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I's one of said plurality of read-only databl ocks and generates the read to

share request otherw se. 4. The conputer system of claim 2,

wherein the requested datablock is one of said plurality of read-only

~ dat abl ocks and contain |nstruct|ons for t he rocessor subsystem such t hat
the processor subsystem -"' ; WNROFd3H SHARY al ways request rat her

than the readcir colleET mﬁ .SYSTEM THAT MINI@[ZES INVABT S TBN LARD SoisveRAk Of
claim 3, wrersTIONGhe circuitry that receives the read to share

1. EIELD OF THE INVENTION;

5 The present invention pertains to the field of computer systems. More
particularly, this invention relates to a multiprocessor computer system
including a mechanism for reducing the occurrences of invalidation operations

and copyback operations for maintaining data coherency.

10 2 BACKGROUND:

Prior multiprocessor computer systems typically include a set of processor
subsystems coupled to a main memory subsystem. Such a main memory
subsystem typically provides instruction and data storage areas for the

15 processoré in the system, as well as storage areas for data structures that are
shared among the processors of the system. Such shared data structures enable
inter processor communication and data and code sharing between the

processors.

20 Tyl'nica]ly, the processor subsystems are coupled to the main memory
subsystem via a physical interconnect such as a common bus or a switched
interconnect data path. Such an interconnection may function as either a
simple drcuit switched interconnection or a more complex packet switched
interconnection that enables out of .order transactions.

25 o

In addiﬁor;, each processor subsystem typically includes an associated
external cache memory. Such an external cache memory usually stores selected

data blocks from the main memory subsystem. 'Typically, such an external



or ‘the read to share always request conprises a systemcontroller that
accesses the duplicate tags via a snoop bus. 6. The

conput er systemof claim5, wherein the systemcontroller causes the
external tags for the requested datablogk to indicate the exclusive state
in response to the read to share r.equest and causes the external tags for

t he databl ock,to indicate the shared state in response,to. t ead to share
al ways requ‘é@scpe@e?‘f’%ﬁgﬂqgﬁéasg RIEES58R2¢65% F%gﬁrféﬁég‘i éﬁt%g‘g‘&&%ga!m via a
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mai nt ai ns  ghgheCodcBienal tags according to a first coherency protocol, and
wherein the nmenory interconnect further includes duplicate tags that _
correspond to the external tags and nmaintains the duplicate tags according
to a second coherency protocol.
5. Such a multiprocessor computer system, whether packet switched or
circuit switched, typically implements a protocol for maintaining data
coherency between the main memory and the corresponding datablocks stored
in the cache memories. Each cache memory typically includes a set of tags that
indicate the status of the cached datablocks. For example, one type of cache
10  coherency protocol which is referred to as the MOESI protocol maintains a set of
five states for datablocks stored in the cache memories. The states include an

“invalid” state, a "shared" state, an "exclusive" state, and a "modified" state.

In such a system, if a first processor executes a load memory instruction
15 targeted for a datablock that is not in the external cache for the first processor
then the appropriate datablock is externally fetched. Typically, the first
processor issues a read_to_share (RDS) transaction that specifies the missing
datablock to the memory interconnect. Such a read_to_share (RDS) transaction
usually retumns the missing datablock to the external cache of the first processor
20 and the tags associated with that datablock in the external cache of the first
processor are modified to indicate that the datablock is cached in a "shared"

state.

A multiprocessor computer system may implement a first write
25 optimization to such a MOESI protocol. With such an optimization, a
read_to_share (RDS) transaction from the first processor returns the missing
datablock and modifies the tags associated with the missing datablock to indicate

the “exclusive” state if no other cache memory owns the datablock. Thereafter,



3 8. The conputer systemof claim7, wherein the first
coherency protocol is a MOESI coherency protocol and wherein the second
coherency protocol is a MOSI coherency protocol. 9. The
conputer systemof claim?7, wherein thegfirst coherency protocol is a MESI
protocol and the second coherency protocol is a MSI protocol.

10. The conputer systemof claiml1l, wherein the nenory interconnect sets

the dupli déttke fiagispidtetsaradeesies Btorednbiacionetonthat texghshwr dhtablodkatiest ed
databl ock to indicate a nodified state in response to the read to share

request andha ethern ¢tachd nohetertay megsagehare transfespsh throoghhthe rrtrarpal t ags

for the requested datablock to indicate the shared state_ in response to the

read to shdpterconnect. Such an optimization eliminates an invalidation or copyba
operation through the memory interconnect that would otherwise occur if the

5 missing datablock had been cached in the “shared” state.

Such a write optimization to the MOESI protocol is usually based on an
assumption that a read_to_share (RDS) transaction from the first processor
targeted for a datablock not owned by any other processor corresponds to a

10  private datablock for the first processor. If such an assumption is wrong and the
missing datablock is not private data then a second processor may later issue a
read_to_share (RDS) transaction through the memory interconnect for that
datablock. In such a case, the first processor must usually supply the missing
datablock to the second processor on a copyback operation even though the first

15  processor may not have modified the datablock and even thdugh the missing

datablock is available from main memory.

Unfortunately, such data sourcing by the external cache memory of the
first processor cache may interfere with the operation of the first processor
20  because such outside contention interferes with insiruétién execution by the
first processor. In addition, such an unnecessary invalidation or copyback
operation through the memory interconnect generates extra traffic in the
interconnect that could otherwise be avoided. Moreover, the throughput of
such a system is typically reduced if data is supplied from a cache memory on a
25 read_to__shar_e (RDS) transaction rather than the main memory because a main

memory is usually optimized for high bandwidth access.



al ways request. 11. The conputer system of claim 10, wherein
the requested databl ock contains instructions for the processor subsystem
such that the processor subsystem generates the read to share always
request rather than the read to share reguest. 12. The
conputer systemof claim7 wherein the nenory interconnect includes a
systemcontroller that accesses the duplicate tags via a snoop bus.

13. The conputer system of cBEHMMARY ORASBEINVENATONYSt em control | er causes
the external tags for the requested datablock to indicate one of the
exclusive state in response to the.read to share request, and the shared

state in response L0 108 £8Ak 5O N1 PLALLEHY hanilY GASLGLY P
write optimization of a cache coherency protocol for data that is not h'kély to be
5 written by a requesting processor. The disabling of the first write optimization
reduces copyback and invalidation messages in a multiprocessor system during
cache misses to read-only memory pages or instruction fetches. Advantages are
realized in computer systems that share instructions among processors in read-
only code segments such as may be found with dynamic link libraries.
10 Advantages are also realized for shared read-only constant data and for process

migration from processor to processor.

