuit 842 as the retire logic retires the
specul ative results of the physical registers to the conmitted state.

because {he 8%&%3&?%%%3?&if?ééeqriia{hqﬁé?amL{’sxff Sl ety

m cro-ops in orde The r tlre Illgg C circuit 846 broadcasts the

retirement phﬁ}éh X%\tfam 1326 Oaglgqmg}%ﬁg @bsé%rflf by the retirenent pointer
over aretire npt'%gmgxaetfﬁﬂupéﬁteg then&?é}mtgt?fc ‘%‘3?3%?59 buffer in the

execution circult recel ves reti rerren desti nati ons,

and issues a ¥z a@%&m&&%ﬁ %ﬂ%omﬁh%u@&@* gg\ gfrenory

ordering restarP Sl gnal S I ndi cat e er a menory oper ation

CorrESpO”dS”gcﬁ&npﬂgooinH%uhﬁtqdehﬁﬁnrﬁﬂﬂ%?@'andanogﬁﬁ)ttm&acﬁﬂé?ﬂ% g caused

a possi bl e processor or deri ng viol ation The menory dering restart

signal s 876 i naliec e nivkdie Gtepfacé liecuie1424 fagthehyeirgiises a confleg defaidrons has
caused the possi bl e processor ordering violation.” 20 The nenory

ordering rest airduis1472p4 sadhé@oherency aainagar D478, hn arresicte interface €irigtii t 848.
If the nmenory ordering restart signals 876 indicate a possible
1480. |
The in-order queﬁe circuit 1470 logs communication transaction
10 information for the bus 1430. Each entry in the in-order queue circuit 1470
corresponds to a transaction on the bus 1430. The in-order queue dircuit 1470
transfers communication transactions that require access to the bus cluster
1412 into the inbound queue drcuit 1474. The in-order queue dircuit 1470
creates deferred reply transaction entries in the outbound queue drcuit 1476
16  for communication transactions that require access to the bus cluster 1412 and |
consequently a later deferred reply transaction.

The remote interface circuit 1480 accesses communication transactions
from the inbound queue circuit 1474 and performs the required access to the
bus cluster 1412 over the system interconnect bus 1440. The remote interface

20  dircuit 1480 collects returning cache 1in.e data and snoop status from the bus
cluster 1412 and writes the cache line data and snoop status into the
appropriate deferred reply transaction entries in the outbound queue drcuit
1476. The outbound queue circuit 1476 issues the assembled deferred reply
fransactions over the bus 1430. The remote interface circuit 1480 removes

25 completed remote transactions from the inbound queue drcuit 1474,



processor ordering violation, the restart circuit 848 issues a reorder
cl ear signal 878. The reorder clear signal 878 causes the reorder
circuit 842 to clear the speculative result data for the unretired
physical mcro-ops. The reorder 25 clear signal 878 causes the
reservation and dispatch circuit 838 to clear the

43 pendi ng physical m cro-ops that avval t dispatch to the execution
circuit 840. The reorder clear si gnq 878 al so causes the all ocator
circuit 836 to reset the al l ocati on poi nter for aI | ocating the

physical registers_in the reorder circuit éauses the retire
logic circuit 846 Tbee@sféﬁtdqi@ct%@r%h&?? %?ﬁ?@%F q 5“‘ quene cHguit he
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5 queue drcuit 1474. The conflict detector circuit 1472 enters an invalidate line
entry for a back invalidation transaction into the outbound queue circuit 1476
if the conflicting remote access to a cache line is detected. The back
invalidation transaction is later issued over the bus 1430 to cause a retry of the
conflicting access.
10, Figure 15 shows an example of an abort and redispatch process. A
program flow sequence 1501 having multiple states 1502-1512 is shown.
Speculative processing leads to a speculative load R2 being completed before
a prior load R1. This violation is detected by snooping the load buffer when
the external store W2 is executed. The detected violation results in-the R2
15  load 1508 along with all subsequent states 1509-1512 being cleared. Later, the
R2 load is redispatched. Furthermore, all the following speculative states
1514-1516 are re-calculated.
In the currently preferred embodiment, only a subset of the physical
address bits are snooped. This embodiment might cause false snoop hits if
20  the partial address matches an aliased address. False snoop hits poseno
problems with respect to the correctness of processor ordering. However,
false snoop hits result in the generation of false violations and violation
recoveries. Excessive false snoop hits would degrade performance. Hence,
utilizing a subset of the physical address bits is a tradeoff between hardware

25  storage of the address versus performance. Furthermore, the memory system



that caused the possible nmenory ordering violation. The restart circuit 848
transfers the restart instruction pointer value to the instruction fetch
and m cro-op issue circuit 832 over a restart vector bus 822. :
The instruction fetch and mcro-op issue circuit 832 receives the restart
15 instruction pointer value over a restart vector bus 822. The reorder

dear signal 878 causes the mcro-i ngsruction sequencer of the
i nstruction fetch and mcro-op issue‘circuit 832 to reissue the in
order stream of |ogical mcro-ops that were cleared fromthe reorder

circuit 842 before retire
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44 5 1601, strict processor ordering is imposed on stores. In other words, stores
are not allowed to pass other stores. Loads are allowed to pass other loads or
other stores. When another processor performs a store, the original
| processor’s load buffer is snooped, steps 1603 and 1604. A determination is
made as to whether the snoop results in a hit, step 1605. A hit occurs if the
10  store matches the address of a load currently residing in the load buffer. If
the snoop does not result in a hit (i.e., a miss), step 1601 is repeated. Note that
non-snooped and snooped but not hit loads are allowed to retire in the
normal manner, step 1606.
If the snoop results in a hit, 2 determination is made as to whether the
15 load buffer contains an earlier load that is still outstanding, step 1607. If there
is no such earlier outétanding load, then the completed stores and speculative
loads are allowed to retire, step 1606. Retirement refers to the act of removing
a completed micro-operation from the re-order buffer and committing its
state to whatever permanent architectural state that was designated by the
20 original instruction. Step 1601 is repeated following step 1606. Otherwise, a
processor violation has occurred anci is detected. The violation causes a fault
signal to be generated. The fault signal from the memory subsystem is used
to abort the illegal load (i.e., the load which caused the violation), step 1608.
Next, the program sequence following the illegal load is aborted and restarted
25  atalater time, step 1609. The process repeats, beginning with step 1601.



specified by the retiring physical destinations proceeds. The reorder

circuit 842 tests the valid flags for the retiring physical
destinations. The reorder circuit 842 retires the specul ative result
data for each retiring physical register if the valid flag of the

retiring physical register indicates valid speculative 5 data. The
reorder circuit 842 retires a physical register by causing transfer of
the speculative result data to the conmi tt@® state registers in the real
regi ster circuit 844 specified by the | ogical destinations of the
physi cal register. The register alias circuit 834 and the

al locator circuit ¥3ureetBil§ds & Aow chart thatillustngepthesiarilingastd nat i ons over
a retire notification bus 870. The register 10 alias circuit 834

accor di ngl y updatesnichtiom gghsaationdlyi the ricalel interface efrcaitt Attock 1700, a -
retirement. The allocator circuit 836 marks the retired physical registers
in the r gequkstingibus sigenBirdtiates a veinmauibhicafionm transactixin over the bus.

Figure 9 illustrates the conputer system 910 of the present invention.

The conputer syst edtidesisioreblogk 3ye2 é\ﬂmlglgfmithSwh&h&rl ude a
15 plurality of distinct, buses such as_a main system bus, an
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deferring the communication transaction. .
i0 If the node interface circuit determines that the request cannot be
satisfied within the bus cluster at decision block 1702, then control passes to
decision block i706. At decision block 1706, the conflict detector circuit
determines whether a deferred transaction is pending that conflicts with the
communication transaction. A pending deferred transaction conflicts with
15 the communication transaction of the pending deferred transaction and the
communication transaction target the same cache line dafa. If a pending
deferred transaction does not conflict with the communication transaction
then control proceeds to block 1708.
At block 1708, the node interface circuit defers the communication
20 transaction by asserting the DEFER signal during the snoop phase of the
communication transaction and then asserting a deferred response during the
* response phase of the communication transaction. The not interface also
creates a deferred reply transaction entry in the outbound queue. Thereafter,
at block 1710 the remote interface circuit completes the communication

25  transaction by accessing the bus cluster. Atblock 1710, the remote interface



sinplifications have been made herein, for the reader's benefit. The true

scope of the present invention should not be m sunderstood to be
narrowed by such sinplifications.

45 Coupled to the external bus are a variety of representative
conput er syst em conponent s, includinef a nenory subsystem (RAM a hard
di sk drive (HD). O her such conponents nay al so be coupled to the
external bus. : Al so coupled to the external bus are one or nore
CPUs. There negrcaityeceitesreneweacite statedosthekache line specifiptiibythaddi ti onal
CPUs. Such additional CPUs may be added to the systemto enhance its

per f or mance, amumapicatioh trd@saction fogrgrthel buSElustertdrahplaces thiedew tarhe
previ ousl y-exi sting CPUs, or they nmay
state and cache line data 1%/ necessary into the corresponding deferred reply
transaction entry in the outbound queue.

5 Thereafter, at block 1712 the node interface circuit initiates the
corresponding deferred reply transaction from the outbound queue onto the
bus. At decision block 1814, the node interface circuit determines whether the
communication transaction requires a retry. The transaction requires a retry
if not successfully completed to the bus cluster 1712. If the communication

10  transaction requires retry at decision block 1814, then control proceeds to
block 1816.
At block 1816, the node interface drcuit asserts the DEFER signal
during the snoop phase of the deferred reply transaction. Thereafter at block
1818, the node interface circuit drops snoop ownership for the cache line
15  specified by the communication transaction, and at block 1819 the node
interface circuit indicates a retry for the communication transaction. The
snoop ownership is assumed by the original requesting bus agent for the
communication transaction. _
If the transaction does not require retry at dedsion block 1814 then
20  control proceeds to decision block 1820. At dedision block 1820, the node
interface circuit determines whether the cache line specified by the
communication transaction is shared with a bus agent coupled to the bus
cluster. If the cache line is shared then control proceeds to block 1822.
At block 1822, the node interface circuit asserts the HIT signal or the
25 HITM signal during the snoop phase of the deferred reply transaction



include additional nultiprocessor CPUs which operate in tandemwth the

ot her existing CPUs, or they may include enhancenent CPUs such as math 10
coprocessors or graphics accel erators which operate to conpl enment the other
GPUs. Such a multiprocessor (MP) system nmay be honobgeneous, including

CPUs of only a single architecture (ISA), oigit may be heterogeneous,

I ncl uding CPUs of different architectures. In one enbodi nent, the CPUs may
be Intel Architecture mcroprocessors. In any case, the socket(s) may

ool o) T Bl ding ¥ aBBbl aﬁ?s%;m&eahm%éﬁon%wsatcasmﬁa{ﬁﬁ@dam L1

cache(s) and ne or nore of the

CPUs may i ricl an&e; e@hw&?hﬁﬁasu ﬁtdshfrﬁd at 864§06R H?ng@g&& ebig

exenpl ary CPU and an e socC us connectlon

for such feat gédd"s q %Momme ﬁgde ml&erfa@DHr&ii{ldE!&’motO‘c
a tional fe

course, includ atures beyond those whi ch are shown.

Qther such feajdib@IhOBNE ob BRHIIM ikl daind thebneop. ptagaiohthe defefrdt he
interest of sinplicity. For exanple, common features such as floating

poi nt and it egply edrsactionn Inveither case atblock 1826 thenodairerfabedrddss wel | -
known features such as an out - of - or der en%mne f%gmiggxixli;g&\t{rean?a(ftfolﬁ i on
passes snoop ownership for the cache line o to
the requesting bus agent;

If a pending deferred transaction does conflict with the communication
transaction at decision block 1706 then control proceeds to decision block

10  1728. Atdedision block 1728, the node interface circuit determines whether
multiple deferred transactions are enabled. If multiple deferred transactions
are not enabled then control proceeds to block 1730. At block 1730, the node
interface dircuit indicates a retry for the communication transaction. The
requesting bus agent later retries the communication transaction thereby

15 allowiné time to compléte the pending deferred transaction.

If multiple deferred transactions are enabled at decision block 1728
then control proceeds to block 1732. At block 1732, the node interface circuit
defers the cornmunication transaction asserting the DEFER signal during the
snoop phase and indicating a deferred response during the response phase of

20 the communication transaction.

Thereafter, at block 1734 the first pending deferred transaction is
completed in accordance with the sequence of blocks 1710-1712 and 1814
1826.

Thereafter, at decision block 1736 the cache coherency manager

25 determines whether a conflicting snoop ownérship exists between the first



46 mechanism This is not to say, however, that the present invention
may not be practiced with such features, or even without all of the
details shown. For the purposes of understanding this invention
only, CPU 914 may be described as being built around and incl uding an
external bus request 5 queue unit (EBRQ .7ACPU 914 al so includes a
queue-t o- ext er nal - bus request | ogic unit (EBRL) coupled to the
external bus and to the EBRQ CPU 914 incl udes. a request
prioritizati alefered traksavtbrdgmpietednait block 1734 @RBAhe conrphanicitiot he EBRQ.  An
instruction fetch unit (IFU) is coupled to the RPA. A data cache unit
(DCU) is al sdrasagiaudeferred at Blotk 1782 (theenend deferrect tnamsaatibe) e snosp cache
unit (L1), either a unified cache or, as shown in Figure 9, a data L1
cache in the aunerahip confliohexistsdf thfirst and saeorichdefarredittansactions target  CPU
914 also includes a status tracking logic unit (STL) coupled to the

EBRQ The STLthe samegprheline If asontlicing snopp ovaneashipaagsatotiedist atus, ei t her

Ctatuses 5 RS ploek 143 BienconEepfpceeas FRbIoek o7t AbRIask, 7ohdhent o, 1 or
exampl e, whet i ihfitrade drbit SpletBS e oMminiAOR Hihsadtion deferida™t ' Y
block 1732 in accordance with blocks 1710-1712 and 1814-1826.

If a conflicting snoop ownership exists at decision block 1736 then
control proceeds to block 1740. At block 1740, the node interface drcuit

10  initiates an invalidate line communication transaction on the bus to the
requesting bus agent for the conflicting deferred transaction completed at
block 1734. The invalidation request is a back invalidation for the first
deferred transaction that invalidates the cache line having conflicting snoop
ownership. Thereafter, at block 1742 the node interface drcuit completes the

15  communication transaction deferred at block 1732 in accordance with blocks

1710-1712 and 1814-1826.

Figure 19 is a flowchart illustrating a read request by a requesting bus
agent. At block 1900, the requesting bus agent initiates a read transaction on
thebus .

20 During the snoop phase of the read transaction at decision block 1902,
the requesting bus agent senses the state of the DEFER and the HITM signals
on the bus. If the DEFER signal is asserted and the HITM signal is not
asserted at decision block 1902 then control proceeds to block 1906.

Otherwise control proceeds to block 1904. At block 1904, the requesting bus



errors, and any other such information as may be useful in practicing the
‘met hod of the present invention. The STL may further keep track of: status
of data returned fromthe external bus, status of data forwarded to
the L1 cache 20 (instruction and/or data L1), status of data forwarded to
the L2 cache, cache state.of the datz such as MESI status, snoop
status of the request, information p ?tinent to the return of the data
to the L2 cache, and error status such as address errors, data errors,
and/ or external bus response errqrs. The STL al so_keep track of
the status of asa@rw&zqumsaié statedransitinnsdiecaisethe rgad FARsACtioRHat her
the request is pendi 9 servicing by the BBL/L2, whether

47 theCPEEﬁ§§8 ROrde rently being serviced by the BBL/L2, whether

Do e 10 o ARSI, BTG AR BIS R pB o RIS, 10
' _eq uest i's pe %%‘egstﬁﬁtfg; @i fiffe EBedﬁed by the read transaction. Atdecision
5 block 1908, the requesting bus agent checks for a deferred response during
the response phase of the read transaction. If a deferred response is not
indicated at decision block 1908 then control proceeds to block 1910. Atblock
1910 the requesting bus agent retries the read transaction if the addressed bus
agent indicated retry during the response phase of the read transaction.