The computer system includes a set of processor subsystems and a
memory interconnect. Each processor subsystems includes an external cache
15 memory including external tags and the memory interconnect maintains a set
of duplicate tags that correspond to the external tags. A processor subsystem
generates a read to share always (RDSA) request upon a cache miss to a read-
only datablock and generates a read to share (RDS) request otherwise. The
memory interconnect enables access to a shared memory and controls the cache
20 state transitions of the external tags and the duplicate tags to selectively enable

or disable the first write optimization.

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

25 follows below.



4 message to the processor subsystemvia a control path coupl ed between

the systemcontroller and the processor subsystem 14. A
cache coherency nethod in a multi-processor conputer system conprising the
steps of: mai nt ai ni ng external gt ags for databl ocks stored in an
external cache menory of a processor accordlng to a first coherency

pr ot ocol ; mai nt ai ni ng dupI | cate tags that correspond to the
external tags according to BR CRIETIO : k3 and one of

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

5 similar elements, and in which:

Figure 1 illustrates a computer system which comprises a set of processor
subsystems and a memory interconnect subsystem wherein each of the
processor subsystems includes a cache memory;

10
Figure 2 illustrates the cache coherency protocol of the duplicate tags in

the memory interconnect subsystem for one embodiment;

Figure 3 illustrates a processor subsystem which includes a processor, an
15 external cache and associated set of external tags, and a memory interconnect

port interface;

Figure 4 illustrates the cache coherency protocol of the external tags of a
processor subsystem for one embodiment; .
20
Figure 5 illustrates the handling of a read_to_share (RDS) transaction

with write optimization by the system controller;

Figure 6 illustrates the handling of a read_to_share_always (RDSA)

25 transaction by the system controller.



generating a read to share always request that specifies a datablock if a
cache m ss on the datablock to the external cache nenory occurs and the
datablock lies in a read-only location in a nain nenory, and causing the
external tags for the datablock to indigate a shared state in response to
the read to share al ways request, and generating a read to share
request that specifies the datablock if a cache mss on the datablock to
t he external cache nmenory occurs, and causing the external tags for the
databl ock to indicate an excl usi VAEBAIZER DESCRESIRMNse to the read to share
request after determning that no other processor owns the datablock.

15. The nethod of claim 14, wherein the the first coherency protocol is a
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t he dat abl ock i'f the cache m sS on the abl ock to e extern cache
Memory 5  memory interconnect subsystem 18. Each of the processor subsystems 20-22

includes an L2 cache memory.
The memory interconnect subsystem 18 j)rovides shared access to a main
memory 14 to the processor subsystems 20-22. The processor subsystems 20-22
10 communicate with the memory interconnect subsystem 18 via a set of memory
ports 1-N. For example, port 1 for the processor subsystem 20 comprises a data
path 40, an address path 42, and a control path 44, and port N for the processor

subsystem 22 comprises a data path 46, an address path 48 and a control path 50.

15 The memory interconnect subsystem 18 includes a data path switch 12 to
the main memory 14, a system controller 16, and a set of duplicate tags 30-32.
For one embodiment, the data path switch 12 is a cross bar switch controlled by
the system controller 16 via a set of control signals 54. The data path switch 12
enables data path access to the main memory 14 via the data path of each port 1-

20 N incuding the data path 40 and the data path 46.

The system controller 16 functions as a memory controller by decoding
the addresses received from the processor subsystems 20-22 and by generating
memory control signals including row address select (RAS) and column address

25 select (CAS) signals to the main memory 14 via a memory control bus 56.

The system controller 16 also implements a cache coherency mechanism

for the computer system 10. The system controller 16 maintains sets of



5 occurs and causing the external tags for the datablock to indicate an
exclusive state in response to the read to share request. 17.
The nethod of claim 14, further conprising the steps of setting the

~ duplicate tags that correspond to the éxternal tags for the databl ock to
indicate a nodified state in .response to the read to share request and

dat abl ock SuPHRRECABE RS e s B pines B SeR ot iR C
al ""aYS " eAYESxternal caches of the processor subsystems 20-22. For example, the
duplicate tags 30 correspond to the tags of the external cache memory in the
processor subsystem 20 and the duplicate tags 32 reflect the information stored
5 in the tags of the external cache memory in the processor subsystem 22. The

system controller 16 performs tag look up and tag modify operations to the

duplicate tags 30-32 via a snoop bus 58.

_The system controller 16 receives memory access requests from the

10 processor subsystems 20-22 via the address path of each port 1-N including the
address path 42 and the address path 48. The system controller 16 arbitrates
among the requests from the processor subsystems 20-22 and configures the data
path switch 12 to provide the necessary connections for access to the main
memory 14 via a memory data bus 52 or for processor subsystem to processor

15 subsystem data transfers. The system controller 16 responds with cache state
transition control messages and other information via the appropriate control

path.

The memory access requests include, for example, read_to_share (RDS)
20 requests and read_to_share_always (RDSA) requests. The processor subsystems
20-22 use a read_to_share (RDS) request to the system controller 16 to retrieve a
missing cache block after a load miss to the corresponding external cache
memory if the load is targeted for read-write data. On the other hand, the
processor subsystems 20-22 use a read_to_share_always (RDSA) request to the
25  system controller 16 to retrieve a missing cache block after a load miss to the
corresponding external cache memory if the load is targeted for read-only data

such as instruction code or other types of data not likely to be written. Such



18. The nethod of claim17, wherein the read to share always request is
generated if the datablock lies in a read-only location in main nenory,
and the read to share request is generated otherwise in response to a read
mss. 19. The met hod of clgim17, wherein the databl ock
contains instructions for the processor such that the read to share al ways
request rather than the read to share request is generated.
20. The nethod of claim 14, wherein the first coherency protocol is a
MESI protocol  and the second coherency protocol is a Ml protocol.

read only misses may correspond to instruction cache misses or data cache

misses data marked as read-only by a memory management mechanism.