10 If a deferred response is indicated at decision block 1908 then control
proceeds to block 1912. At block 1912, the requesting bus agent waits for a
deferred reply transaction on the bus. Thereafter, at decision block 1914 the
requesting bus agent senses the DEFER signal during the snoop phase of the
deferred reply transaction. If the DEFER signal is asserted during the snoop

15  phase of the deferred reply transaction then control proceeds to block 1916.
At block 1916 the requesting bus agent maintains cache line of the read
ﬁ'ansaction in the invalid state. Thereafter, at block 1918 the requesting bus
agent retries the read transaction by reinitiating the read transaction over the
bus.

20 If the DEFER signal is not asserted during the snoop phase of the
deferred reply transaction at decision block 1914 then control proceeds to
decision block 1920. At decision block 1920, if the HIT signal or the HITM

' signal is asserted during the snoop phase during the snoop phase of the
deferred reply transaction then control proceeds to block 1924. At block 1924,



t he BBL/L2, whether data is being returned to the BBL/L2, and whether the

5 request is done/conpleted. A queue-t o- backsi de- bus request
logic unit (BSBRL) is coupled to the EBRQ and to a backsi de bus | ogic
unit (BBL). The BBL couples the CPU 914 to a cache, for exanple
a level two cache unit (L2). The L2 c&ghe may be located within the
CPU as either an on-die 10 cache or in a multi-chip nodule, or it nmay be
constructed as a physically separate packed chip. In one enbodi nent of

any of these gagpﬁ%gfga%em drft@ssumes b¥meRHIS ofEie AstiRNIRORF Y iREhe

coupled to th ver back5| de bus 916 This w'l|l reduce bus
traffic on theegdit¥nBattioByns tielghared cachestate, |t Wil |l be understood that a

mul ti-level hierarchical nmenory system 15 nmay be constructed having any of . '

a wide variety of confi @ithe®iIrer the HITMMsignal is netrdssertechtiuring, the bnaogy
include virtual nmenory, in which a portion of the hard disk is
treated as yetplmsetolﬁdre deferred véply dxamgaction at deaszon blorck 19204hen eontodl Fi gur e
9, various ones of the DCU, |FU, BBL/12, , DMA, and ot her such
corrponentsSrmypmeewobymktﬁﬂsé&bh}kéﬁazﬂuﬁrﬁ%@éhngﬁgebwsnmﬁests on the
external bus. The EBRQ accepts bus reguests fromany of the agents
within the CPpwhershippldhecachedinesperifigdrn the peast fransactiogfin theexdtusveal
bus. In the illustrative exanple shown, the EBRQ handl es external bus
requests to anttchesi®®he DCU, | FU, and BBL/L2. Vari ous bus

agents may performyari Qus bus reque accordi.ng to 25 different
enbodi ments of the ﬁ&\%@%l&ﬁf%ﬁ@@&ﬁ%ﬁ?&éwﬁ%‘aw%@ oran
invalidation transaction by a requesting bus agent over the bus. At block

10 2000, the requesting bus agent initiates the write or invalidation transaction
over the bus.

During the snoop phase of the write or invalidation transaction at
decision block 2002, the requesting bus agent senses the state of the DEFER
and the HITM signals on the bus. If the DEFER signal is asserted and the

156 HITM signal is not asserted at decision block 2002 then control proceeds to
block 2006. Otherwise control proceeds to block 2004. At block 2004, the
requesting bus agent performs normal cache state transitions because the
write or invalidation transaction is completed in-order.

At block 2006, the requesting bus agent does not assume snoop

20  ownership for the cache line specified by the write or invalidation transaction.
At dedision block 2008, the requesting bus agent checks for a deferred
re:sponse during the response phase of the write or invalidation transaction.

If a deferred response is not indicated at dedision block 2008 then control
proceeds to block 2010. At block 2010 the requesting bus agent retries the



48 requests include read and wite requests, and nmay be requested by

f he DCU, | FU, and BBL/L2 as shown in Table 1:

TABLE 1 Read Wite
DCU X X | FU

X BBL/ L2 7% X

write or invalidation transaction if the addressed bus agent indicated retry
during the response phase of the write or invalidation transaction.

If a deferred response is indicated at decision block 2008 then control
proceeds to block 2012. At block 2012, the requesting bus agent waits for a

5 deferred reply transaction on the bus.

At decision block 2014, if the DEFER signal is asserted during the
snoop phase of the deferred reply transaction then control proceeds to block
2016. At block 2016, the requesting bus agent performs no cache state
changes for the cache line spedified by the write or invalidation transaction.

10  Thereafter, at block 2018 the requesting bus agent retries the write or
invalidation transaction over the bus.

If the DEFER signal is not asserted during the snoop phase of the
deferred reply transaction at dedision block 2014 then control proceeds to
decision block 2020. At decision block 2020, the requesting bus agent

15  determines whether the HITM signal is asserted during the snoop. phase of
the deferred reply transaction. If the HITM signal is not asserted at decision
block 2020 then control proceeds to block 2022. At block 2022 the requesting
bus agent changes the cache state for the cache line of the write or
invalidation transaction to the exclusive state or the modified state as

20  indicated by the snoop results.

If the HITM signal is asserted during the snoop phase at decision block
2020 then control proceeds to block 2024. At block 2024 the requesting bus
agent reads the returned cache line during the data phase of the deferred
reply transaction. Thereafter, at block 2026 the requesting Bus agent merges



5 The DCU read and wite requests are, of course, data reads and
wites. . The I FU read request is, of course, an instruction fetch. DCU
and | FU ext ernal bus requests are generally directed to the L2 cache;
DCU and | FU operati ons onto the external bus will typically have been
al ready | ooked up in, but - m ssed, the7§_1 cache. 10 The BBL/L2
wite request may be a "dirty victimwiteback". When the L2 cache
beconmes full, new cache line allocation requires that an al ready

oo o e e cld By Rl inlen A e d WISk R R IR o

line only H"@%%m“%ﬂi&‘&%ﬂ%eéfﬁfgé&?%?ggtgghﬁg- data which has been

changed with 15 respect to the non-ca at - a- hi gher -1 evel )
data which that |iBgure 21 sheRkSBOWeharP He3cAbEPRRELHeps BE ohs enfliddidhent ! T @

non-dirty line is evicted, it can sinply be overwitten and 1gnored,
because the elfsepheutingitrinsagiotatnitislly, the etdrhhl M@ petfgimsé hahospldass.
5 2101. Next, a determination is made as to whether there has been a store

transaction on the external bus, step 2102. If so, step 2101 is repeated.
Otherwise, a determination is made as to whether there has been a load to the
same address, step 2103. If there has been no load to the same address, step
2101 is repeated. Otherwise, the load and the speculative progress are

10 destroyed, step 2104. The execution is then restarted from the load, step 2105.

Figure 22 shows a ﬂowch‘a?r-t. describing the steps followed by one

embodiment of the present invention. Initially, an agent on the processor-
memory bus issues a request on the bus, step 2205, targeting another agent on
bus, or perhaps a device on system I/O bus. The request is issued in the

15 Request Phase, after the processor is awarded the bus during the Arbitration
Phase. I no errors occur which require abortion of the request in the Error
Phase, all agents on the bus do a snoop lookup in the Snoop };hase, step 2210.

During the Snoop Phase, each agent performing a snoop lookup

determines whether it has the cache line corresponding to the request in

20 modified state, step 2215. If no agent on the bus has a modified copy of the
cache line, then each agent on the bus deasserts HITM# and either asserts or
deasserts HIT#, step 2216. In some situations, agents may keep their cache
lines in shared state, depending on the nature of the request; these agents

assert a HIT# signal. All other agents deassert a HIT# signal. Each agent on
25  the bus then changes the state of its cache line to its target cache state, step



49 Bus conflicts may occur when one requesting agent issues a

wite to a gi ven address, and anot her agent issues a read or a wite
to the sanme address. The various units may operate conpletely
independent |y of each other, but may occasionally make requests to the
sane address. The order in which 5 these sane-address requests get issued
onto the external bus, and the way in 76hich they are serviced, is
critical in maintaining nmenory consistency. Vari ous ordering schenes
may be enpl oyed, such as strong or weak ordering. However, whatever

ordering Is usEe0. i Thistegetrmche stdteisniependent on the nature of the réjesst ¥3daed
requesting unit issues a read and another requesting unit 10 "issues a
wite to the shnstepd5enyl isdissussadsin moretdeteld beloae.cThe proeessartthehhat t he
second unit is issuing. This may be acconplished by issuing the wite onto
the external bigseiyes aresponse freavthertargsy agent; menmyonyghelantrolier isrthee Wi | |
conplete. O, it may he acconplished by providing an alternative nechani sm
for the read- r BEROTSE Rgaﬁ?nftﬁptzgﬁ-eg aegessanydegataraadaeques) the peocessprest i ng
unit. 15 In the odi nent shown in, Fi e 9. the EBRQ accepts new
requests ° RPQIREHES %ﬁn% é?ﬂ‘ t?‘ﬁéarﬁétﬁsq{\tb%&??u{)ﬁ? '\EE%R‘,S?%?&‘%‘F-esent s these
requests to t S so th BL ¢an.det er m n¢
whet her the 12 cac @0%%}’ ?{)a(rgﬁu%lﬁg B?ﬁg"&g?ﬁ%?@f %8??18 es ave 4 ’B?Q&Qd
wor ds, whet her : i NS i torin cached
from that addrgggﬁ#hﬁﬁ%%g?§¥n¥¥n%ﬁﬂg%aﬁgéﬁggﬁﬁégﬁyéggﬁa%ﬁg ?agﬂgiégL
signal's this aggnASifingd'te SnB8pPHALE Steh 280. In addition, all other agents on the
bus deassert a HIT# signal. The processor deasserts HIT# because in normal
10  operation in this embodiment a processor deasserts HIT# when it asserts
HITM#. All other agents deassert HIT# because no other agent can havea
valid copy of the cache line if the processor has a modified copy. All agents
on the bus observe the HIT# and HITM# signals. The HITM# signal from the
processor informs both the processor and the memory controller that the
15 processor has the most recent version of the requested cache line, and that
any access to that cache line should therefore involve the copy of the cache
line contained in the processor. The response by the processor and the
memory controller to the HITM# signal is dependent on the nature of the
request, as described in more detail below.
20 Next, each agent on the bus which must change the state of its cache
line to its target cache state, step 2235. This target cache state is dependent
on the nature of the i'equest issued in step 2205 and is discussed in more
detail below.
The requesting agent receives a response during the Response Phﬁse,

25  step 2240. The content of this response is dependent on the initial request,



serviced by the external bus. This may nean that they get serviced by an L3
cache (not shown), for exanple, or directly frommain RAM If the request
is a read request, and if the data is not in the L2 cache, the BBL nay
ke roomin the L2 cache for the data which will ultinmately be

returned per the request, by 25 evicting a line fromthe L2 cache as
descri bed above. 50

. L : 77 :
Figure 10 shows additional details about the EBRQ The EBRQ i ncl udes a
gueue 1020. In order to achieve high perfornmance across a broad range
of applications, the queue 1020 may advantéwgeousl y enploy a first-in-

first-out (FI wé)etberetbierﬁggﬁéésﬁmpw*ﬁﬂo . ‘Ua%end to .
erthodi mont . asserted by a1 aght ALie bY8 Wﬁiﬂﬂ% s SHF YRR 10 Che
: l) L;ts It (r)ﬁtsl \6et mrgg&fﬁpr?)a\ nngar%a fro hom]é protcescs%?txsap e& grl{ rthee Elg Id%%n%tthg ealgae
Transfer Phase. The memory controller and/or the processor may then latch,
5 | or take, the data off the bus. How the memory controller and/or the
processor use this data is dependent on the original request, as described in
more detail below.

The processor, after asserting the HITM# signal, places the entire cache
line onto the bus ir} the Data Transfer Phase, step 2245. This action by the

10 processor is termed an "Implicit Writeback Data Transfer." The Implicit
Writeback Data Transfer is performed by a processor in the Data Transfer
Phase of a transaction when that processor asserts a HITM# signal dunng the
Snoop Phase for that transaction.

Figure 23 shows a flowchart describing the steps followed by one

15 embodiment of the present invention during a read request in the system.
The requesting processor issues a request onto the bus during the Request
Phase, step 2305. The request shown in Figure 23 is a read request targeted to
the main memory. As above, all other agents on the bus perform a snoop
lookup, step 2310, to determine whether an agent has a copy of the requested

-20 cache line in modified state, step 2315.

In the event no agent on't.he bus has a modified copy of the cache line,
the steps which are followed are dependent on whethef any agent has a copy
of the cache line in a valid state, step 2320. If an agent has a copy of the cache
line in a valid state, then that agent asserts a HIT# signal and deasserts a |

25 HITM# signal, step 2325. All agents without a valid copy deassert both HIT#



Each entry may include a variety of information about a respective request.
10 For exanple, the entry may include an identification (ID) of the

request, a type (TP) of the request such as read or wite, an address
(ADDR)- to which the request is directed, and the current status
(STATUS) of the request. O her i nf ormejg on may al so be included, as
desired. A queue nmanager 1022 controls the allocation and

deal l ocation of 15 entries in the queue 1020. New entries in the queue are

al | ocat ed when fg*@ ‘%nw % e RPA

Entries are dea oca.t' eg?’ g'f-Ir'%m’ %g%eb(%éﬁ%en ké?%ggbﬁggg&&g

successfully s ' (%gy : pesyed and

successful |y c%%*‘%?gg@én‘utiﬁe tdefr%}r}gle&%ﬁslme'meg}%m%a |\(§§‘§F?3§bdrh§t§gr ned

their data to tfy y%?ﬂ(é@ach@ﬁn%\j\!ﬁe?efé@téé&ﬁag%h‘t@h tRE bulGeidh & VAdddpy Ui I es
as

premat ure deal | ocati on such en several "address parity erfors

occur or when ahéaichellitid diafgesthae aachellihefsatateno Ghared $tategstepy 2830, The bus.
Thus, the queue manager 1022 operates in cooperation with the RPA

The EBRQ ma$ alrequestirigiagentalso sharigid4tsatate forthat yadtiedinentd shugedyiats i on
requests. It may include one or nore entries. In the illustrative
enbodi ment 25 diecamse the processetewill boreseivinga validicopy df dhe tadveslir® iarthe 1.
Fach entry my li)a?tca lTl;(ajr?sfer Phase, as described below. |
In an alternate embodiment, shown in Figure 24, each agent changes
state to its target state dependent on the original read request. As shownin
10  Figure 24, the target state is dependent on whether the original request was a
read allocate request, step 2428, The processor may request no read allocate,
for example, to indicate it is not maintaining a copy of the cache line in its
cache. If the processor requests read allocate, then each agent on the bus with
avalid mpf of the cache line, incdluding the processor, changes that caci\e
15 line's state to shared state, step 2431. However, if the processor does not
request read allocate, then each agent on the bus maintains its cache state for
that cache line, step 2432. Thus, an agent in exclusive state remains in
exclusive state and agents in shared state remain in shared state.
Returning to the embodiment of Figure 23, step 2320, in the event no
20- agenton the bus has a valid copy of the cache line, then all agents deassert
both HIT# and HITM# signals, step 2335. Thus, the processor changes its
copy of the cache line to exclusive state because it will be receiving the cache
line from the memory controller in the Data Transfer Phase; all other agents

keep the cache line in invalid state, step 2340.