The system controller 16 processes a read_to_share (RDS) or a
5 read_to_share_always (RDSA) request by performing a tag lookup on the

specified datablock via the snoop bus 58. The system controller 16 reads the
duplicate tags 30-32 via the shoop bus 58 to determine the cache state of the
specified datablock. The system controller 16 mﬁfigmes the data path switch 12
to provide the proper source for the specified datablock for the read_to_share

10 (RDS) or the read_to_share_always (RDSA) transaction. . The appropriate
source may include, for example, the main memory. 14 or one of the external
caches of the processor subsystems 20-22 according to the state of the duplicate

tags 30-32.

15 The system controller 16 transfers messages via the control path of the
ports 1-N to control the cache state transitions in the processor subsys.tems 20-22
involved in the read_to_share (RDS) or read_to_share_always (RDSA)
transaction. The system controller. 16 also updates the cache states via the snoop
bus 58 for the duplic;alte tags 30-32 involved in the read_to_share (RDS) or

20 read_to_share_always (RDSA) transaction.

Figure 2 illustrates the cache coherency protocol of the duplicate tags 30-

32 for one embodiment. The system controller 16 maintains the duplicate tags
30-32 according to an MOSI cache coherency protocol which includes an

25 ‘"invalid” (I) state, a “shared clean” (S) state, a “shared modified" (O) state, and

an “"exclusive and potentially modified" (M) state.



6 DETAI LED DESCRI PTI ON Figure 1 illustrates a conputer

system 10 for one enbodi nent. The conputer system 10 conprises a set
. of processor subsystens 20-22 and a 5 nenory interconnect subsystem 18.
Each of the processor subsystens 20-22 9 i ncludes an L2 cache nenory.

The menory interconnect subsystem 18 provi des shared access to a main

menory 14 to thg; - { pCesso 0-22
10 comruni cate %ﬁéﬁgﬁ%ﬁé%&ﬁ{)%%%%e%ﬁ S%%E‘E‘y%qgo%]% %?gﬂgﬁéé{lﬁg? h@
menory grd&gso% skibdlystea( méaﬁgireses ROprocdssbP 70, ifeitbRER Tae 24IRTET €M 20
conpri ses dat a path 40, an addriess path 42, and a control path 44,
and port Nadsotiatetbs¢trafapdamial tags 76, anldsypét ihidrfaco Mpr Oakeér protassdrpat h 46,
an address path 48 and a control path 50. 15 The menory

i Nt er connesubsystenys irethel omputerdeystemdt sughaashtheprocessop subsystem 22 enami n

menory 14, a,systemcontroller, 16, and a set of duyplicate tags 30-32.
For on en'a%wwiwsnmeuuaﬁgn&af Ea%wﬂ &n that shown derothe praeessyrisitpsystem

controlle y the systemcontroller 16 via a set of control signals
54. The da path switch 12 enabl es data path access to the nain
menory 14 via the data path of each port 1- 20 N including the data path
40 and the data path 46.

The processor 70 issues memory load and memory store operations to the
external cache 74. A cache "miss” to the external cache 74 causes the port
10  interface 72 to issue a cache request to the system controller 16 using a message
packet transferred via the address path 42. The cache requests issued include,
for example, read_to_share_always (RDSA) and read_to_share (RDS) cache
requests.  The message packet transferred via the address path 42 includes a .
header that specifies the request type and an address that specifies the datablock
15 - of the cache request.

After the system controller 16 configures the data path switch 12 to source
the appropriate data for the missing d'atablock according to the state of the
duplicate tags 30-32, the port interface 72 receives the missing datablock via the

20  data path 40. The port interface 72 receives cache state control messages from
the system controller 16 via the control path 44. The cache state control
messages determine the cache state transitions for the newly fetched missing

datablock stored in the external cache 74.

25 Figure 4 illustrates the cache coherency protocol of the external tags 76 for
one embodiment. The external cache 74 maintains the external tags 76

according to an MOESI cache coherency protocol which includes an “invalid” (I)



The systemcontroller 16 functions as a nenory controller by decoding

the addresses received fromthe processor subsystens 20-22 and by
generating menory control signals including row address sel ect (RAS)
.and colum address 25 select (CAS) sigpgls to the nain nmenory 14 via a
menory control bus 56. ' The system controller 16 al so

I npl ements a cache coherency nechani sm for the conmputer system 10. The

system con | ek ' | A s_.of . "
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cor r espondimi@dified” (O) stire, %H%ﬂ%xcﬁﬁ%@&dﬁﬁi&&egm QeRSSOr subsystens
20-22. For exanple, the duplicate tags 30 correspond to the tags of
t he external cache nenory in the processor subsystem 20 and t he
duplicate tags 32 reflect the information stored 5 in the tags of the
external cache Feorwmyalternakioveperobedinents tihes gsternaloach®it maintaysttem

controller 16 perforns tag | ook up and tag nodify operations to the
dupl i ca% e Exiggnalgiags 76jaccardingdp aguMESé,cag\e coherency protocol while the system

controller 16 maintains the duplicate tags 30-32 according to an MSI cache
coherency protocol.. Such an embodiment enables the memory interconnect
subsystem 18 to function as a reflective memory wherein a copyback operation
on a load miss to a “modified" datablock causes the datablock to be written back
10  into the main memory 14 and causes the requesting processor to transition to

the “shared"” state.

Figure 5 illustrates the handling of a read_to_s};are (RDS) transaction
with write optimization by the system controller 16. The write optimization
15 illustrated may be referred to as a first write optimization to the cache coherence

protocol of the computer system 10.

At block 100, the system controller 16 receives a read_to_share (RDS)
transaction from one of the processor subsystems 20-22 coupled to one of the

20 memory ports 1-N hereinafter referred to as memory Port A.

At block 102, the system controller 16 reads the duplicate tags that
correspond to the memory Port A via the snoop bus 58 for the specified
datablock of the read_to_share (RDS) transaction. At decision block 104, if the

25  specified datablock is not owned by any other memory port 1-N, then control
proceeds to block 108.



The system controller 16 receives nmenory access requests fromthe 10
processor subsystens 20-22 via the address path of each port 1-N including

t he address path 42 and the address path 48. The systemcontroller 16
arbitrates anong the requests fromi{he processor subsystens 20-22 and
configures the data path swtch 12 to provide the necessary
connections for access to the main menory 14 via a nenory data bus 52
or for processor subsystemto processor 15 subsystemdata transfers. The
systemcontroller 16 responds with cache state transition control

.messages and otOtherwis@comtirobproteeds kebRRR 0P b Proceddthé Shared datRBlddk
The nmenory access requests include, for exanple, read to_share (RDS) 20

request s awithpubavrite eptimizationayét bkEdA)08; éfihesd splichite tagsoinelicate "shireyst ens

20- 22 use readto-share (RDS) request to the systemcontroller 16 to

retrieve g€an tate, then the dagablesk fon the reapgiad shares(RIS) issuppliedstsondi ng

ext er nal ch menory if the load is targeted for, read-wjte data. On

the of her TRIhd® fioma the maigmemary 14, Kihe fuplicss. 3gs fasicate one of the

read_t@q s 8:£984"aY { systemcontroller 16 t
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external q3qhe a Matel Ogéﬂ%nhoéﬁs the &ggﬂ@étsgaéﬂolggﬁég?%éngﬁ%t to

as instruction de" or her types of ta not ten. Such
indicate "shared clean" (S) state and causes the external tags for the requesting

port to indicate “shared clean” (S) state.

10 At block 108, the system controller 16 configures the data path switch 12
to supply the read data for the specified datablock to satisfy the read_to_share
(RDS) transaction. The read data for the specified datablock is supplied to Port A

from the main memory 14.

15 At block 110 the system controller 16 transfers a message via the Port A
control path that causes the Port A external tags to transition from the “invalid"

(1) state to the "exclusive clean" (E) state for the specified datablock.

At block 112, the system controller 16 sets the duplicate tags for Port A
20 from the “invalid” (I) to the “exclusive and potentially modified" state for the
datablock via the snoop bus 58.

Thereafter, a read transaction issued from another memory port and
targeted for the same datablock as the read_to_share (RDS) transaction above
25  causes the system controller 16 to issue a copyback request to the memory Port A
because the duplicate tags for Port A indicate the "exclusive and potentially
modified" state for the datablock. Such a copyback operation occurs whether or

not the processor of Port A has modified that datablock. As a consequence, such



8 read only m sses may correspond to instruction cache m sses or

data cache m sses data narked as read-only by a nenory managenent
mechani sm The system controller 16 processes a readtoshare
(RDS) or a 5 read_to_share_al ways (RDSAR request by performng a tag

| ookup on the speci fied databl ock via the snoop bus 58. The system
controller 16 reads the duplicate tags 30-32 via the snoop bus 58 to
determ ne the cache state of the speci fi ed databl ock. The system
control | ery dfprnik ﬁohftﬁa HetucBssa t6 aiktain datd BoRéRYEHen ithe proper
source for the spe ed dat abl ock for the read_to_share 10 (RDS) or the

r eadt oshare@oapusy s -EESAD transaction. The appropriate source may

i nclude, for exanple, the nain nenory 14 or one of the external
caches of the processor subsystens 20-22 accordi ng to the state of the
duplicate t ags 30-32 15 systemcontroller 16 transfers

nessages via t tﬁgé‘éﬁﬁr’éﬂusﬁéﬁﬁ 3?9 hapdling °f ap"@ﬁfist%shlﬂ’{ega%?ﬁ’% RDBAY cache
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memory Port A.

_ At block 119, the system controller 16 reads the duplicate tags that
10 correspond to the memory Port A via the snoop bus 58 for the specified
datablock of the read_to_share_always (RDSA) transaction. At decision block
120, if the specified datablock is not owned by any other memory port 1-N,
control proceeds to block 122. Otherwise, control proceeds to decision block 128.

15 At block 122, the system controller 16 configures the data path switch 12
to supply the read data for the specified datablock to satisfy the
read_to_share_always (RDSA) transaction. The read data for the specified

datablock is supplied to Port A from the main memory 14.

20 At block 124, the system controller 16 transfers a message to the memory
Port A via the Port A control path that causes the external tags to transition
from the “invalid" (I) state to the "shared clean" (S) state for the specified
datablock.

25 At block 126, the system controller 16 sets Port A duplicate tags to the
“"shared clean" (S) state for the specified datablock via the snoop bus 58.



bus 58 for the duplicate tags 30-32 involved in the read_to_share (RDS) or
20 read _to_share_al ways (RDSA) transaction. Figure 2

il.lustrates the cache coherency protocol of the duplicate tags 30- 32
for one enbodiment. The systemcontrolleg 16 maintains the duplicate tags
30-32 according to an IVDSI cache coherency pr ot ocol whi ch includes an 25

"invalid" (lI) st ate “shared clean"” (S) state, "shared nodified" (0)
state, and excl usi ve, and potenti al | m)dl fied" (M state.
9 Atgiﬁcelen leOéFsHBallfeté\etSfpeG@ed ablock iheldt yrrnothes pashin

enmbodi nent essor subs c ssor .70, an
ext er nal cg?,an ?‘?ﬂ ) stateg &?%F%W%@r%ﬁe%(n?%i’ﬁ’&ﬁ 133 gl?? Eﬁf&?%d port
interface %2 essor subs &I tem 10
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fashi on ass}ﬂ@xtn VBl slel & dpYack Qéql%éli’ a¥ Ef&E'BO to thé Qppropnate port to

5 supply the datablock to Port A, and control then proceeds to block 124 to update

the external and duplicate tags as described above.

Thereafter, a read transaction issued from another memory port and
targeted for the same datablock as the read_to_share_always (RDSA)

10 transaction above the system controller 16 does not cause a copyback request to
the memory Port A because the duplicate tags for Port A indicate the "shared
clean” (S) state for the datablock. Since the read_to_share_always (RDSA)
transaction is issued only for read-only data, it follows that the corresponding
datablock in the Port A external cache remains in the "shared clean” (S) state.

15 As a consequence, an unnecessary copyback operation is avoided while data

coherency in the computer system 10 is maintained.

In the foregoing specification the invention has been described with
reference to specific exemplary embodiments thereof. It will, however, be
20 evident that various modifications and changes may be made thereto without
departing from the broader spirit and scope of the invention as set forth in the
appended claims. The specification and drawings are accordingly to be regarded

as illustrative rather than a restrictive sense.