51 a variety of information about evicted |ines, such as the address

(ADDR) of data in the line, and the status (STATUS) of the eviction
writeback request. A list manager 1026 controls the allocation
and deal | ocation of entries in the list 1024. 5 When a new
request arrives fromthe DCU or |FU, the manager 1022 al l ocates a next

avail able entry at the end of the queue 1020, according to a

predeterm ned algorithm The details of t @t algorithmare not critical to
understanding the invention. What is to be understood is that the new
request is put at the end of the FIFO 10 When t hat request
eventual | y reachegﬂ{ he front of I&Sﬁ FI FO .the . manager 1022 renoves it
and the EBRQ pr esetesMEmory coptgolies satishies the repdl request, regareilessiof avhesherer vi ce

the BBl 1o ccttd PRl nyhRe b il beemise Aagen hadamogified.
1015 tho anhgoh e Feqiedie W REHRE TREedolls RGRTleR 8 Rkmal et 1 o t e
Cchemm b1 el 4 el s s o AR 5L L BBERY
Crhod ment 1o Bor S anrg 8 Tats Sl et e 1 220 TP RO e same
ordering requiheR FettevedtheQitth Frded BN stefy 2375 &P Brdcebds & Bfize the
data as needed.
Returning to step 2315, if an agent on the bus, such as a processor, has
a modified copy of the requested cache line, then the processor asserts a
10 HITM# signal and deasserts a HIT# signal during the Snoop'Phasé, step 2355.
All other agents on the bus deassert both HIT# and HITM# signals. The
assertion of the HITM# signal informs the memory controller that another
agent on the bus has the most recent version of the requested data. Thus, the
memory controller knows that it should not transfer its version of the
15 requested cache line to the processor.
The cache states for this cache line are also updated in the processors in
the Snoop Phase, step 2360. One processor transfers ownership of the cache
line to the requesting processor. In one mode, both processors change their
cache line states to shared state and ensure the main memory updates its
20  version of the cache line. One embodiment of the present invention follows
this approach, step 2360, due to its effident handling of partial write data
transfers, discussed in more detail below. In an alternate mode, the processor
could transfer the cache line to another processor and change its cache line to
invalid state while the processor changes iis cache line to modified or

25 exclusive state.



requests, but in such enbodi ment, appropriate steps nmust be taken to ensure
menory consi stency. The above-detail ed schene ensures that no
request is treated "unfairly", yet it provides for high system
performance. However, there are 25 additional considerations which the
present invention addresses.

52 In the illustrative enbodisr?ent shown in Figure 9, where the
DCLI, IFU, and BBL/L2 may issue read and wite requests, there are four

ﬁg}”ey 2: gr derin %%,Ogﬂgnngot\f{n ﬁr&]esggrsstchba%gg ?}Cxiéixe' ?:531% lh*lrehse}gtees% ghgrh i
state, in the Snoop Phase for subsequent transactions on the bus neither
processors assert a HITM# signal for this cache line. The memory controller
has the responsibility of responding to any subsequent requests for this cache

5 line (until some other caching agent regains ownership of the cache line and
changes its cache line state to modified state).

In an alternate embodiment, shown in Figure 25, each agent updates its

cache state dependent on the original read request. As shown in Figure 25,
the target state is dependent on whether the original request was a read

10 allocate request, step 2557. If the processor requests a read allocate, then the
agent with a modified copy of the cache line changes that cache line's state to
shared state and the processor changes its cache line to shared state, step
2561. However, if the processor does not request a read allocate, then the
agent with a modified copy of the cache line changes that cache line to

15  exclusive state and t}xe processor rem;ins in invalid state,_step 2562, The
agent with a modified copy of the cache line does not remain in invalid state
because mam memeory will receive a copy of the cache line, as described

. below.
Returning to the embodiment of Figure 23, it should be understood by

20  thoseskilled in the art that although ownership of a cache line is transferred
prior to the actual transfer of the cache line's data, cache consistency is
maintained due to the pipelined nature of the bus. That is, a subsequent
request may be informed that the data will come from the main memory even
though the modified version is still in the cache of the processor. However,

25 by the time the Data Transfer Phase for the subsequent request arrives, the

-



TABLE 2 DCUX write VS. | FU r ead

DCU write VS. BBL/L2 wite DCU or

| FU VS. BBL/L2 wite read

external .read VS. internal wite The case of a
DCU read vs. a DCU read is ignored in the enbodi nent shown, because
the DCU will not issue two requests to thélsane .address in a 10 manner

t hat woul d cause conflict. This fourth case is present in a
mul ti processor system 1In that enbodi ment, a read request to a given

address and i H*)éixﬁ Qpﬁts r nnot be

fol l owed i mm%?%’?@fl ?/ﬁgg a?@ﬁ?f?é&; g‘g}l}fafg?e%g% t gﬁggé ad%?eDsitgi ssued

onto the ext : sor, until it 15 can be guaranteed
gr&%feppﬁ%o%%gﬁﬁasa

that the read request S ( e second processor's cache(s) and
recei ved any nodi fAgel tataciditaies wee upasteagiieifesiory controller issues athus, the
first, second, and third cases are understood to be purely I nt ernal

to one CPU s magstidifWriteback Response to the processor, step 2365, in the Response
5 Phase. The assertion of the HITM# signal by the processor informed the

memory controller that it should not transfer its version of the cache line to
the processor; thus, the memory controller issues an Implicit Writeback
Response rather than a normal response. The Implicit Writeback Response
informs the processor that the requeét has not been retried, but that another

10  agent on the bus has a modified copy of the requested cache line and will be
responding with the requested data.

The processor places the enﬁxé modified cache line on the bus in the
Data Transfer Phase, step 2370. In one embodiment of the present invention,
the processor places the cache line onto the bus in response to a signal from

15 the memory controller indicating it is ready for a data transfer. The memory
controller issues this signal during the response phase when it has an
available cache line buffer in which to place the cache line. As shownin
Figure 23, both the memor;' controller and the requesting agent take the data
off the bus, steps 2380 and 2375 respectively. Requesting the processor takes

20 the data off the bus, step 2375, and proceeds to use it as needed.

The meméry controller also takes the data off the bus, step 2380. This
action by the memory controller is termed "snarfing" the data because the
memory controller is taking data off the bus which was requested by another
agent. The memory controller then writes the data to main the processor, step

25 2385, thereby maintaining cache consistency. That is, as described above,



53 The illustrated conponents of the system of the present

I nvention cooperate to performa nunber of nmechani sns or nethods which
serve together to prevent nenory ordering problens in the EBRQ These
nay i nclude, in various enbodi nents: (A) sanme address bl ocking
mechanism (B) 5 self-nodifying-code handling nmechani smand bus snoopi ng
mechani sm (O backwar d i nquiry mechanB3dm (D) conflict address buffer
mechani sm and (E) ot her, nore general mechani sns. In one
enbodi nent, as shown in Figure 9, the CPU 914 further i ncl udes same
addr ess bl ocki MheRdhr prpcass@Iequesss dataohichiinip mntlified stateinanatheng

mechani sm 932, backvvar& i n%gi ry mechani sm 934, and conflict addr ess
buf f eri ng mechBRPLEFATaEIe processor transtersithe datd tarthertber presessoranddetani sm

The Lo cache, Fregsmpscachelinds i 3ied salf Shofediary hamimesdenmres aEpRQ |
i ch 18§ ound £ AR s dRe 3% rBiebE R SF e doghe in B by 1 ne
end of the Kl F&haffhgihis chifiithe i Rriting it to main memory, both processors and

main memory have the most recent copy of the cache line.

In a multiple-bus hierarchy the cluster manager acts as the memory
controller on the bus for purposes of the discussion related to Figure 23. For
example, the cluster manager snarfs the data off the bus and updates its cache

10 rather than the memory controller snarfing the data. In such a situation, the
duster manager either defers or retries the request, depending on whether
ownership of the next level bus is available. In this situation, the global
observation of the transaction which would have occurred at step 2340, as
well as the placing of data on the bus step 2350, is deferred as discussed

15  above. |

Figure 26 shows a flowchart describing the steps followed by one
embodiment of the present invention during a write operation. The
requesting processor issues a request onto the bus during the Request Phase,
step 2605.. The request shown in Figure 26 is a write operation ta:ge;.ted to the

20 main memory. All other agents on the bus perform a snoop lookup, step
2610, to determine whether an agent has a copy of the cache line being
written to in modified state, step 2615.

In addition to agents performing a snoop lookup, the processor places
its write data onto the bus, step 2620; the write data is received by the

25 memory controller, step 2625. As shown in Figure 26, this transfer of write



The sel f-nodi fyi ng-code and sel f-snoopi ng nechani sm ensures that, when
an | FU request is presented to the BBL for servicing, a self-nodifying-
code snoop is performed on the DCU and EBRQ to detect the presence of 20
nodi fied data either existing in the DCU, or in the process of being

witten as a request in the EBRQ If nodified data is found, the
request is sent out onto . the externaB3bus with a directive to
sel f-snoop or | ook back into the CPU for the nodified dat a.

The backward inquiry nmechani smensures that, when the BBL/L2 25 wevicts a
dirty victim datady thorequigting procesioracedrsupgarilesseof Dehbther ah lagefiidhe

54 to see If there exists a nore recent[y nodi fi ed versi on of that
sane data. | fbughdsa modifiedoanxhlidocopyi oftthe cachedine. rlaqressmbodimentaftRe cache
victim zation is sinply renoved fromthe list and is never issued out

onto the ext epreséentingention the processoriplacesdhewiite datd oste thebieupory mechani sm
ensures that, when a r_equeét : . .
receipt of a signal from the memory controller in the Snoop Phase indicating

5 the memory controller is ready for a data transfer.

In the event no agent on the bus has a modified copy of the cache line,
all agents on the bus deassert both HIT# ahd HITM# signals, step 2630. The
existence of the write operation indicates to all snooping agents that their
copy of the cache line must be invalidated; thus, all snooping agents change

10  the state of their cache line to invalid, step 2635. The deassertion of the HIT#
and HITM# signals indicates to the memory controller that it must satisfy the
write request, as no valid or modified copy of the cache line exists in any
algent’s cache. Thus, the memory controllér issues a normal response to the
processor in the Response Phase, step 2640. The memory controller, which

15  received the write data in step 2625, then writes the data to the main memory,
step 2645, thereby completing the write operation.

In an alternate embodiment, shown in Figure 27, each agent asserts or
deasserts a HIT# signal and updates its cache state dependent on the original
write request, step 2728. If the processor requests a write allocate, then all

20 agents deassert HIT# and HITM#, step 2731. All snooping agents also change
the state of their cache line to invalid, step 2732. However, if the processor
does not request a write allocate, then an agent(s} with a shared or exclusive
copy of the cache line snarfs the data, asserts a HIT# signal and deasserts a
HITM# signal, step 2737. The agent(s) which asserted a HIT# signal does not

25 change that cache line's state; all other agents on the bus go to invalid state,



5 fromany agent is issued onto the external bus, its address is stored in

a conflict address buffer (not shown). Conparisons with this buffer
prevent the CPU fromissuing any request which may conflict with a

pr evi ousl y-i ssued request to the sane address, until the
previously-issued request can be guaranteed to be "safe". A request
is safe when it has passed the so-called %f error w ndow and gI obal
observation wi ndow and is thus guaranteed to conpl et e.

These nechani snms conbine to prevent nmenory from being reordered, or in

ot her words, to prevent cache inconsistencies fro kgcc rri n& as follows.
In the case ofstapCly3fy im ene modertheragent(s) doesnotispertiagdlataag ASSeEt T # t he

e R
oy S R SRR

}BEE ?leri te Ctb%@g#%é&or%\sa ' ? E’I’f&case C@'ESW e?@ ]
bac{<vvard |§§u#€£%&cﬁﬁ %%Pw Q%Wﬁgxgnﬂhﬁ%h ?%%Eﬁe%?‘gfﬁﬁégagy |tne

progress, and whlh68Phale, 123 485/ Sinc¥ihd Brocessor 'h‘iﬁ‘heﬁtrodlﬁed copy of the
cache line, all other agents on the bus also deassert a HIT# signal. The

assertion of a HITM# signal informs the memory controllef that another agent
| on the bus has the most recent version of the requested data. Thus, the '

10 memory controller knows that merely performing the write operation by the
processor may not maintain cache consistency.

For example, if the write operation by the processor is a partial write
data transfer, then the entire cache line is not modified by this write
operaﬁc;n. If a more recent version of the cache line exists in the cache of the

15  processor, portions of the cache line in the processor not being written to by
the other processor may have been modified by prior write operations. Thus,
if the cache line in the processor were not taken into account, the main
memory would have an incorrect copy of the data, even though it believes it
has the most recent copy.

20 As. discussed above, the states of this cache line are updated in the
Snoop Phase. All snooping agents on bus 2655 change their cache lines to
invalid state, step '2655.

The memory controller observed the HITM# signal issued by the
processor in step 2650; thus, the memory controller knows that a modified

25 version of the cache line exists in an agent's cache. In'response, the processor



In the case of DCU read or IFUread vs. BBL/L2 wite, if a DCU read 25 or
fFU read enters the FIFOwhile a BBL/L2 wite to the sane address is

55 occurring, the read will be bl ocked from advanci ng past the BBL/L2
wite by t he sane address bl ocki ng mechani sm In the case
of external read vs. internal wite, the conflict address buffering

mechani sm prevents the internal wite fronfbeing i ssued on the 5 external
bus until the snoop fromthe external read is guaranteed to have

conpleted. If the snoop hits the outward-going nodified data, the wite
request will| beondzollesiterporarily stores the wiitpdasa Tecdived in stepai625 iwa snanfing
circuit 1142. The reorder circuit 1142 i npl ements a reorder bhuffer
1182 conpri si npufferand heldrtiee datain dhe srRefing buftes s theremaingderofdR ent ri es
REO t hrough REn are physical registers that - _ buffer specul ative result
data from the eshedineds Fapsterred oventhediusppsdesgibed below. Inaddition, the

memory controller issues an Implicit Writeback Response to the processor,

5 step 2660. The Implicit Writeback Response informs the processor that
another agent on the bus had a modified copy of the cache line and that this
modified cache line will be placed on the bus during the Data Transfer Phase.

In an alternate embodiment, shown in Fighre 28, the agent which
asserted the HITM# signal may also take the write data off the bus. Whether

10 the processor takes the data off the bus is dependent on the write allocate
policy employed, step 2852. That is, if the processor requests no write allocate
then the other processor takes the data off the bus and writes the data to its
cache, step 2856. The processor also changes its state for the cache line to
exclusive. However, if the processor requests a write allocate, then the other

15  processor does not take the data off the bus and changes its cache line to
invalid state, step 2855.

Returning to the embodiment of Figure 26, the main memory
maintains the most recent version of the cache line. This is done so that main
memory is updated rather than continuously updating the agent caches.

20 Thus, in the Data Transfer Phase, the processor places the entire
modified cache line on the bus, stép 2665. This data transfer is the Implicit
Writeback Data Transfer. The Implicif Writeback Data Trarisfer must be done
in order fo provide the memory controller with the additional portion of the
cache line which may not have been written to by the processor. In one

25 embodiment of the present invention, the other processor places the cache



n cro-ops. For one enbodinent, the ROB entries REO through REn conprise

a set of 1164 physical registers. For another enbodinent, the ROB entries
REO t hrough REn conprise a set of 1140 physical registers. 15 Each
ROB entry conprises a valid flag (V), a result data value, a set of

flags, a flag mask, a logical destination (LDST), fault data, and an

I nstruction pointer delta (I PDELTA). 86 The valid fl ag

i ndi cates whether the result data value for the correspondi ng ROB
entry is valid. The reorder circuit 1142 clears the valid 20 flag for each

new y allocate By, e &0 4 dl Loval i ue.
The %lgorde.r cig{:‘%g?toﬁgfngtg?gé he vg ia%ktdlngg %rﬁ@%gi&%%%?gggp
data is wri “eﬁx&é{éﬁgiﬁs‘ﬁé@dgg‘uae&i{ahﬁs?éﬂ e RE h@ﬂm%lléﬁ%&egé}ﬂéo-

The result data value 1s a s lative result fromthe out of or

execution of tE&gnmwtﬁsmgféﬂsﬁmﬁémﬁlnmhswnapanamecmﬁqtﬁeMéma' ue may
25 be either an”integer data value or a floating-point data value. For one

56 which to place the cache line.