10 interface 72 to issue a cache request to the systemjjcont r REPEAC
a message packet transferred via the address path -
requests issued include, for exanple, read_to_ share al ways (RDSA) and
read_toshare (RDS) cache - requests. The nessage packet transferred via
the address path 42 includes a header that specifies. the. request type
and an address that specifies the datablock 15 of the cache r

After the systemcontroller 16 config@mMEhe dat a pat “‘“ ﬁ@‘&a “\)urce
the appropriate data for the m ssing databl ock accordlm e* of

t he Whpt icalimedds: 30-32, the port interface 72 récef ves the m ssi ng
databl ock via the 20 data path 40. The port interface 72 receives cache
state control rressages from the systemcontroller 16 via the control

path 44. he ca he st &l nmessages determne the cache state
transitio tcﬁenlh %Q%‘thoén%lséusl dat abl ock stored in the

externgl Cache gx‘scessor subsystem having an extemal cache memory including

external tags, wherein if a cache miss on the datablock to the external cache
memory occurs the processor subsystem generates a read to share request or a
read to share always request that spe&ﬁes a datablock;
. memory interconnect that enables access to a shared memory and that

10 includes circuitry that receives the read Ito share or the read to share always
request and that causes the external tags for the datablock to indicate an
exclusive state in response to the read to share request and that causes the
external tags for the data block to indicate a shared state in response to the read
to share always request.

15
2. The computer system of claim 1, wherein the memory interconnect
maintains a set of duplicate tags that correspond to the external tags and sets the
duplicate tags for the datablock to indicate a modified state in response to the
read to share request and sets the duplicate tags for the data block to indicate the

20 shared state in response to the read to share always request.

3. The computer system of claim 2, wherein the processor subsystem
generates the read to share always request if the datablock is read-only and
generates the read to share request otherwise.

25
4. The EOmputer system of claim 2, wherein the datablock contains
instructions for the processor subsystem such that the processor subsystem

generates the read to share always request rather than the read to share ‘request.
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25 Figure 4 illustrates the cache coherency pr

external tags 76 for one enbodi nent. The external

t.he external tags 76 according to an MOESI cache _
whi ch includes an "invalid" (1) L i

10 state, a "shared clean" (S) state, an excl usi mmm“\
state, a "shared nodi fied" (O state, and an exclHB\ ‘

(M state. For an alternative enbodi nent elrnd'l dache
74 mai ntains the 5 external tags 76 according to an MESI cache

whi | he | | '
Gupl | cat €5 ags 188098 En et Bh i whetiie the bl R REVES shecor
Such an_epoBnle AR ¢3ad 15 SHERPLIWd)ALEE GO Glprices 2 sysURREALRIHS 10

function as a ective menory erel opyback oper ot
that accesses the duplicate tags via a snoop bus.

6. The computer system of claim 5, wherein the system controller causes
the external tags for the datablock to indicate the exclusive state in response to
the read to share request and causes the external tags for the data block to
indicate the shared state in response to the read to share always rei;uest by

10 transferring a message to the processor subsystem via a control path coupled

between the system controller and the processof subsystem.

7. A computer system, comprising:
processor subsystem having an external cache memory including

15 external tags and that maintains the external tags according to an MESI

coherency protocol;

memory interconnect that enables access to a shared memory and that
includes a set of duplicate tags that correspond to the external tags and that
maintains the duplicate tags according to an MSI coherency protocol;

20 wherein the processor subsystem generates a read to share always request
that specifies a datablock if a cache miss on the datablock to the external cache
memory occurs and wherein the mémory interconnect causes the external tags
for the datablock to indicate a shared state in response to the read to share
always request. |

25
8. The computer system of claim 7, wherein the processor subsystem

maintains the external tags according to an MOESI coherency protocol and
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on aload mss to a "nodi fied" databl ock causes the data ck to be witten

back 10 into the main and causes the requestijn
transition to \m““!\im @i state. Fi gﬁ'?@r%gm';\%%bg{f@s
t he handling of DS) trghsaction wi -

optim zation by t efsyé'tem controller 16. The wite optim zation 15
illustrated nay be referred to as a first wite optimzation to the cache
coherence " protocol of the conputer system 10. At bl ock

100, the g #ﬁ% i @Rl tm&Jf\L)ﬁ] ir?tgrc_ro?‘&%.ky ﬁ?aﬁtgix%ag;et Quphidite téﬁjﬁcordmg to an

transacti on rom one 0 processor systens 20-22 coupled to one of

the 20 meny ﬁenjct}, ltg,%@dlnafter referred to as nenory Port A
At bl ock 102 the Sys controller 16 reads the duplicate tags that

correspond to the nmenory Port A via the snoop bus 58 for the specified
dat abl ock of the read_toshare (RDS) transaction. At decisign block 104, if
the 25 specifiBee ctanpmtercsystemruftdmmémbqrean#l@pmesmrﬁﬂb;yﬁsm 1-N, then

cont rol proceeds to bl ock 108.
5 generates a read to share request that specifies the datablock if the cache miss on

the datablock to the external cache memory occurs and wherein the memory
interconnect causes the external tags for the datablock to indicate an exclusive

state in response to the read to share request.

10 10. The computer system of claim 9, wherein the memory interconnect sets
the duplicate tags for the datablock to indicate a modified state in response to
the read to share request and sets the duplicate tags for the data block to indicate

the shared state in response to the read to share always request.

15 11. The computer system of claim 10, wherein the processor subsystem
generates the read to share always request if the datablock is read-only and

generates the read to share request otherwise.

12.  The computer system of claim 10, wherein the datablock contains
20 - instructions for the processor subsystem such that the processor subsystem

generates the read to share always request rather than the read to share request.

13. The computer system of claim 10, wherein the memory interconnect
includes a system controller that accesses the duplicate tags via a snoop bus.

25
14. The computer system of claim 13, wherein the system controller causes

the externai iags for the datablock to indicate the exclusive state in response to

the read to share request and causes the external tags for the data block to
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O herwi se control proceeds to block 106 to process th frar EEE%%SQIBE

without wite optim zation. At block 108, if the dupli c il I'cat e
"shar ed clean” (S)state, then the databl ock fonj the at-e
(RDS) is supplied to Port A fromizhe main rrer_ro__r_.y 14. |If the duplicate
tdgs indicate one of the 5 nodified states Mor. O then the systém
controller 16 issues a copyback request Im ort and
sets the duplicate tags for the requesting port to” Ir"m "H mmﬁ"rshar ed
clean" (S) state and causes the external tags for the Yeduedti g * port
to indicat g% Sk Shise d to stilre A1 RGYs ;&% st B system
controller ?q%ﬁﬂrlégatsﬁgg gjﬁpatht’gv:k&qec‘?'na p shere g ﬁ ?he r ead

data for theasdfesidg adnesha b&@eke b@oée@&érséubssrb@m atla ken&bapath co dpled( RDS)

transaction. The read data for t he specified datablock is supplied to Port
A between the system controller and the processor subsystem.

5 15. A cache coherency method in a computer system, comprising the steps of:
maintaining a set of external tags for an external cache memory of a
processor according.to an MESI coherency protocol;
maintaining a set of duplicate tags that correspond to the external tags
according to an MSI coherency protocol;
10 generating a read to share always request that specifies a datablock if a
cache miss on the datablock to the external cache memory occurs and causing
the external tags for the datablock to indicate a shared state in response to the

read to share always request.

15 16. The method of claim 15, wherein the step of maintaining a set of external
tags for an external cache memory of a processor according to an MESI .
coherency protocol comprises the step of maintaining the external tags
according to an MOESI coherency protocol and wherein the step of maintaining
a set of duplicate tags that correspond to the external tags according to an MSI

20  coherency protocol comprises the step of maintaining the duplicate tags

according to an MOSI coherency protocol.

17.  The method of claim 15, further comprising the steps of generating a read
to share request that specifies the datablock if the cache miss on the datablock to
25 the external cache memory occurs and causing the external tags for the-

datablock to indicate an exclusive state in response to the read to share request.
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fromthe main nenory 14. 15 At bl ock 110 the sys 0 o Fer==36
transfers a nessage via the Port A control path that "ﬁé"%BEEM\
external tags to transition fromthe "invalid®_ (1) State FEPUA(ED

"exclusive clean" (E) state for the qugifW dat abl ock.

bl ock 112, the system controller 16 sets t Mm for Port A 20
fromthe "invalid" (I) to the "exclusive a drfred state

for the dat abl ock via the snoop bus 58. Thereafter, a
read transaction issued from another menory port and target ed for the

sane dat aBBeck Ehe W?@a’éﬂb@ﬁhﬂe QLRﬂEF OmPREYREitha Séﬁﬂii\/‘ef septing th@ses t he
| e k . P A
bacause. t RRISPIS e dor 48 CRiblpd o Mifivnie droating scelfcin Aerperss ip th
tenti al | f t |
o e o A S S o AR,
that dat abh@gKaretBstat RIRRPHREC o tHfdAd to share always request.
5

19.  The method of claim 18, wherein read to share always request is
generated if the datablock is read-only and the read to share request is generated

otherwise.

10 20. The method of claim 18, wherein the datablock contains instructions for
the processor such that the read to share always request rather than the read to

share request is generated.
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12 a copyback operation may be unnecessary to maintain data
coherency in the conput er system 10. Figure 6
illustrates the handling of a read to_share_always (RDSA) 5 transaction
fromPort A by the systemcontroller 16..9At block 118, the system
controller 16 receives a read_to_share_always (RDSA) request fromthe

menory Port A At bl ock 119, the systemcontroller 16 reads

the duplicate tags that 10 :icorrespond to the nmenory Port A via the snoop
bus 58 for the-specified dat abl ock of the read_to_share_al ways (RDSA)
transaction. At decision block 120, if the specified databl ock is not

owned by any other nenory port 1-N, Apstragontrol proceeds to bl ock 122.

Q her wi se, A caohE CoHRRENTEOGMPUER GReiIra aRaP MR8 mnvakBoaTION AND &P&%’A@fk
122, the pymwamaegntroller 16 conflgures the data path swtch 12

suppl y the reaokdat a for the spegl fi ed dat abl ock to satisfy the
omputer system is disclosed that reduces the occurrences of invalidate

and copyback operations through a memory interconnect by disabling a first

5  write optimization of a cache coherency protocol for data that is not likely to be

written by a requesting processor.

(Figure 1)



read_to_share_al ways (RDSA) transaction. The read data for the specified
dat abl ock is supplied to Port A fromthe main nenory 14. 20 At
bl ock 124, the systemcontroller 16 transfers a nmessage to the nenory

~ Port A via the Port A control path that causes the external tags to

transition fromthe "invalid" (l1)l/étate to the "shared clean" (S)
state for the specified dat abl ock. 25 At bl ock 126, the
systemcontroller 16 sets Port A duplicate tags to the "shared cl ean"
(S) state for the specified databl ock via the snoop bus 58.
13 At dggision block 128, if the specified datablock is held
by another port in —~ the "shared clean" (S) state, then control
proceeds to bIockri22.14%-the—spec+ﬁ+ed- ————————————— 7
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dat abl ock is held by another port in one of the nodified states Mor O

then the systemcontrol |l er issues a copyback request at block 130 to
the appropriate port to 5 supply the datablock to Port A and control
then proceeds to block 124 to update the external and duplicate tags
as descri bed above. Theregfet er, a read transaction issued
from anot her nenory port and targeted for the sane databl ock as the
readt o_share_al ways (RDSA) 10 transaction above the systemcontroller 16
does not cause a copyback request to the nenory Port A because the

duplicate tags for Port A indicate the
t he databl ock. Since the read_to_shagre al ways (RDSA)

i ssued only for read-only data, it/follows that the cor
dat abl ock in the Port A external

clean” (S) state for
transaction is
espondi ng

state. 15 As a conseguence, ary copyback oper&tion is avoided
whi | e data coherency in ai ned.