5 The memory controller takes the modified cache line from the Implicit
Writeback Data Transfer off the bus, step 2670. In one mode, this data is '
temporarily stored in a cache line buffer within the memory controller. The
data is then merged with the data stored in the snarfing buffer, described
above, and the merged cache line is written to the main memory, step 2675.

10  To perform the merge, the memory controller combines the portion of the |
cache line in the snarfing buffer with the data received from the Implicit
" Writeback Data Transfer that does not overlap the updated portion in the
snarfing buffer.
It should be noted that although the above discussion refers to partial
15 write data transfers, the steps employed apply equally to a non-partial write
data transfer. Thatis, if the entire cache line was updated by a write
operation from the processor, then the entire cache line would be stored in the
snarfing buffer in the memory controller. Subsequently, when the memory
controller performs the merge in step 2665, the result of the merge would
20  simply be the data stored in the snarfing buffer; no data from the Implicit
Writeback Data Transfer would be used in the merge.
In one embodiment the requesting processér changes its state for the
cache line to invalid state in the Snoop Phase. In an alternate embodiment,

the processor changes its state for the cache line to shared state or exclusive



enbodi nent, the result data value field of each ROB entry REO t hrough REn
conprises 1186 bits to accombdate both integer and fl oating-point data
val ues. The flags and flag nask provi de specul ative
architectural flag 5 i nformati on. The specul ative architectural flag
information is transferred to the architectural flags of the real
register circuit 1144 upon retirenent of t correspondi ng ROB entry.
The | ogi cal destination LDST specifies a conmtted state register in the
real register circuit 1144. The result data value of the correspondi ng ROB

10 entry is tra ferred to the commritted state register specified by
LDST during Stat er‘i?f?qnéh%?n B‘fH‘ett mh%"rﬂgai‘t also has a copy oftthe cache linadat a

executing n URSReTaPRE s BTEMA dinafiehpiepen st roui 1 1132
X“Q?Qrﬁq-%é‘“lhe"%%@’wm sn%*éﬁtm%%@?so?gmrfsiﬁcﬂvrﬁé FPrdteback btz Sf“% e
cor s 1 T SRR A ST Wi i B o o T
1142 g;w ‘,;Wﬁ h
physi (r::fmm Cro- é;t?a us ﬁ&g% e rxg er mg(l:lﬂle’t WBE%%ﬁBC&gglg‘ggpﬁe;oLrge
data specifi eddﬁhgéi@sfﬂﬂé’ﬁir(iﬁé ciﬂf@lﬁf%%xﬁ@&é’state m&@%ﬁ%ﬁg@?ﬁ from

the reorder buffer 1182. The reorder circuit trans
result data valmm#alghﬂbﬁs\aséerﬁb&ﬂﬂﬁ&hépﬁ&efsftﬁ'@@ 891t5 c&he line stafplR§ci fi ed

by the physical sources psrcl and psrc2 of the phyS| cal mcro-ops to
the reservati oexchsivektateporcshared statd if bHd apents drtheslany &re kéepingdpfidl 158.
copies of the cache line. |
10 The cluster manager acts as the memory controller on the bus for
purposes of the discussion related to Fig'uré 26. For example, the cluster
manager receives the write data from the processor, merges it with the
Implicit Writeback Data Transfer from another processor, and stores the
merged cache line in its own cache. Thus, the cluster manager would have a
15  modified copy of the cache line for any subsequent requests to that cache line.
The situation could arise where the cache line processor is writing to is
invalid within the cluster and access must be made to the next level bus. In
such a situation, the cluster manager either defers or retries the request,
depending on whether ownership of the next level bus is available. In this
20 situation, the global observation of the transaction which would have
occurred at step 2635, as well as the write step 2645, is deferred as discussed
abové. | . .
As shown in Figures 22-26, the snooping agent which has a modified
copy of the requested cache line behaves similarly whether the requestisa

25 read requestor a write request. That is, the snooping agent asserts a HITM#



57 For exanple, the result data values and valid flags from
the ROB entries specified by the physical sources psrcl and psrc2 of
the pmop_O are transferred as source data srcl/src2 data_0 over the
sdurce data bus 1158. The source data srcl/src2 data-0 provides the
source data specified by the 5 physical sources psrcl and psrc2 of the
pnop-0 if the corresponding valid flagd i ndicate valid source data.
Simlarly, the reorder circuit 1142 transfers the result data val ues and
valid flags fromthe appropriate ROB entries as the source data srcl /src2

ggﬁa 1 tth[]ce)ugﬂ soug ﬁe da%aé_zgu Src 1da(;}a 3 oMer %er%née&'&acﬁxequ{ tg?%llSB
d I f

Cpeci 11 ed by  RESBhDeAREOFARHnle .%ﬁg?p 8 tnls I Ve ifbodimeng of |

through pmop- 3&&@ %mﬁéﬁfo{#%ﬁn @éasw&s@&s%u%}%tem%reorder

circuit 1142 cle ts”to 1ndicate that the correspondi ng

res gL; hdgﬁrgp 15 uﬁ@tevﬁm&réaatreqa&@mﬁﬁﬁﬁuﬁnwme Sbgid &rfpleRity BoP_0

$ everyagent.

Figure 29 shows a flowchart describing the steps followed by one
embodiment of the present invention during an invalidate cache line request.
As described above in‘Figure 22, the requesting agent issues a request onto
the bus during the Request Phase, step 2905. The request shown in Figure 29
10  is an invalidation request for a cache line. That is, the processor is issuing a
request to invalidate a particular cache line in every other cache. This might
be done, for example, if the processor has a copy of the cache line in its cache
in shared state and desires to write to it; the processor could invalidate all
other cache lines and then update its cache state to modified and write to the
15  cachelinein its own cache.
As above, all other agents on the bus do a snoop lookup, step 2910, to
determine whether one has a copy of the cache line in modified state, step
2915. In the event no agent on the bus has a modified copy of the cache line,
each agent deasserts HIT# and HITM# signals, step 2920. The invalidation
20 request then proceeds with each agent on the bus, except the processor,
invalidating its copy of the cache line and cache line ownership going to the
processor (that is, the cache liﬁe in the processor is changed to modified
state), step 2925. The memory controller then issues a normal completion

‘response to the processor, step 2930, and processing continues.



that generate the result data value are being assenbled in the reservation
and di spatch circuit 1138. The reorder circuit 1142
receives the logical destinations |Idst_ 0O through | dst _3 and the nmacro
lenstruction pointer deltas m pd_O0 through m pd_3 over 20 the | ogical
destination bus 1154. The reorder circuit 1142 stores the | ogical
destinations |dst_O through ldst 3 into the LDST fields of the ROB entries
speci fied by the physical destinations pd§@ t he physical mcro-ops prmop_ 0
t hrough pnop_3. The reorder circuit 1142 stores the nmacro instruction

poi nter deltas mpd O through m pd_3 into the | PDELTA fields of the ROB

58 entri es prvén,%bggexﬁenﬂhybus,&luchestm@h&rmenhaha physi cal
m cr o- ops nop 0O through pno For exanple, the reorder

circuit 1142 mpdtt“@eﬂqper Q dbe r@qwga‘q'@shqixpe, then other prasesspe a588F aand t he
O o R S dERe e At sk oS B 2 B ©
All other agents on the bus also deassert a HIT# signal during the Snoop
5 Phase. The assertion of the HITM# signal informs the processor that another
agent on the bus has current ownership of the cache line. Thus, ownership of
the cache line must be transferred.
As above, the internal cache states of the processors are modified in the
Snoop Phase. Thus, the cache line in the processor is changed to modified
10  state and the cache line in the other processor is changed to invalid state, step
2940. Therefore, in step 2940 the processor obtains ownership of the cache
line even though the actual data has not been transferred yet.
The updating of cache states in the Snoop Phase guarantees that
modified data is not lost. Thus, if the next request on the bus is an access to
15 {he same cache line, the processor asserts a HITM# signal because it has
ownership of the cache line. By the time data transfer must occur for this next
request, the processor wil} have the most recent version of the cache linein its
cache, as discussed above.
In the Data Transfer Phase, the other processor issues an Implicit
20 Writeback Data Transfer of the cache line, step 2945. This transfer is the entire
cache line being transferred to the processor. In one embodiment of the
present invention, the other processor places the cache line onto the bus in
response to a signal from the memory controller indicating it is ready for a
data transfer. The memory controller issues this signal during the response
25 phase when it has an available cache line buffer in which to place the cache



ROB entry specifies a commtted state register in the real register circuit
1144 for retirement of the corresponding ROB entry. The macro

i nstruction pointer delta in the | PDELTA field of a ROB entry
specifies the original macro instruction of the correspondi ng ROB
entry. 10 The reorder circuit 1142 receives wite back specul ative
resul t i nformation fromthe execution circuit 1140 over the result bus
1162. The wite back speculative res#® information fromthe execution
units EUO0 t hrough EU4 conprises result data val ues, physi cal

destinati ons pdst and fault data. 15 The. reorder circuit 1142
stores the wrilig. Teipropeser takes/therdxta off the bus) aid teaneatory rcofiirbller
execution units EU0O through EU4 into the ROB entries specified by the
physi cal dest i smatfsthesdatd sff the bulsestep 2858. Thiss, thé 2adherliredntthe process@dst i on
unit EUO through EU4, the reorder circuit 1142 stores the result dat a
val ue into thenowénmodifiedsteteland thegnain memosy alsechasttbe maest recgat yetsinro t he
20 fault data field of the ROB entry specified by the physical_ destination

pdst . of the madified cache dineq Altgronat velyomaim sowldeehangsis achestate 1140
each include a valid flag.,, Each valid flag, is stored in the valid flag
field of tie Homxelsivg statesmg%g@ Py memenyAlshhas 2 ¥plid€QPYnat i on pdst. The

execution units EUO0, through EU4 set the valid flags.to indicate
whet her the corres 'Sﬁ‘&g?%%?‘fe%%‘aregge‘)%? SUFes %Eqs,&}am\ﬁnpfe— us

hierarchy the cluster manager acts as the memory controller on the bus for

purposes of the discussion related to Figure 29. For example, cluster manager
takes the data off the bus in step 2950. In order to invalidate a cache line, the

10  cache line for all caches in all dlusters is invalidated. Thus, the situation could
arise where the cache line being invalidated is also contained within the
cluster and access must be made to the next level bus in order to invalidate it.
In such a situation, the cluster manager either defers or retries the request,
depending on whether ownership of the next level bus is available. In this

15  situation, the global obserw}atiori of the transaction, which would have
occurred at step 2925, is deferred as discussed above.

In an alternate embodiment of the present invention, the snooping
agent (i.e., the agent which has a modified copy of the requested cache line)
merges the data rather than memory controller. In the event of a partial write

20  data transfer, a processor takes the partial write data off the bus. The
processor then transfers the cache line from its own cache into a temporary
storage buffer and merges the cache line with the partial write data. Thus, the
processor maintains a modified copy of the cache line and alleviates the

memory controller of the data merge responsibility.



59 The reorder circuit 1142 receives the retirenment physica
testinations over the retire notification bus 1170. The retirenent
physi cal destinations cause the reorder crcuit 1142 to commt the
specul ative result data values in the ROB entries REG through REn to
architectural state by transferring the 5 specul ative result data val ues
to the real register circuit 1144 over the. retirenment bus 1164.

The retirenent bus 1164 carries the specul%tive results for a set of
retirement mcro-ops rmO through rm4. Each retirenent mcro-op rmO
through rm4 conprises a result data value and a | ogical destination |dst
10 fromone of thqfgBcenpletion oREe rierge)dhe Ridcessor has two optidiwe thieet i r ement

physi cal destinations fromthe retire logic circuit 1146 al so cause
the reorder cicache fortiidprdcessoransy be uptatedeorrtheicache liné mary pownitten to
the main memory. If the processor updates the cache, one embodiment
entails continuously updating the temporary buffer and writing the buffer
5 contents to cache memory only on a miss to the temporary buffer. Thus, the
processor efficiently responds to multiple requests for the same cache line.

In the second option, the processor updates the main memory. Thus,
upon completion of the merge operation the processor transférs the cache line
over the bus to the main memory. This transfer is a separate transaction, and

10  thus is accomplished by arbitrating for the bus and issuing a write to memory
request in the Request Phase when granted access to the bus.

Thus, it can be seen that according to the present invention, cache
consistency is maintained in a pipelined bus system. In one embodiment,
memory accesses are satisfied in a single transaction, regardless of whether

15  the data accessed is contained in a main memory unit of the bus or a cache
memory within an agent on the bus.

It should be understood by those skilled in the art that although the
particular embodiments shown above discuss read, write and invalidate
operations, the present invention is not limited to these operations. Other

20  operations which may be issued over the bus are also within the scope and
spirit of the present invention.

Whereas many alterations and modifications of the present invention
will no doubt be compfehended a person skilled in the art after having read
the foregoing description, it is to be understood that the particular

25 embodiments shown and described by way of illustration are in no way



deltas for the retiring ROB entries to the restart circuit 1148 over the
macr o instruction pointer offset bus 1120. 15 The reorder
circuit 1142 receives the reorder clear signal 1178 fromthe restart
circuit 1148. The reorder clear signal 1178 causes the reorder circuit
1142 to clear all of the ROB entries. Figure 12 illustrates a
| oad nmenory circuit in the execution circuit 1240. The | oad nenory
circuit conprises an address generation circuit 1200, a 20 menory )
ordering circuit 1202, a data translate |ook-aside buffer (DTLB)

circuit 104, and a data cache circuit 1206 5 The address
generation circuit 1200 receives dispatchea | oad nenory physi cal

m cro-ops fromthe reservation and dispatch circuit 1238 over the

i - di tch.,b 260. ., di t d Load hysi.cal, m - 25
e Op P RaaiT, hR 20l S BRSLcHS o SRS FERLL ALl 0, 2
60

particular embodiments are not intended to limit the scope of the claims
which in themselves recite only those features regarded as essential to the

inventon.

Thus, a method and apparatus for supporting read, write, and
invalidation operations to memory which maintain cache consistency have

been described.



data val ues srcldata and src2 data, a physical destination pdst, and a | oad
buf fer identifier—tbid— The address generation circuit 1200
determ [ I ress for each di spatched | oad nenory physica
i Ccro- ogmnﬂywm”@@ﬁ source data 5 values srcl-data and src2_data.
The |inedr &addsess <2l so be referred togas a virtual address. For
one enbodi nent, the address generation circuit 1200 i npl emrents nenory
segnent registers and generates the |inear address according to the
menory segnentation of Intel Architecturechhpoprocessors. The
address generation circuit 1200 transfers™inear |oad nenory 10 m cro-ops
to the nmenory ordering circuit 1202 over a linear operation bus 1290.
Each linear |oad nenory operation on the |linear operation bus 1290
corresponds to a dispatched | oad nenory physical mcro-op received over

the mcro-op dispatch bus 1260. Each linear |oad nmenory m cro-op

conpri ses the opcode of the corresponding | oad nenory physical mcro-op, 15
the linear address _addr determined fromthe correspondi ng source data

val ues srcldata and_src2_data, the correspondi ng physical destination pdst,

and the cor®espondi hg& suapwier systemdadudingsr | bi d. The nmenory
ordering circuit 1202 contains a |oad buffer. The nmenory ordering
circuit 1202 receives th&PHfmear | oad nenory micro-ops over the 20 |inear

operation bus 1290. The nemar.y, ordering circuit 1380 stores the |inear
| oad menory micro-ops i-nasﬂ@ﬁr%‘é%%%m?&SYé&%mePR ‘f@é\?&’@orrespondi ng

| oad buf fer i dentifier | Bicdy; INGRDEE RIS RO AGHE Lok Rl P2t ches
system, and including, )

10 a cache consistency mechanism for ensuring consistency
of data among various level(s) of cache within the memorsr system, the cache
consistency mechanism including,

an external bus request queue for ensuring that

requests to a same address are issued and serviced on the bus

15 - according to a predetermined memory ordering scheme.

2. The computer system of claim 1 wherein the external bus request
queue comprises:

a FIFO for queuing external bus requests.

20 '

3. A method of operating a computer system to maintain memory
consistency, the computer system including a pipelined external bus, one or
more CPUs coupled to the external bus and including an external bus request
queue, 2 memory system including a main memory and one or more levels of

25 cache and coupled to the external bus, the method comprising the steps of:



linear | oad nenory micro-ops fromthe |oad buffér to the DILB circuit 104
over the linear operation bus 1290.

“m“”um circuit 1204 receives the dispatched linear |oad
r:rermry J' ,I omthe menory ordering circuit 1202 over the |inear
operaticoh ¢ ' bWls %4290. The DITLB circuit 1204 provi des a physical address

to the data cache circuit 106 over a read bus 1294 for each linear

| oad menory micro-op 5 received fromthe gEm)ry ordering circuit 1202.

The DTLB circuit 1204 converts the corresp lhdi ng |inear address 1 addr
into a physical address for the nmenory subsystem 1226. The DTLB

circuit 1204 maps the |inear address 1_addr of each linear |oad nenory

m cro- op i ntexesufing siprapramondbe GRlddheiprggtam inqhuding aphirality ofem)ry
paging 10 nmechanism The DTLB circuit 1204 transfers the mapped
physi cal addr &gmory data requests which the program expects will be serviced according

to a predetermined ordering;
issuing the plurality of data requests onto the external busin a
5 pipelined ordering; |
queuing the issued data requests in intries of the external bus request
queue to monit;)r status information regarding each issued data request; and
updating the entries to maintain memory consiétency, ensure that each
request receives current data, and service the requests according to the

10  predetermined ordering.

4. The method of claim 3 wherein the CPU includes a bus agent (DCU,
IFU) having L1 cache memory, and wherein:
the issuing step includes the bus agent issuing a request specifying
16 given data and indicating that it has not looked in the L1 cache for the given
data; and
the method further includes the step of, responsive to the bus agent
indicating that it has not looked in the L1 cache, self-snooping the L1 cache at
a later time.
20
5. The method of claim 4 wherein the external bus request queue
includes a FIFO having a start and an end, wherein:
the queuing step includes entering requests at the start of the FIFO;
the updating step includes advancing requests from the start toward
25 the end of the FIFO; and '



correspondi ng |inear address |addr of each linear |oad menory mcro-op to
the nemeryordertng—cireuit 1202 over a physical address bus 1296. The

menory I 11202 stores the physical addresses for each |inear
15 Ioi@u ﬂglﬂﬂm&ﬂv in the corresponding |oad buffer entry. For one
enbodi s «ordering circuit 1202 stores a portion of the

physi cal addresses for each |linear |oad nenory mcro-op in the

corresponding | oad buffer entry. . 95 The data cache circuit 1206
reads the data specified by the physical 20 address on the read bus 1294.
I f the physical address causes a cache mss, the data cache circuit

The data cache of rRBICTOR GO BEFAPRER S SRESEE (1 om the - menory
L AR A O e e o
62 " THES S3t&i6A4Y Ssstbl iilest A RADBE&S SndeP&i frRB¥hs €SUl t
external bus request queue and has passed the L2 cache, and
5 if a same address conflict is found, blocking the current request

by sending it back to the start of the FIFO.

6. A computer system substantially as hereinbefore

described with reference to the accompanying drawings.

7. A method of operating a computer system to maintain

memory consistency, substantially as hereinbefore described.



corresponding valid bit, and fault data for the read access to the reorder
circuit 1242 and the reservation and dispatch circuit 1238 over the result
bus 1262. The .result bus 1262 al so carries the physical destination
fromthe 5 corresponding | oad buffer in the menory ordering circuit 1202.
The menory ordering circuit 1202 senses or "snoops" bus cycles on the

"mul tiprocessor bus 1228 through the bus interface circuit 1230 over the
interface bus 1274. The nenory orderi circuit 1202 "snoops" the

mul ti processor bus 1228 for an exter “®store or read for owner shi p
operation 10 by one of the processors 1223-1224 that may cause a processor

ordering viol ation for one of the dispatched |inear |oad nenory

m cro-ops. The menory ordering circuit 1202 "snoops" the

mul ti processor bus 1228 for an external store operation targeted for -
t he physical address of an already di ed linear |oad nenory

m cro-op stored in the l.oad buffer. 15 ring retirenent of each

| oad nmenory physical mcro-op, the menor rdering circuit 1202
generates the meggry ordering restart signal 1276 to indicate a
possi bl e process ordering violation accordijngjto the snoop

det ecti on. Fi guye—+3—++hustrat es processor 1320 for one

internal data cache 1302,

a menory access circuit on fetch pipeline 1306, an

enmbodi ment. The 20 proces;or§%320
04,
out - of -order dispatch circujt 8,
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and an execution circuit 110. The processor 1320 further conprises an in-
order queue circuit 1300, a snoop queue circuit 1312, and an outstandi ng
transacti on queue circuit 1314.

6.3 The instruction fetch pipeline 1306 fetches an instruction
stream from the nenory subsystem 1326 according to a sequenti al
program order. The I nstruction fetg?apipeline 1306 transfers the

i nstruction streamto the out-of- er dispatch circuit 1308. The

out - of -order dispatch circuit 1308 di spatches 5 i nstructions of the
instruction streamto the execution circuit 1310 according 'ﬁrn
2? ces in

availability of source data for the instructions and execution
the execution circuit 1310 rather than the sequential program ofd &
The out-of-order dispatch circuit 1308 di spatches nenory acg E

I nstructions |nclud|ng_Lead—and—s%eﬁe—+nskﬁuqt|ons to the m =ss
circuit 10 1304. The jrenory access circuit 1304. executes t access
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i_nstructions by accessing the internal data cache 1302. The nenory access
circuit 1304 enters communi cation transactions in the outstanding
transacti on gueue circuit 1314. Each entry in the outstanding
ts ansacti on queue circuit 1314 corresponds to a conmuni cation
transaction issued by the processor 15 1320 over the bus 1330. Each entry
in the outstandi ng transacti on queue 2&ircuit. 1314 i ndi cates whet her
t he correspondi ng comruni cati on transaction is deferred, and indicates
the final cache state fo# tswe—cache ITng according to conpl eti on of
t he comuni cation transdct; | The in-order queue circuit 1300
| ogs bus transaction infijor itn for 20  the bus 1330. Each entry in the
i n-order queue circuig 13 zol r esponds lto a transaction on the bus
1330. Each entry in e linf oyder] queue gircuit 1300 i ncl udes the
status of the DEFER ahﬂéHl M<s| ghal s for, the®orresponding

n

transacti ons. The outssandTg_}rknsactidn qu@ue circuit 1314 obtains
information to determ the®f| nhl _cachgq stat® for communication

transactions 25 fromthd i n-gr el pueye lci rc®it 1300.
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64 The snoop queue circuit 1312 reads the status of
and HT™M signals fromthe in-order queue circuit 1300. The
gueue circuit 1312 det erm nes snoop ownership transfers for
of the in-order queue circuit 1300. The snoop queue circuit
determ nes whet her a transaction 5 requires that the processor
up snoop ownership for a cache line, or
the cache line, or regain snoop ownership during a deferred

transacti on. The nenory acdess gjrcuit 1304, and the
out standi ng transacti on queue cirjcuit 314 maint

t he DEFER
snoop

each entry
1312

1320 pick

2 ost pone snoop ownership for

Rin the cache states

for the cache lines in the intergmal cache 1302. The¢ cache states for
the internal data cache 1302 co |se ed bt at e, an excl usi ve
state, a shared state, and an i w@ | cache i 7 t he
invalid state is not a variabl e [&It 4l data cache }802.
A cache.line in the nodified st gﬁgis; n nodifi¢ Fmin the
internal data cache 1302 A nodi fied cad ¥ in the i Ngl data cache
15 1302 is not current in the nenory subsy m 1326 of injazalid state in
any of “the internal dat@ caches df the processor$ 133%-1323 or the
i nput / out put - subsystem 1325. Similjarly, a nodifigd cache line in the
i nternal data cache 1302 i&-not\stored in the neRory. s ystem 1355 or
in any of the internai data Tycgthed of the proces§ors¥m%§a-1352 or the
i nput/ out put subsyst efn 1354 w % 9 Tl
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20 A cache line in the exclusive state is stored in the internal.
dat a cache 1302 The exclusive state cache line is also current in

ei ther the nmenory subsystem 1326 or the menory subsystem 1355.
A-cache line in the shared state is stored in the internal data cache 1302.
The shared cache line may also be stored in an internal data cache one of

any - 65 of the
processors 1321-1323 or 1350-13525apd is current in either the nenory
subsystem 1326 or the nmenory subsystem 1355. Figure 14

Il lustrates the node interface circuit 1424 for one enbodi nent. The

node interface circuit 1424 conprises an in-order gqueue 5 circuit 1470,
an i nbound queue circuftT IZ74—andan out bound queue clrcujt
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1476. The node interface circuit 1424 further conprises a conflict detector
circuit 1472, a cache coherency manager 1478, an a renote interface circuit

1480. The in-order queue circuit 1470 | ogs conmmuni cati on
transaction 10 information for the bus 1430. Each entry in the in-order
gueue circuit 1470 corresponds to a transaction on the bus 1430. The
i n-order queue circuit 1470 traggdeer s conmuni cati on transactions that
require access to the bus cluster 1412 into the inbound queue circuit
1474. The in-order queue cirkcuit 1470 creates deferred reply

transaction entries in the outbound queue circuit 1476 15 for
communi cation transactions that require access to the bus cluster 1412 and

BUS INTERFACE

consequently a later deferred reply transaction. The _renote
interface circuit 1480 accesses communication transacti@p firom t he
i nbound queue circuit 1474 and perfornms the required access to the bus
cluster 1412 over tjhe systeminterconnect bus 1440, The rermdle i nterface 20
circuit 1480 collects returning. gaqhglé ﬁ snoop st 4t us lf romt he
bus cluster 1412 and wites the In ata and SnO)p @5 into
t he appropri atje deferred reply ransac |on entries in the bound
gueue circuit T470. fﬁ? out bound gueue crreurt—ig7Te |>¢ues t he
assenbl ed deferred reply 3tra.nsactl orfa2®ver the bus @230. 1h$ renot e
interface circuit 1480} r es 25 co 56 renote fransgCtiong firomthe
i nbound queue circuit 147, TA STD
— > I
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66 The conflict detector circuit 1472 accesses the i nbound

queue circuit 1474 and the in-order queue circuit 1470. The conflict
detector circuit 1472 determ nes whet her a transaction |logged in the
i n-order queue circuit 1470 is targeted for that sane cache line a
renote transaction | ogged in the inbound 5 gueue circuit 1474. The
conflict detector circuit 1472 enters an invalidate |ine entry for a
back invalidation transaction into the outbound queue circuit 1476 i f

the conflicting renpte access to a cache line is detected. The back

I nvalidation transaction is later issued/aZver the bus 1430 to cause a retry
of the conflicting access. 10 Fi gure 15 shows an exanpl e of
an abort and redispatch processﬁﬁgure +ogram fl ow sequence 1501 havi ng
mul tiple states 1502-1512 is sh ‘%F
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Specul ative processing |leads to a specul ative | oad R2 being conpleted

before .

a prior

| oad buffer when

violation results in the R2 15
1509- 1512 being cl ear ed.
Fur t her nor e,

al |

re-cal cul at ed.
subset of the physical
m ght cause fal se snoop hits if 20

addr ess.

Later,
the foll owi ng specul ative states
In the currer®/By preferred enbodi nent,

t he externa
| oad 1508 al ong with al
t he

‘R2 | oad is redispatched.

load RI. This violation.is detected by snooping the
store W2 is executed. The detected
subsequent states

1514- 1516 are
only a

address bits are snooped. This enbodi nent
address matches an ali ased

the parti al

correctness of processor ordering. However,

in the generaign of‘;alse viol ations and viol ation
Excessive fal hits woul d degrade performance
utilizing a s
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67 manages stores in chunks of cache lines (e.g., 32 bytes), so the
store is only visible over that range (e.g., 32 bytes).

Figure 16 is a flowhart describing the steps for providing a menory

consi stency nodel (i.e., process ordering) in a nultiprocessor system 1In
step 5 1601, strict processor .ordering is inposed on stores. In other .
wor ds, stores are not allowed to pass other stores. Loads are all owed
to pass other | oads or ot her stores. Wen another processor perforns a
store, the original processor's | oaghsdouffer is snooped, steps 1603 and
1604. A determination is made as to whether the snoop results in a
hit, step 1605. A hit occurs if the 10 store matches the address of a
| oad curre il il G uffer. If

result in 1601 is regeatet Nofje
non- snoop oads are afl owelfjto
normal ma If the sngop r¥sult

det er m nat he 15 | oag@ bufger
| oad t hat 1607. If tQere @
earlier out npl eted sté& prrre
| oads are 6Q Retirenent refers to
renovi ng Qﬁ'a?ton fromthe re-order
comm tting br TPer manen : ur
was desi grigt & 31 ructi on i ¥ rppeated
fol |l ow ng ep : processPr viuoPat i has] occurred
and is det%tg?j. he Vi oljpyi ol cajisep a fault x>
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stgnal to be generated. The fault signal fromthe nenory subsystemis used
to abort the illegal load (i.e., the | oad which caused the violation), step
1608. Next, the program sequence following the illegal load is
aborted and restarted 25 at a later tinme, step 1609. The process repeats,
begi nning with step 1601.