In the foregoing specificati W th
reference to specific exenpfary e ﬁm | 79 hdwever, be

20 evident that various dificati & thereto
w t hout
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departing fromthe broader spirit and scope of the invention as set forth

in the appended cl ai ns. The specification and draw ngs are
accordingly to be regarded as illustrative rather than a restrictive
sense. 1. A conputer system conprising: 5

processor subsystem having an external 3¢@ache nenory incl uding
external tags, wherein if a cache mss on the databl ock to the external

cache menory occurs the processor subsystem generates a read to share
request or a
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read to share always request that specifies a databl ock; menory
i nterconnect that enables access to a shared nenory and that 10 i ncludes
circuitry that receives the read to share or the read to share al ways
request and that causes the external tags for the datablock to indicate an
exclusive state in response to the reag g0 share request and that causes

t he external tags for the data block to indicate a shared state in
response to the read to share always request. 15 2. The
conput er systemof claiml1, wherein the nmenory interconnect mai nt ai ns

a set of duplicate tags that correspond to the external tags and sets the
duplicate tags for the datablock to indicate a nodified state in response

to the read to share request and sets the duplicate tags for the data
bl ock to indicate the 20 shared st e to the read to share

al ways request. 3. The ¢ aim2, wherein the
processor subsystem gener | ways request if the
dat abl ock is read-only and re request

ot herwi se. 25 4, Th wherein the

dat abl ock cont ai ns i nsfructi tem such t hat

t he processor subsystem

the read to shar
rather than the read to

L

ys request

Shared Modified
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5. The conputer systemof claim3, wherein the circuitry that receives

t he read to share or the read to share al ways request conprises a
system control |l er that accesses the duplicate tags via a snoop bus.

5 6. The conputer systemof claimb5, wherein the systemcontroller
causes the external tags for, the ﬁat abl ock to indicate the exclusive
state in response to the read to é are request and causes the
external tags for the data block to indjcate the_shared state in
response to the read to ire_al ways request wure dansierri ng a nmessage
to the processor stubSystemvia a Ctorgrol path coupl ed bet ween t he
system control | gr MBADWEQUSHABELr sybsyst em

Transaction From Port A

Check The Port A Duplicate
Tags For The Specified Data | ~ 102
Block Via The Snoop Bus

. Process Shared
Isghe Sgﬁ,";ﬁed Data Block
ata Yes —» Without First | ~ 106
Present In Any Write
Othe; Port Optimi atio;l

No .
\ 4

Supply The Read Data to Port A
From Main Memory ~ 108

'

" Signal Port A External Tags to
Transition From "Invalid” to ~ 110
"Exclusive” State For The Datablock

Set the Port A Duplicate Tags From

"Invalid" to "Modified” State For The | ~ 112
Datablock"

Done




7. A conput'er system conpri sing: “processor subsystem havi ng
an external cache nenory including 15 external tags and that maintains the
external tags according to an MESI coherency protocol;

menory interconnect that enables access to a shared nenory and that

I ncludes a set of duplicate tags that épérespond to the external tags and

t hat mai nt ai ns the dupllcate tags according to an MSI coherency
protocol; 20 Ay - +He-— ocessor subsyst generateg,a read to
share al way es a databLig B I€ctxhe niss on

t he dat abl ~ fgnory OCcurs and wherein the
menory inte tags for the databl ock to

i ndi cate a share .te i n re poRse to the read to share al ways
request. 25 8. e conputer systemof claim7, wherein the
processor subsystem mai ntai ns the external tags according to an MOESI

C(_)her ency prog O&R'eckaq‘ge Port A Duplicate
" Tags For The Specified Data | ~ 119

Block Via The Snoop Bus

Is The Specified

Data Block Present

In Any Other Port
?

Yes

No

¢ , Yes

Supply The Read Data To ~ 128
122 ~ Port A From Main
Memory

Clean" State

?

<
h 4

Signal Port A External Tag No

124 ~ To Transition From ¢

“Invalid" To "Shared” State
For The Datablock Send Copyback

Request To ~ 130
l Appropriate Port

Set Port A Duplicate Tags
126 ~ | To "Shared"” State For The
Datablock




This Sheet Has BeenRepl aced wherein the ety —

i nterconnect maintains the dupllcate tags according to an REPMMMQQENTSHEET |
coherency protocol . "7 9. "The conputer system of cl |n17

processor subsystem 5 generates a read to share reques DMat ____________________
the datablock if the cache mss on t he databl ock to —
cache nenory occurs and wherein the nenory I nt erconnect causes the
external tags for the datablock to indicate an exclusive state in
response to the read to share request. 10 10. The—eenputer -system-of

daim9, wherein the nmenory interconnect sets

’ * [ L M H] *

CLAIMS

1. A multi-processor computer system, comprising:

shared memory having a plurality of read-only datablocks;

first and second processor subsystems each having an external cache memory including
external tags for datablocks stored in the external cache memory, wherein if a cache miss on a
requested datablock to the external cache memory occurs the processor subsystem generates one of
a read to share always request if the requested datablock is one of said plurality of read-only
datablocks and a read to share request; and |

memdry interconnect that enables access to the shared memory and that includes circuitry
for receiving the read to share and the read to share always request, and for allowing the requested
datablock to be stored in the external cache memory, and that causes the external tags for the
requested datablock to indicate an exclusive state in response to the read to share request only if no
other processor subsystem has a copy of the requested datablock, and that causes the external tags
for the requested datablock to indicate a shared state in response to the read to share always

request.

2. The computer system of claim 1, wherein the memory interconnect maintains
duphcate tags that correspond to the external tags and sets the duplicate tags that correspond to the
external tags for the requested datablock to indicate a modified state in response to the read to share

‘request and sets the duplicate tags that cdrrespond to the external tags for the requested datablock to

indicate the shared state 1n response to the read to share always request.

3. The computer system of claim 2, wherein the processor subsystem in response to a

read miss on the external cache genérates the read to share always request if the requested

L AMENDED  sheer |




the duplicate tags for the datablock to indicate a nodifted state in
response to the read to share-regquest_and sets theg| @gpl peal e Tags Tor
t he data bl ock to indicat ared state inr ponsée%%ﬁﬁidl'

to share al ways request.. jlﬂﬂﬂﬂﬂ“ﬁﬂﬂi’ uiﬂtﬂwt'er syst el phiec! laBmJUN. 1997
wherein the processor sub L ates the redd=ta-shaireg" “Mays

request

I f the datablock is read-only and generates the read to'S

|

e

request otherw se. . 12. The conputer system of claim 10, wherein the

dat abl ock contains 20 instructions for the processor subsystem such that

t he processor subsystem generates the read to share al ways request

rather than the read to share request. 13. The conputer system of

cl ai m 10, dapdpedck lisorlelvf s4lt pRiFality 6HreddCshly\@itdblocks and geRGAKIRS red BYsHhRRquest
control l.er that accesses the duplicate tags via a snoop bus. 25

The compudtberwisgst em of cl aim 13, wherein the system control |l er causes
the external tags for the datablock to indicate the exclusive state in
response to the read to share request and causes the external tags
for the data block to

4, The computer system of claim 2, wherein the requested datablock is one of said
plurality of read-only datablocks and contain instructions for the processor subsystem such that the
processor subsystem generates the read to share always request rather than the read to share

request.

5. The computer system of claim 3, wherein the circuitry that receives the read to share
or the read to share always request comprises a system controller that accesses the duplicate tags

via a snoop bus.

6. The computer system of claim 5, wherein the system controller causes the external
tags for the requested datablock to indicate the exclusive state in response to the read to share
request and causes the external tags for the datablock to indicate the shared state in response to the
read to share always request by transferring a message to the processor subsystem via a control
path coupling the system controller and the processor subsystem. '

7. The computer system of claim 1 wherein the first processor subsystem maintains
the external tags according to a first coherency protocol, and. wherein the memory interconnect
further includes duplicate tags that correspond to the external tags and maintains the duplicate tags
according to a second coherency protocol.

” A?’*%F!‘u ED  SHEET
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17 i ndi cate the shared state in response to tHeREBRACEMENRSHEET
al ways request by ““Hransferring d nessage to'the ocesigawmte

via a control path coupl ed \“ﬁ stem cornl Pelel:&r.as . o ve -
processor subsystem 5\(!‘“ P\MM\ ncy met

system conprising the steps "meintaining a set of external

tags for an external cache nmenory of a processor according to an MESI
coherency protocol; mai ntai ning a set of duplicate tags that
correspond to the external tags according to an Msl coherency
protocol; 10 generating a read to share always request that

D e, 2! 0t e a3 A BB oy B 1

to indi cat@hderschdratbeod ki Wheréin iR$BENE Soliefenty frotocol is a MOSI coherency protocol.

9. ‘The computer system of claim 7, wherein the first coherency protocol is a MESI
protocol and the second coherency protocol is a MSI protocol.

10.  The computer system of claim 1, wherein the memory interconnect sets the
duplicate tags that correspond to the external tags for the requested datablock to indicate a modified
state in response to the read to share request and sets the duplicate tags that correspond to the
external tags for the requested datablock to indicate the shared state in response to the read to share

always request.

11.  The computer system of claim 10, wherein the requested datablock contains
instructions for the processor subsystem such that the processor subsystem generates the read to

share always request rather than the read to share request.

12.  The computer system of claim 7 wherein the memory interconnect includes a

system controller that accesses the duplicate tags via a snoop bus.

13.  The computer system of claim 12, wherein the system ‘controller causes the external
tags for the requested datablock to indicate one of the exclusive state in response to the read to
share request, and the shared state in response to the read to share always request, by transferring a




read to share always request. 15 16. The nethod of Iﬁgm@&ngﬁgﬁr
the step of maintaining a set of ext er nal B tags for)jan external cache ‘
menory of a processor-acEordi m"m muuﬁm‘ coher en yDegéQth,gﬂj}Nm _____

conprises the step of maintai ,Hm t ags ' |

MOES| coherency protocol and wher®irt tMe §tep of maintaining a set of
duplicate tags that correspond to the external tags according to an Msl. 20
coherency protocol conprises the step of maintaining the duplicate tags
according to an MOSI coherency protocol. 17. The nmethod of claim
15, further conprising the steps of generating a read to share request
t hat specifies t he datablock I f the cache mss on the datablock to 25 the

ext er nal xg?fénﬁ{eﬂﬁée 'Efn@”’
dat abl ockm[ gngl caée an ex %%?\‘/’fgads%t% ep%“?ll response to e rea anhare

request. rocessor subsystem.18. The nethod of claim 17, furt her conpri sing
the steps ofp setting the

14. A cache coherency method in a multi-processor computer system, comprising the
steps of:

maintaining external tags for datablocks stored in an external cache memory of a processor
according to a first coherency protocol;

maintaining duplicate tags that correspond to the external tags according to a second
coherency protocol; and one of

generating a read to share always request that specifies a datablock if a cache miss on the
datablock to the external cache memory occurs and the datablock lies in a read-only location in a
main memory, and causing the external tags for the datablock to indicate a shared state in response
to the read to share always request, and

generating a read to share request that specifies the datablock if a cache miss on the
datablock to the external cache memory occurs, and causing the external tags for the datablock to
indicate an exclusive state in response to the read to share request after determining that no other

processor owns the datablock.

15. The method of claim 14, wherein the the first coherency protocol is a MOESI

coherency protocol and the second coherency protocol is 2 MOSI coherency protocol.

16.  The method of claim 14, further comprising the steps of generating a read to share
request that specifies the datablock if the cache miss on the datablock to the external cache memory
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duplicate tags for the datablock-to indicate a mdifieq%&—“ﬁe"ﬁz’é;
REBLAGEMEN]

to the read to share reque Hm t|n the dupli

data block to.indicate respongse t h to
share al ways request. u&ﬁmﬂl of cl ai &®QM'£M(4 ‘
to share al ways request |s generat ed Xi the dat ab rs-read-only
and the read to share request is generated ot herw se. 10 20. The

met hod of claim 18, wherein the databl ock contains instructions for
the processor such that the read to share always request rather than the

read to

share request is generatgd.

occurs and causing the external tags for the datablock to indicate an exclusive state in response to

the read to share request.

17.  The method of claim 14, further comprising the steps of setting the duplicate tags
that correspond to the external tags for the datablock to indicate a modified state in response to the
read to share request and setting the duplicate tags that correspond to the external tags for the
datablock to indicate the shared state in response to the read to share always request.

18.  The method of claim 17, wherein the read to share always request is generated if the
datablock lies in a read-only location in main memory, and the read to share request is generated

otherwise in response to a read miss.

19.  The method of claim 17, wherein the datablock contains instructions for the
processor such that the read to share always request rather than the read to share request is

generated.

20.  The method of claim 14, wherein the first coherency protocol is a MESI protocol
and the second coherency protocol is a MSI protocol.
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