68 Figures 17-18 is a flow cggrt that illustrates the
handl i ng of a communi cation transact 1% by the node interface circuit.
At bl ock 1700, a ¥requesting bus agent initiates a comunication

transaction over the Pus. e ——— A= dees+eR-block. 1702 the node
interface circuit det & nireS her 5 t A
cormmuni cati on transact ?on gdm HeaSQt i i

t he request can be conﬁ lg\/\gtﬁ t t @ee
proceeds to block 1704. At “tefk 11704, de inter
conpl etes the requested c%n unicati:on T TANTANT DA TNI-
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deferring the comunication transaction.. 10 | f the node interface

circuit determ nes that the request cannot be satisfied within the bus
cluster at decision block 1702, then control passes to deci si on bl ock
1706. At decision block 1706, the conflict detector circuit det er mi nes

whet her a deferred transaction is pending that conflicts with the

conmmuni cation transaction. A pending deferred transaction conflicts with 15
t he conmuni cation transaction of the pendFH% deferred transaction and the
conmuni cation transaction target the sane cache |line data. If a pending
deferred transaction does not conflict g¢th the communication transaction

then control proceeds to bl ock 1708. -~ At bl ock 1708, the node
interface circuit defers the conmuni cat®on 20 transaction by asserting the
DEFER si gnal during the snoop phase of conmuni cation transaction
and then asserting a deferred response ﬁhrlng t he response phase of
t he communi cation transacti on. The_not m&terface al so creates a
deferred reply transaction entry in t heeout bound gueue. Thereafter, at
bl ock 1710 the renote interface circui onpl etes the comruni cation 25
transaction by accessing thg bus clug;er At block 1710, the renote
interface < %ﬁ 1_§‘A ..
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. 69
by the

new cache

correspondi ng deferred reply
Thereafter,

5

at block 1712 the noetigsi nterface circuit

circuit receives a new cache state for the cache line specified
communi cation transaction fromthe bus cluster and places the
state and cache line data if necessary into the
transaction entry in the outbound queue.
initiates the

correspondi ng deferred reply transaction fromthe outbound queue onto the

bus.
t he
requires aretry

At deci sion block 1814,

if not successfully conpleted to the bus

the n@de interface circuit detern nes whether
communi cati on transactioqw{equires a retry. The transact.ion

cl uster

1712. If the conmunication 10 traQSaction requires retry at decision block
1814, then controf -preceetsto— — = proek-4836+~ — = = = — -At, bl ock 1816,
the node interfacg circuit asserts the DEFER si gnal durng t he snoop
phase of the deferrgaTeEpty Tramgacti on. ThErearter ar btocthy | 1818, the
node interface cikcdit drops snopp ownership for e cache l}ine 15
specified by the ponnun&gg;ion t ion,|]and ae &l ock 1819 t he node
interface ci rcuitl idi cgt®& a +efry for] t he] commutii ati an traﬁsaction. The
snoop ownership is gssu ~§W'%P¢ origijnal feques®i:8g bk adert for the
comuni cation trahsdctigmo T [T If the trafsactien ddeg not require
retry at decision bljock 1814 t heg : |
! i
! i
| |
b 1
L E g .2 s.: i
| §EE 3l E52
I =~ - ogxE
. ‘S-QO — i
{ I —
| LV
| : 8
l 2S£ 1 ke
| <35 E s
§E20 T e _ [ <Y
! B3 o g !
[ I=8 - -
| oS BE:E 3 I
| EQ & I
SE S N
! 2UE - |
I
! |
] 4 i
! I
! i
} 1 i
S FT ok !
| 528 3 > 298 |
I &0 « w3 A |
! & ,
1
l
| f |
3

This Sheet Has Been Reilaced

(AR



20 control proceeds to decision block 1820. At decision block 1820, the

node interface circuit determ nes whether the cache |line specified by
t he comuni cation transaction is shared with a bus agent coupled to
t he bus cluster. If the cache line is shared then control proceeds to
bl ock 1822. At bl ock 1822, the node interface circuit asserts

the H'T signal or the 25 H TM signal duit3/fdg the snoop phase of the
deferred reply transaction :

70 according to the snoop results for the conmunication transaction
fromthe bus cluster. If the cache Iine is not shared at deci sion

bl ock 1820 then control proceeds to fl ock 1824. At Q 1824 the node
interface circuit does not assert th 436 the HT ¢ gnal during

t he snoop phasé ©f TTHE TeferTed 5 repry §/ansaltion=™ IT Tl theT case,-at

bl ock 1826 thd_node interface circuit passes snoop ownership for sthe
cache line oféconnunication transaftromtUu he requesting bus agent.

| f a pending deferred transaction does conflict Wth the conmunicatio
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transaction at decision block 1706 then control proceeds to decision block
10 1728. At decision block 1728, the node interface circuit determ nes

whet her mul tiple deferred transactions are enabled. If nmultiple
deferred transactions are not enabled then control proceeds to bl ock
1730. At bl ock 1730, the node interface circuit indicates a retry for
t he communi cation transaction. The requesting bus agent |ater retries
t he conmuni cation transacti on thereby 15]2]?Qwﬁng time to conplete the
pendi ng deferred transacti on. / multiple deferred transactions
are enabl ed at decision block 1728 t hen control proceeds to bl ock
1732. At block 1732, the node inRterface cirguit defers.the

conmruni cation transaction asserﬂ?ﬂgglmff@E signal during the shoop
phase and ‘indicating a deferred re&onse during the response phase of 20

t he conmuni cation transaction. Thereafter, at block 1734 the
first pending defefred transaction is conpleted in accordance with the

sequence of bl ocks 0-1712 -and 1814- 1826. Thereafter,
at decision block 1736Ythe cache, coherency nmanager 25 determ nes whether a
conflicting snoop TS Mi {¥8s between the first
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71 deferred transaction conpleted at block 1734 and the

‘communi cati on transaction deferred at block 1732 (the second deferred
transaction). A snoop ownership conflict exists if the first and
second deferred transactions target the sane cache line. If a
conflicting snoop ownership does not exist at 5 decision block 1736 then
control proceeds to block 1738. At bl ock 179926 t he node interface
circuit conpletes the comunication transaction deferred at bl ock 1732
in accordance with blocks 1710-17 and 181? 1826. If a
conflicting snoop ownership exi st n bl ock 1736 t hen

control proceeds to block 1740. At b ock 1740, the node interface CIrCUIt
10 initiates an invalidate |ine conmunication transaction on the bus to
t he requesting bus agent' for the conflicting deferred transaction
conpl eted at bl ock 1734. The invaljidation request is a back - -
invalidation for the first de saction that invalidates t he
cache line having conflicting snoop Oy ershlp Thereafter at bl ock
1742 the node interface circuit conplet ' ' nacti on
deferred at block 1732 in accordance wi¥h Dbl ocks
1814- 1826. Fi gur ¢
by a requesting bus age
initiates a read transaction

1710 1712 and
19 is a flomchangzyll ustrating a read }equest

b@pégg Ej%%ﬁgcgj§b requesti ng bus aggnt
5RDERI@61\P LTORES
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20 During the snoop phase of the read transaction at decision bl ock
1902, the requesting bus agent senses the state of the DEFER and the

H TM si gnal s on the bus. If the DEFER signal is asserted and the H TM
siegnal i s not asserted at decision block 1902 then control proceeds to
-bl ock 1906. O herwi se control proceeds to block 1904. At bl ock 1904,
the requesting bus 72
agent perforns nornal cache state tré@@&icww because the read transaction
S conpl eted in-order. he requesting bus

Bis 48t

agent does not assunme snoop o] gg gn aehe | ine specified by
the read transaction. At decision 5 &wnt e . requesti ng bus agent
checks for a deferred response during >t

*Sponse phase of the read
transaction. |If a deferred response is not i ndi cat ed %t deci si on
bl ock 1908 then control proceeds to bl ock 19%

12 bl ock

Complete requested
transaction

in-order
1708
17 30
Assert DEFER during
Indicate snoop phase and assert
retry d;ferred response
during response phase
1710
Assert DEFER . Complete requested
during snocp phase | transaction by access
and assert deferred to other cluster and
. response during : receive new cache state
response phase l D)
v )
Complete first :134 Initiate defen:ed
deferred transaction : reply transaction

J738
Initiate invalidation Complete second
request to the first deferred transaction
deferred bus agent
|
Complete second :_..) @ :
deferred transaction )

(=)

Figure i+ T =
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1910 the requesting bus agent retries the read transaction if the addressed
bus agent indicated retry during the response phase of the read
transaction. 10 If a deferred response is indicated at decision
blrock 1908 t hen contr ol proceeds to block 1912. At bl ock 1912, the
requesting bus agent waits for a deferred reply transaction on the
bus. Thereafter, at decision block 1914l1¥%Re requesting bus agent

senses the DEFER signal during the snoop phase of the

deferred reply

transaction. If the DEFER signal is asserted during the snoop 15 phase of

the deferred reply transaction then control
bl ock 1916 the requesting bus agent naintai g
transaction in the invalid state, Thereaftery at bl ock
bus agent_retries the read transactiony r ¢4,
transaction over the bus. 20

deci sion bl ock 1914 then contro
dEC!SIOH bl ock 1920, if the H

requesting
agent
2

jtiating the rea%
t he DEFER signal is noglé

ar oceeds to bl ock 1916. At
cache line of the read

1918 the requesting

Drop snoop ownership
for addressed line

824
Assert HIT or HITM as Do not assert HIT or HITM
appropriate during during snoop phase
snoop phase

o

Drop snoop ownership
for the addresed line

1826

- | Figure 13
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819

Indicate
retry —
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73 t he requesting bus agent assunmes ownership of the cache |ine
specified in the read transaction in the shared cache state.
If the HHT or the HHTM signal is not asserted during the snoop phase
of° the deferred reply transaction at decision block 1920 then control 5
proceeds to block 1922. At bl ock 1922 tﬁg ﬁiquesting agent assunes
ownership of the cache line specified i { read transaction in the
excl usi ve cache state. Figure 20-is a flowhart
iIIustrating a wite transaction Q |nvaI|dat|on transaction by a
i t he requesting bus
agent initiates the wite or in\aieadsransattiemgact ion over the bus.
During the snoop phase of the wi dation transaction at
deci si on bl ock 2002, the requesting busfagent senses the state of the DEFER
and the Hi TM SMQQ%bUS. | f theXDEFER signal is asserted and the 15
H TM si gnal at decisigh B ock 2002 then control proceeds to
bl ock 2006. CIhermnse control proceeds to % otRO04. At bl ock 2004, the

' ' {.ate transitions because the
wite or invalidation transa¥esoy i BECeN i n- or 6 .

_1qoH
Do not accept Normal cache
snoop ownership L 190 state transitions
via transaction
]
transaction |~/ 'O die;'lr;d ~ 192

Keep cache line Y

in "invalid" state ©

Y

Retry
transaction ~ 1U8

Assume the cache Assume the cache
line in "shared" state line in "exclusive” state

N G e
B == T

~ 1822




Ak bl ock 2006, the requesting bus agent does not assume snoop 20 ownership
for the cache |line specified by the wite or invalidation transaction.

At deci sion block 2008, the requesting bus agent checks for a deferred
response during the response phase of the wite or invalidation

transaction. If a deferred respon§g/ s not indicated at decision block
2008 then control proceeds to bl oc 5010. At bl ack 2010 the requesting
bus agent retries the

74 wite or invalidatio
i ndicated retry during th the wite or invalidation
transaction. If a Nefergad. s indicated at decision

bl ock 2008 then contr ol p 2012. At bl ock 2012, the
requesting bys agent waits for a 5 deferred reply transaction on the bus.
At deci sion bl myef he DEFER sifynal is asserted during the

snoop phase of e “reply tragSad ioné&g& control proceeds to
bl ock -

No
_ =eH
Normal cache
Do not accept ac!
snoop ownership | sc0t0 state transitions
via transaction
Wait for .
Retry : —~ S
transaction |~RGO deferred reply
No cache )
state change ~AS6

v

Retry
transaction ~ <D

Read returned Change cache
cache line during :
data phase of e ”exgﬁisfv?' or |~ataz
deferred reply "nodified” as
‘ appropriate
Merge returned )
cache line with
internal data and |~2c34
write back to :
internal cache —
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2016. At bl ock 2016, the requesting bus agent perfornms no cache state
changes for the cache line specified by the wite or invalidation
transaction. 10 Thereafter, at block 2018 the requesting bus agent retries
tHe wite or i nval i dation transacti on over the bus. If the
DEFER signal is not asserted during the snoop phase of the deferred
reply transaction at decision block 2014 then control proceeds to

deci sion bl ock 2020. At decision block 2020, the requesting bus agent 15
det erni nes whether the HHTM signal ‘is asserted during the snoop phase of
the deferred reply transaction. If the 28/261signal is not asserted at

deci si on bl ock 2020 then Control proceeds to bl ock 2022. At bl ock 2022
t he requesting bus agent changes the cache state for the cache line of
the wite or i nval i dation trangaction to the exctusive state or the

nodi fied state as 20 indi
H TM signal is asserted dufing_ theNsopop ptra
then control proceeds to b} ockESTERNALABUDI| ock
agent reads the returned cache line during the d
reply transaction. Thereafter, b thej reque
nmer ges

ated by the Spgpyresults. If the
e at deci i on bl ock .2020
P4 thej requesting bus
Fse of the deferred
sting bus agent
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72 the returned cache line with internal data-and wites back the

nmer ged cache line into the internal cache of the requesting bus agent.
Figure 21 shows a flowchart describing the steps of one enbodi nent for
eXecuting a transaction. Initially, the external bus perfornms a snoop, step
5 2101. Next, a determnation is nmade as to whether there has been a store
transaction on the external bus, step 2102. If so, step 2101 is repeated.
Ot herwi se, a determination is made aszig@swhether there has been a load to

t he sane address, step 2103. If there has been no load to the sane
address, step 2104 epeated. O herwi se, the |load and the

specul ati ve progress yed, step 2104. The execution is then
restarted fromthe | oa¥ e 07 Figure 22 shows a flowchart
describing the steps foll oweg by onexxpgs enbodi ment of the present
invention. Initiallyf an agent on thg~processor- menory bus issues a
request on the bus, st 8uSFHEMJESTERge}i ng anot her agent on bus, or
perhaps a device on py!iSiRS REOYERT The request is issued in the 15

Request Phase, after-Lhe—po;assaL-hs awar ded the bus during the
Arbitration Phase. Lf n® errors=%36ur which require abortion of the

request in the Error Phase Ilfaﬁents on the bus do a snoop | ookup in
t he Snoop Phase, stebp A {F§§gbog During the Snoop Phase, each agent
perform ng a snoop | pokup deterjines whet her it has the cache line
corresponding to the™equestrm 20 nhodified state, step 2215. If no agent
on the bus has a nodified cogy of the .cache line, then each agent on

t he bus deasserts H TM¢ an BRIfsserts or deasserts H T#, step
2216. I n some situation y keep their cache lines in shared
state, depending on t N@equest; these agents

[ _ .
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agsert a HI T# signaL All other agents deassert a H T# signal. Each agent on
25 the bus then changes the state of its cache line to its target cache
state, step 76

2220. This target cache state is dependent on the nature of the request

| ssued in step 2205 and is dlscussed2 nore detail below The
processor then recei ves a response fronlthe target agent, nenory the
controller in the Respaonse Phase, step 2225. |f necessary (e.g., a
read request), the processgr 5 al s® receives data fromthe target . agent
in the Data Transfer Phase However, if an agent performng a
snoop | ookup does have a npDO ‘

of the correspondi ng cache
| ine, then the processor signal during the Snoop

Phase, step 2230. In addItIBU$R§DUE%TﬁFE‘I‘ agents on the bus deassert a
H T# signal. The processd ## because in normal 10 operation

in this enmbodi ment a prod | HIT# when it asserts HI TIM#.
Al other agents deassert Hl T# because n8>t her agent can have a valid
copy of the cache line if tm%%ggﬁgggr fras a nodi fi ed copy. Al agents
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on, the bus observe the HI T# and H TM# signals. The H TM# signal fromthe ~— =
processor informs both the processor and the menory cont r ol ThisiShéetads RbdpG §ced
processor has the nobst recent version of the requested cach t
any access to that cache |line should therefore involve the mmm’lgwl
cache line contained in the processor. The response by the

and the menory controller to the H TM# signal is dependent on the
nature of the request, as described i232fnre detail bel ow. 20

Next, each agent on the bus which nust cha%ﬁihe state of its cache

line to its target cache state, step 2%35. | Azrget cache state is
dependent on the nature of the request {ssued imogtep 2205 and is

di scussed in nore detai|l bel ow. UE I equest i ng agent
receives a response during the Respo 1se E n?é 4t ep 2240. The .cont ent

of this response is dependent on the}ini Up@ Afmuest
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wiet her the target agent can respond, and whether a H TM# signal -was _
asserted by an agent on the bus. If the H TM¢ signal was asﬁggted by t he'

pr.ocessor, then data fromthe processor is placed on the bu o) laced
D&t a Transfer Phase. The nenory control |l er and/or thez

then latch, 5 or take, the data off the bus. How the neno M/ﬁﬁ’
and/ or the processor use this data is dependent on the origina
request, lescr i din nor e detajds bel ow. The processor,
after assert ﬁg t H TM# si gnal , aces t he tire cache line onto
the bus in the Data Transf er Phase '?Feﬁfz is action by the 10

processor is terned an "Inplicit Witegback Data Transfer." The Inplicit

Witeback Data Transfer is perforned a processor in the Data Transfer

Phase of a transaction when that progégsor asserts a H TM# signal during

t he Snoop Phase for that trans 428 Fi gure 23 shows a

fl owchart describing the steps folAowed K enbodi nent of the

present invention during a rgad T The requesting
i - Phase,

dt targeted to

the main nenory. As abovg ohts on the bus per{fforma snoop

| ookup, step 2310, to dej an agent has a co y of the

' h
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In the event no agent on the bus has a nodified copy of the-cache Line,
fhe steps which are foll owed are dependent on whet her an a ent has a copy

of the cache line in a valid state, step 2320. If an age §ced
tthe cache line in a valid state, then that agent as I
signal and deasserts a 25 H TM# signal, step 2325. All

val id copy deassert both H T#

78 and H TM# signals. Thus, 4shss agents on the bus know that one or
nor e agents have a valid copy of the cachie Iine, but that no agent has
a nodified F,g-@pys?qf the cache line. Therefore, each agent on the bus
with a valid copy of the cache |ine changes that cache line's state to
shared state, step 2330. Th&ob 8ide ng agent also changes its state for
that cache line to shared state. begause the processor will be
receiving a valid copy of the cache ling in the Dat a Transfer Phase,

as descri bed bel ow: I n an
24, each agent changes

t ernat e enbodi nent, shown in Figure
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sigate to its target state dependent on the original readTﬁg uest. AS shown

In 10 Figure 24, the target state is dependent on whet hej Has B B 5
request was a read all ocate request, step 2428. The P aced
r&uest no read all ocate, for exanple, to indicate i I//l ﬂ
mai ntai ning a copy of the cache line inits cache. If the p or
requests read allocate, then each agent on the bus with a valid copy
of the cache line, including the processor, changes that cache 15 l|ine's

state to shared state, step 2431. Howevéf/2§ f the processor does not
‘request read allocate/ then each™gent on the bus maintains its cache state
for t hat cache I\i ne, BEGBY 24B2. Thus, an agent in exclusive state
remains in excl uSt= et-e=—find agents in shared state remain in shared
st ate. ) di ment of Figure 23, step 2320, in
the event no 20. agengy§ FS a valid copy of the cache line, then
all agents deassert|gsues MALIDATIENdNd H TM# signals, step 2335. Thus, the
processor changes i he cache line to exclusive state

because it will be ™= ’ line fromthe nenory controller
in the Data Transf ef—RhaseYald w:1."_,"Qgents . keep the cache line in
invalid state, step 23QEENTSSNOOP .
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79 The nenory controller satisfies the read request,

regardl ess of whet her an agent had a valid copy of the cache |ine,
because no agent had a nodified capy of the requested cache line. The
menory controller issues a normnal response in the Response Phase to

t he processor and places the corresponding 5 data on the bus during the
Dat a Transfer Phase, step 2350. The processor then retrieves the data
fromthe bus, step 2375, and proceeds tgsyhidy ze the data as needed.
Returning to step 2315, if an agent onThe bus, such as a pr&deuzer 4) has

a nodified copy of the COMPUEER SYSTRCARD IMETHOD FORMALREATNIRG OEHORY asserts a
10 HITM#¥ signal and deoSMSISTENGY HN R#PERELMNED ,dNON-BUOCKIRG SwoemNdhase, step

2355. Al'l ot her agBif REQUESTh@URVEs deassert both H T# and H TM¢
signals. The assertion of the HI TM# signal 1nforns the menory
controller that another agent on the bus has the npbst recent version

Shoul a not transf er 4 Feparer yafem. apd A SEHGK BN Be By kIR T 1he
5;335230{ ¢ he Techanism o éhsEfingoRkislefity bP bald Urfiofig VAFiousvdls] gﬁéa%ﬂing
in a multi-level hierarchical memory system. The cache consistency

5 mechanism includes an external bus request queue which and assodated
— -mechanism, which cooperate to monitor and coritrol the issuance of data
‘requests, such as read requests and write requests, onto an external bus. The
computer system includes one or more CPUs each having this consistency
mechanism. |

10



R fowg?i-3 s
t he Snoop Phase, step 2360. One processor transfers ownership of the cache
line to the requesting processor. In one node, both processors change their
cache ldine states to shared state and ensure the nain nenory updates its 20
versi ot of the cache line. One enbodi ment of the pressubstitiveshédn fol | ows

thi s approach, - step; 2360,. due; ,}o its efficient handling Alighst 4oy Wwite
dat a transfers, di scussed st e detail below. 1n an alternate node,

t he processor - coul d- trans‘f’ ?“g&*ﬁe -cache |ine to another processor and
change its cgche Ilne to-" J'z; e rRgEd d.- stiate while the processor changes its
cache |ine to nodified or 25%@xeed ke jst at e.

80 - " Thus, when- bd@h‘c*ﬁ&bceséors change their cache line states
to shared = state, in the Snoop Phase for su‘fe\Fuent transactions on the
bus neit her _procéssord.adggt a H TM si gn or this cache line. The
menory controll er has” t‘h‘e‘r‘esponst-ﬁl lity offr Fspondi ng to any

subsequent requests for t&‘s cache
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- ¢ - .
5 line (until sonme other caching agent regains ownership of the cache
line and . changes it's cache line state to nodified state).

In an alternate enbodi nent, shown in Figure 25, each agent updates its
cache st at e dependent on the original rzad request. As shown in Figure 25,
the target state is dependent on whether the ori gi nalgjsitasd sH@ét a read 10
all ocate request, step 2557. If the processor requesqqquhsg 7bY¢

t hen t he agent with a nodified copy of the cache I'ine“changg .

‘cache line's state to shared state and the processor change
line to shared state, step 2561. However, if the processor
request a read allocate, then the agent mnth a nodified
cache |ine changes that—eache -

of the cache |line doe$

menory will receive ajcopy of
Returning to the enbodi t ood by 20
those skilled in the § ine is
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bus. That is, a subseg Wi | |
cone fromthe main ne il |
in the cache _of the er
Phase forighe gubség
E:~ -2
&
3 2
5%4—» 2 e = 5
id
8% 1 o j———em 2 @
& o ! , | B -]
o IR ' o .
2l 1 Bl |k < e
=\ _I| 08l I 2 s o B
g™ S v 3 = 54
ni | | E 141 o9
i 0= | 8 & Y
&l | | B
2l | | =
S
) =) } - o
g &l | S = S q o
g1 Sy B3 f %
%4—»4& %od re—>] B let—» 9
g I E | & 2
2 L] 38| | 2
& | O Eﬁ "
|- —==- o T
Be o
0
: g
Z a
2
O @
L és
|
o '_t af
- d[ h
O &
™ 5%
Thig is the replacement sheet

Date: 2 0 Aﬂﬁ 1996



o 4

£ 4

data wi |
* Transfe

81
Dat a

cache states are updated,
Wit eback Response to the processor,
The assertion of the HTM# sigpal by the processor ing
d _not transfen

controller that
t he processor;
Response rat her t

informs the proceggod t
op t

10 agent
be

anot her
line and will

I
;

it sHou

t hus, ‘th

hdijng with

st8p 2365,

its version of
ry contrqller issues an
response

request

AGENTS

1ssues an
in the Response 5 Phase.

have al ready been transferred to the main nenory in the

Phase of a prior transaction.
the nenory controller

After the
I mplicit

menory

ObERHitk oot
Ao &

The Inplicit Vvlteback Response
has not been retried, but that

s jhas a nmdlfled copy of the requested cache
t he rfequested dat a.

dified &ache'llne on the bus in the

The

| AGENT4

z

AGE

305

AGENT 2

304
AGENT 1

303

AGENTO0

MEMORY

INTERFACE

10

=

3

HIGH SPEED
1/O INTERFACE

' L 4
2l
_gl
O
|
|
|
EIEEE
AN RN
' :
! i
!
|
|
!
|
a N
: ;
; [
, |
, 1
| L
S
|
[
&
3

FIG. 3

This is the replacement sheoet

2 C AUG 109

Date:



& ‘
Data Transfer Phase, step 2370. In one enbodi nrent of the present invention,
the processor places the.cache line onto the bus in response to a signal
from15 the nenory controller-indicating it is ready for a data transfer.

The nenory controller issues this gignal during the response phase
when it has an avai | abl e cache line buffer in whighhdtubd 8hget he cache
line. As shown in - Figure 23, both the nenmory contig k\gbugpqlgggg
requesting agent take the data of § the bus, steps 2380~and 2
respectively. Requesting the phocessor takes 80 the data off the bus, step
2375, and proceeds to use it a%|megded) 3 Theijnmenory controller
al so takes the data off the bus"}ﬁs_}ep_: action by the menory
controller is termed "snarfing" |g#fe dat S eanry
controller is taking data off thgajus ed Ry @pgl her
agent. The nmenory controller theé I t4 ilp th& Ppepcessor,
step 25 2385, thereby maintadni ng cachg it g <3§1r_§ descri bed
above, T %a
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: & ¢ . )
when the processor requests data which is in nodified state in another
processqr, the processor transfers the data to the other processor and both
change their cache lines to shared state. Shared state, however, requires
t hat » the main nenory al so has the nost recent version of the cache
line. Thus, by 5 snarfing the cache |ine and witSubstitute sheatn menory,
both processors and mai n menory have the nost {18 &ugusbdP9E) t he cache
i ne. In a rmultiple-bus hierarchy the cluster manager acts as
t he menory controller on the bus for purposes of the discussion
related to Figure 23. For exanpl e, the cluster manager snarfs the data
of f the bus and udeIEb rtsTtache 10— Tatter—thamthe enory control |l er

[

snarfing the data. §n such a situation, the clustef manager either
defers or retries the request, dependi ng on whet her ownership of the
next level bus is ayailable. In this situation, the gl opal observati on
of the transaction pWwich would have occurred at step 2340, as wel | as
the placing of datajon the bus step 2350, is deferred di scussed 1 5
above. Fi gure.26_shows a flowchart describihpg the steps
fol l owed by one embedi nent |of |t he prlseht i véntioph during a wite
operation. The r equest+he—progesger | sqU Kequest onto the bus _
during the Request Ph e[? 5t e ZGOSL r¢qeest shown in Figure 26

"

is awite operatio;F tlgl‘g tetto—tHe—go-nhrmrmempr s Al] ot her agents on

the bus perform a smpoog [ooklp, {stgp 2610, foet ey mi ne whet her an
agent has a copy of |t hg CTJChg Tine {berng WW|t¢?n tp in nodified state,

step 2615. ™l g additionlto fag ~per forgn ngf a snoop | ookup, the

processor pl aces wt sJwr | t ejdatla dnt & 2 busf, Estep} 2620; the wite

data i s received by tﬁg l
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25 menory controller, step 2625. As shown in Figure 26, this transfer of
wite . ) 83 data by
t he requesting processor occurs regardl ess of whether an agent on the

bus has a nodified or valid copy of th& cache line. In one enbodi nent of

t he present invention the processor places the Substitudetshestt o t he bus
upon recei pt of a signal fromthe nmenory contro{i&AugusthedSBloop Phase
i ndicating 5 the menory controller is ready for a data transfer.

In the event no agent on the bus has a nodified copy of the cache line,

all agents on the bus deassert both H T# and H TM# signals, step 2630. The
exi stence of the wite operation indicates to all snooping agents that
their ’T‘topy of the cache line nust be invalidated; thu§2 al | éﬁ‘bbing
agents change 10 the state of their cache line to invalid étep 2635. The

deassert | o of the H T# amt—H-Fivi—stgmat-s—Hndcates—td—t-he remgr y
controlled that it nust] satisfy the write reguest, as no valid,or
nodi fi ed clfopy of the cdche line ef®i-® Sol%lg%rgg €8RE €y :/PO
{ 623 624 625 |
| » -~ w 1
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agent's cache. Thus, the nenory controller issues a normal response to the
processor in the Response Phase, step 2640. The nmenory controller, which 15
received the wite data in step 2625, then wites the data to the nain
menory, step 2645, thereby conpl &ing the wite operation.

In an alternate enbodi nent, shown in Figure 27, eaclSubgtithteasisagtt S or
deasserts a H T# signal and updates its cache stat e {fgpRugiestt 1996} he

ori gi nal wite request, step 2728. If the processor requests a wite
all ocate, then all 20 agents deassert H T# and H TM{, step 2731. Al
snoopi ng agents al so change the state of their cache line to invalid,
step 2732. However, if the processor does not request a wite

al l ocate, then an agent(s) with a shared or excl usive copy of the

cache line snarfs the data, asserts a H T# signal and deasserts a

H TM# signal, step 2737. The agent(s) which asserted a H T# signal does not
25 <change that cache line's state; all other agents on the bus go to
invalid state, - 84
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step 2735. In one node, the agent(s) does not snarf the data and assert a
H T# _signal if it -does not want a valid copy of the cache I|ine.
Returning to the enbodi nent of Figure 26, step 2615, if an agent on the
bus, such as the processor has a nodi fged copy of the requested cache I|ine,
5 then the processor asserts a H TM¢ signal and deasgbstiteité shedtt si gnal

during the Snoop Phase, step 2650. Since the pro@asgushages)nodified
copy of tfre= = =cache e, -al+ other -agents on=the btis—akso~deassgrt a
H T# sigdal . The assertion of a H M# signal inforns the menor
controllgr hat anot her agent on the bus has fhe nopt recent vdrsion
of the req sted@ata. Thus, the 10 nenory control gikNpws t hat merlely
perfornm dgelhe wfte operation by the process$é not maintain cache
consisteqcy}l 3\ Eor example i® [the wite rjion by thel
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I S not m’dl ifepd by this It € dp¢r atfi of\jI f ajnore fecent version of
the cachgq | {e] exi sts ijn{tHe Hache df jthd 15Y pr ocESIQYr, portions ofl t he
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precessor in step 2650; thus, the nenory controller knows that a nodified

25 version of the cache line exists in an agent's cache. In response, the

processor : 85

controller tenporarily stores the wite data received in step 2625 in a

snarfing buffer and holds the dataSin the snarfing buffer until the

remai nder of the cache line is transferred over tBabbtitytesshegdscri bed

below. In addition, the menmory controller issues &6 lAgdustit9Y8) t eback

Response to the processor, 5 step 2660. The Inplicit Witeback Response

inforns the processor that anot her agent on the bus had a nodified

copy of the cache line and that this nodi fied cache line wll be

pl aced on the bus during the Data Transfer Phase. In an

al ternate enbodi nent, shown in Figure 28, the agent which asserted the

H TM# signal nay also take the wite data off the bus. Vheth?y\ijq t he
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then the other processor takes the data off the bus and wites the data to

Its .cache, step 2856. The processor also changes its state for the
cache line to excl usive. 'However, if the processor requests a wite
all ocate, then the other 15 processorioes not take the data off the bus
and changes its cache line to invalid state, st8pbgtififie sheet

Returning to the enbodi ment of Figure 26, the main Mer@Wugust 1988)nt ai ns
the nost recent version of the cache line. This is done so that main
menory i s updatedg ather than continuously updating the agent caches. 20
Thus, in the Datawmlransfer Puas.e,.-t-h-e-p-FeGes-se-F—pLac.egthe entire

t he additional portion.

nodi fi ed cache |i op—t‘ht,f step 2 This data tr
ansf I3 nplicit
I ig_gr_ deed h
witten to by the procgsgor. -

I mplicit Wit #bac

Trani sfer nust be dbq
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86
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line onto the bus in response to a second signal fromthe nmenory controller
indicating it is ready for a data transfer. The nenory controller issues
this signal in the Response Phase when it has an avail abl e cache |ine
buffer in which to place the cachg line. 5 Bubstitunergheet
controller takes the nodified cache line fromthe |Inplig@istaugust Wdsb eback
Data Transfer off the bus, step 2670. In one node, this data is
tenporarily stored in a cache |line buffer within the menory controller. The
data is then nerged with the data stored in the snarfing buffer, described
above, and_the nerged cache line t&s witten to the main nmenory, step 2675.
10 To pe t he nerge, the~'rrenﬁ3AcontroIIer conbi nes the portion of the
cache li ne t he snargi ng buffer"lhgh the data received fromthe Inplicit
Witeback Data Transfel that does n®f overlap the updated portion in the
snar f i ng ropff er-. — — = ==| t—=shkoutd e -rot-ed~t het -al i=Rowgh=—i he aboge

yed

di scussi fgrs to partial 15 wife data transfers, the steps enpl

apply eq éo a non-partial wite data transfer. That is, if fjhe
entire céc ne was updated by a wWite operation fromthe procheq,
then the,eptpre cache line would be ptored in the snarfing buffet &
t he mem)rly ontroller. Sutgsequently, when t he nenory controller

performns |t nmerge in ste&g 2665, the}jresult of the merge would 20 siw

be the datl fstored in tha«snarfing buffer; no data fromthe Inplicit —
Wit ebac a Transfer wduld b ——ttreyner ge. In ong W=
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87 state, dependi ng on whet her another agent also has a copy of the
was asserted during the
Snoop Phase, then the processor snarfs the Inplicit Witeback Data fromthe
bus. The processor then nmerges this dgta with its original wite data, and

Thusgub&grure apessor woul d

cache |i ne.

5 updates its cache with the nerged cache I|ine.
change its state for the cache line to exclusive sta

| n one node,

I f a H TM# si gnal

no H TM# signal was asserted, then the processor
ogishared state if other agents on the bus
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merged cache line in its own cache. Thus, the cluster manager woul d have a
15 nodified copy of the cache line for any subsequent requests to that
cache line. The situation could arise where the cache |ine processor
is witing to is invalid within tiBe duster and access nust be made to
the next level bus. In such a situation, the cSubitititershager either
defers or retries the request, dependi ng on mheﬁhppugu@eﬁgyay(ﬁ t he
next level bus is available. In this 20 Asituation, the glgbal observation
of the transaction which would have Uy e ged at step 2434 as well as
the witg.step 2645 _is.deferred as di s.s.e‘td? —_ ARove, _ 3 _ __ _/ As
shown i n Figures 22-26, the snooping ageft which has a nodified copy
of the r!quested cache |ine behaves sinmyarly whether the request is a 2%
read reqgest or a wite request.| at s, tne snoppi ng agent asserts a HITN#
88
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20. reqdbst then proceeds with each agent on the bus, except the processor,
invalidating its copy of the cache |ine and cache |ine ownership going to

t he processor (that is, the cache line in the processor is changed to
nodi f.i ed state), step 2925. TheiBenory control | er Sthstitute shest o
normal conpl etion response to the processor, step(203gustnd9B®locessi ng
conti nues. 89

However, if an agent on the bus, such as another processor, has a

nodi fied copy of the requested cache line, then other processor asserts a
H TM¢ signal and deasserts a H T# signal during the Snoop Phase, step 2935.
Al'l other agents on the bus al so deasst a\ H T# signal during the Snoop 5
Phase. The asssE['n@ 3f he HI TM# “siijﬁélm njorms the processor that another
agent on the b ent ownershiplg _the cache line. Thus, ownership
of
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the caché |ine nust be transferred. As above, the internal
cache states of the processors are nodified in the Snoop Phase. Thus,
the cache line in the processor is changed to nodified 10 state and the
cache. line in the other processor is cftéanged to invalid state, step

2940. Therefore, in step 2940 the processor obtains Suvhstititesheett he cache
line even though the actual data has not been transf ¢re elgust.1996}

The updating of cache states in the Snoop Phase.guarantees that

nodified data is not lost. Thus, if the next request on the bus is an
access to 15 the sane cache line, the proc sor_asserts a H TM# signal

because it has owner ship of the €3
&equﬁﬁ@@%ﬁ%egs ‘

nmust occur for thg e requg
recent version OPF?@- Iache, line in™ 5“35‘-"34?&

In the Data Transfer Phase, the other proOCESf
Witeback Data Transfer of the cache line, Step 138§5. This trmasfer is the
entire cache tine being transferred t@'t\Re_p ocessor. A one

enbodi ment of the present invention IlJE;‘Ee Pl Osephbe ryuastes| t he
cache line onto the bus in respons€ ;hfraaBiodPFep I Ontriahigackienor y
controller indicating it is ready for a\ gusglf trapsferin-didermenoly
control l er issues this signal during the rgspofise 25 phase when 1t has an
avai l abl e cache line buffer in which to pllq.0 t he cache
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90 | ' i ne. The‘procéssor takes the data off the bus, and the nmenory

controller snarfs the data off the bus, step 2950. Thus, the cache
line in the processor is now in nodified state and the mai n nenory

al so has the nost recent version pf the nodified cache |ine.
Alternatively, main could change its cache state 5 SupstitGieisheet St ate
since the main nenory also has a valid copy. (16 Ad§usti pgggped above
with reference to Figures 23-28, in a multiple-bus hi erarchy the
cluster manager acts as the nmenory controller on the bus for . purposes

of the discussion related to Figure 29. For exanple, cluster manager
takes the data off the bus in step 2950. In order to invalidate a cache
line, the 10 cache line for all caches in all clusters is invalidated.
Thus, the situation could ari se where the cache line being invalidated
is also contained within the duster and access nust be nade to the
next level bus in order to invalidate it. In such a situation, the
dust er manager either defers or retries the request, dependi ng on
whet her ownership of the next level bus is available. In this 15°
situation, the gl obal observation of the transaction, which would have
occurred at step 2925, is deferred as discussed above. In an
al ternate enbodi nent of the present inventi t he snoopi ng
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agent (i Je., the agent which has a nodified copy of the requested cache
l'ine) . nmerges the data rather than nmenory controller. In the event of
a partial wite 20 data transfer, a processor takes the partial wite
data off the bus. The processor {8en transfers the cache Iine from
its own cache into a tenporary storage buffer &EubstiR@eshédte cache
line with the partial wite data. Thus, the Pr Q¢ 8SRG@Gus®i 998j ns a
nodi fied copy of the cache line and alleviates the nenory controller
of the data nerge responsibili
91 Upon conpl g1 orindfiatene
options: the cache f o réddtransaction,
may be witten to t he Y™alpn nenmp
cache, one enbodi nent ent ai

buffer and FV‘GI ‘lgthe buf f er

G900t he processor has two
may be updated or the cache line
f the processor updates the

No
~1904
Do not accept Normal cache
snoop ownership | 1906 state transitions
via transaction
\
it for
Retry 910 Wai
transaction |~ deferred [~1912
reply
Keep cache line
in "invalid” state ~1916

v

Retry 1918
transaction ~
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5 contents to cache nmenory only on a mss to the tenporary buffer. Thus,

t he processor efficiently responds to nmultiple requests for the sane
cache line. In the second option, the processor updates the
mai n menory. Thus, upon conpl eti qg of the nerge operation the
processor transfers the cache |ine over the busggpstitite SR8t MENMOIY.

This transfer is a separate transaction, and 10 thugd augaspr@iggihed by
arbitrating for the bus and issuing a wite to nenory request in the
Request Phase when granted acce Thus, it can be
seen that according to the p ~ Fovohe consistency is

mai ntai ned in a pipelined Qusweitshigvaliddtigw ) enbodi nent, menory
accesses are satisfied in a\gi ng tyon, regardl ess of whether 1 5
the data accessed i s contai net~=Q enmory unit of the bus or a cache
menory Wt hi agent on the bus. It should be understood by
t hose skilleg‘l%g.t art that althghgh the particul ar enbodi nents
shown above discuss read, wite gAd "'Qualphgat e operations, the present
invention is not limted to the#e operXJions. her 20 operations which
may be issued over the bﬁsar BEFERERE t he sgpe and spirit of
the present invention. Py otat-h ONS and

nodi fications of the pr
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wi |l no doubt be conprehended a person skilled in the art after having read
the foregoeing description, it is to be understood that the particular 25
enbodi ments shown and described by way of illustration are in no way

92 " intended to be considered limtiygg. Therefore, references to
details of the particul ar enbodi ments are not int gg @o lLimt the
scope of the clains whi ch in thensel ves reC|te on%& B 18 ':lég%t res
regarded as essential to the i nventi on. ugust

v
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'Thus,' a nfet hod and apparét us for supporting read, wite, and

I nval i dat.i on operations to nenory which maintain cache consi stency have
been descri bed.

5

1. A conputer system i ncl Lé_dLl ng:

C BEGIN )
Y

2205
BUS REQUESTER
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[

2210

AGENTS SNOOP
ON BUS
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CLAI M5

Substitute sheet
(16 August 1996)
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a4 4

a bus; a multi-level nmenory system coupled to the bus;

a CPU coupled to the bus and to the nmultil evel nenory system and

i ncl udi ng, 10 ’ a cache consi stency mechani sm for
ensuri'ng consi stency of data am)ngzzvari ous | evel (s)S e peesyyjaépi n
the nenory system the cache consi‘Stency nechani sm I pETA 1996)

an external bus request gquedwe—fe+—ensuring that reduests to a
sane address are issued apd seéé/(iﬂﬁed qn the bus 15 according to a
predet erm ned nenory ordeNng schene, 2. The conputer system

of cl.aim 1l wherein the external Jus requggss gueue conpri ses:
a FI FO for queui ng exten 20 3. A nethod of

operating a conputer syg MESTERN Jnenory c i stency, the
F‘éR&é& et ernal bus, o%ﬁé, 2 nmore CPUs

conput er system i ncl udi
coupled to the external ‘Lus—a AR g an external bus request

queue, a nenory system i ' in M#Hry and one or nore |evels of 25
cache and coupled to the exﬁc?én&]r%lsrs?ggp tf€ met hod conprising the steps of:
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4

94 executing a programon the CPU, the programincluding a
plurality of nmenory data requests which the program expects wll be
servi ced accordi ng to a predeterm ned ordering; i ssuing the
pluratity of data requests onto the external bus in a 5 pipelined
orderi ng; queui ng the issp®ed data requests i Bubpgtiities sbfet he
external bus request queue to nonitor status inforrdbiAgustddd8i ng
each issued data request; and updating the entries to nmaintain
menory consi stency, ensure that Fz}@ ?h4 request receives current data,
and service the requests according 10 e 10 predeterm ned ordering.

FROM BLOCK 2425 '

2428

WAS
THE ORIGINAL
NO ~ REQUEST FOR \_YES

AGENTS MAINTAIN | ALL AGENTS WITH
TO SHARED STATE

vy

TO BLOCK 2450

FIG. 25

FROM BLOCK 2555

2557

WAS
THE ORIGINAL
REQUEST
FOR A READ
ALLOCATE
9

AGENT WITH MODIFIED BUS REQUESTER
COPY GOES TO EXCLUSIVE AND MODIFIED | oz0,
STATE . BUS REQUESTER | 2568 AGENT GO TO
REMAINS IN INVALID SHARED STATE
STATE.

3

TO BLOCK 2565
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4. The nmethod of claim3 wherein the CPU includes a bus agent (DCU,

| FU) having L1 cache nenory, and wherein: the issuing step

i ncl udes the bus agent issuing a request specifying 15 given data and
indicating that it has not |ooked in,the L1 cache for thg;di¥&Re sheet data;

and the method further iA¢l udes the step of ,(ysegRARS! Y&eho the
bus agent i ndicating that it hasgnot [ ooked\n the ﬁ_l cache,
sel f-snooping the L1 cache at a\ | at ®EGINe. J20 5. The

met hod of claim4 wherein_ the external gueue i ncl udes a

FI FO having a st 4 @n24p end, wherein: tolagg aueui ng step
i ncl udes entering requests at the s arBushEnbesftﬁT t he

updating step includes advanci ng refuesiSSUEBWRITRe §tart toward 25 the end

of the FIFQ and OPERATION
ot - 2620
Y 2610 L <
AGENTS sNooP [ BUS REQUESTER
ON BUS TRANSFERS WRITE
DATA ON THE BUS
2625
2615 MEMORY CONTROLLER
DOES AN RECEIVES WRITE
AGENT HAVE A DATA
MODIFIED COPY
?
2650 2630
y s y .
AGENT WITH MODIFIED
COPY ASSERTS HITM#. ALL AGENTS
ALL AGENTS DEASSERT HIT#
DEASSERT HIT#. AND HITM#
= 2655 3 2635
ALL SNOOPING AGENTS |~ aLLsnoorng |
GO TO INVALID AGENTS GO TO
STATE INVALID STATE
£ Vg2
2660
MEMORY CONTROLLER | ~
ISSUES IMPLICIT
WRITEBACK RESPONSE
AGENT WITH MODIFIED
COPY ISSUES IMPLICIT ~ MEMORY CONTROLLER
WRITEBACK DATA ISSUES NORMAL
TRANSFER RESPONSE
¥ 2670 y 2645
MEMORY CONTROLLER ( MEMORY CONTROLLER
TAKES MODIFIED WRITES TO
LINE OFF THE BUS MAIN MEMORY
¥ 2675
MEMORY CONTROLLER »
MERGES PARTIAL WRITE
DATA WITH MODIFIED
CACHE LINE AND
WRITES TO MEMORY
END < This is the replacement sheet

pate: 2 0 AUG 1995



. b 3 3 n
95 , the nethod further conprises the steps of,
| ooki ng ,for sanme address conflicts between a current request and
a previously issued request which has been entered into the
external bus request queue and has pagsed the L2 cacheubsatictutd sheet
I f a sanme address conflict is found, blocking the curr{estAugngtesion)

by sending it back to the start of the FIFO 6. A
conput er system substantially as heruiibnbef ore described with
reference to the acoppg ' [SE= 3] : 7. A met hod of
operating a conputer 'Sys é%@ﬁﬁﬁ%ﬂn arn F'rermle:onsi stency,
substantially as herei nbefore descri begd. .

2728

THE gvlﬁgINAL
REQUEST
FOR A WRITE
ALLOCATE
9

AGENTS IN SHARED ALL AGENTS DEASSER
OR EXCLUSIVE STATE HITE AND e T [F2781
MAY SNARF DATA |~~~ 2787 :
AND ASSERT HIT+#.
SNARFING AGENT/S DOES ALL SNOOPING AGENTS | ,..,
NOT CHANGE STATE. . }2739 GO TO INVALID STATE.
OTHER SNOOPING AGENT/S- ' -
GO TO INVALID STATE,
TO BLOCK 2740
: FROM BLOCK 2850
FIG. 28

WAS
THE ORIGINAL
REQUEST

FOR A WRITE
ALLOCATE
?

MODIFIED AGENT MODIFIED AGENT SNARFS
, GOES TO I~ 9855 WRITE DATA AND WRITES }- 2856
INVALID STATE. DATA TO ITS CACHE.
MODIFIED AGENT GOES
TO EXCLUSIVE STATE.
vy

TO BLOCK 2860
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BUS REQUESTER
ISSUES INVALIDATION
OPERATION

¥

AGENTS SNOOP
ON 8BUS

2906

2910

2915
NO

DOES AN
AGENT HAVE A

26 Substitute sheet
(16 august 1996)

FIG. 29

MODIFIED COPY
?

AGENT WITH MODIFIED [ 2985

COPY ASSERTS HITM#4.
ALL AGENTS DEASSERT
HIT#.

¥

BUS REQUESTER GOES 2940

TO MODIFIED STATE.
ALL OTHER AGENTS GO
TO INVALID STATE

!

AGENT WITH MODIFIED 2945
COPY ISSUES IMPLICIT
WRITEBACK DATA

TRANSFER

2950
MEMORY CONTROLLER
TAKES DATAOFF |
THE BUS

L-2920

ALL AGENTS DEASSERT
HIT# AND RITM#

'

BUS REQUESTER GOES 2925

TO MODIFIED STATE.
ALL OTHER AGENTS
GO TO INVALID STATE

!

-2930
MEMORY CONTROLLER
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