
,. . 

5 

1 

BACKGROUND OF THE lNVENUON 

A CAOiE COHERENT a:MPUTER SYSTEM THAT MINIMIZES INVALIDATION AND CUPYBACK 
OPERATIONS 

1. FIELD OF THE INVENTION: 

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 processors in the system, as well as storage areas for data stru~es that are 

shared among the processors of the system. Such shared data structures enable 

inter processor communication and data and code sharing between the 

20 

25 

processors. 

Typically, 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 circuit switched interconnection or a more complex packet switched 

interconnection that enables out of order transactions. 

. 
In addition, 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 
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cache memory provides fast processor access to the cached data blocks by 

avoiding fetches to the main memory subsystem for datablocks that are stored 

in the cache. 

5 Such a multiprocessor computer system, whether pack.et 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 

indica:te the stafus of the cached datablocks. For example, one type of cache 

10 coherency protocol which is referred to as the MOES! 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 interconn~ct. Such a read_to_share (RDS) transaction 

usually returns the missing data~lock. to the external cache of the first processor 

20 and the tags associated with that datablock in the external cad1e 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 MOES! 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, 
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if the first processor executes store instructions to that exclusive datablock then 

no other cache coherency messages are transferred through the memory 

interconnect. Such an optimization eliminates an invalidation or copyback 

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 MOES! 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. H 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 though 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 ~rst processor 

20 because such outside contention interferes with instruction execution by the 

first processor. fu 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_share (RDS) transaction rather than the main memory because a main 

memory is usually optimized for high bandwidth access. 
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SUMMARY OF THE INVENTION 

A computer system is disclosed that selectively enables and disables a first 

write optimization of a cache coherency protocol for data th.at is not likely 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. Ad vantages 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 feature5 and advantages of the present invention will be apparent 

from the accompanying drawings, and from the detailed description that 

25 follows below. 
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BRIF.F DESCRIWON OF JHE DRAWINGS 

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: 

10 

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; 

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; 

20 

Figure 4 illustrates the cache coherency protocol of the external tags of a 

processor subsystem for one embodiment; 

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. 
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DETAILED DESCRimdN 

Figure 1 illustrates a computer system 10 for one embodiment. The 

computer system 10 comprises a set of processor subsystems 20-22 and a 

5 memory interconnect subsystem 18. Each of the processor subsystems 20-22 

includes an L2 cache memory. 

The memory interconnect subsystem 18 provides shared access to a main 

meUl-ory 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 contr~ller 16 via a set of control signals 54. The data path switch 12 

enables data pai:h access to the main memory 14 via the data path of each port 1-

20 N including 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 
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duplicate tags 30-32. The duplicate tags 30-32 reflect the tags corresponding to 

the external 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 ~6 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 tise 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 
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read orlly 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 (ROSA) 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 snoop bus 58 to determine the cache state of the 

specified datablock. The system controller 16 configures 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 (ROSA) transaction .. The appropriate 

sourc~ 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 

tags30-32. 

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 subsystems 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 duplicate tags 30-32 involved in the read_to_share (RDS) or 

20 read_to_share_always (ROSA) 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" (0) state, and 

an "exclusive and potentially modified" (M) state. 
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Figure 3 illustrates the processor subsystem 20 for one embodiment. The 

processor subsystem ib comprises a processor 70, an external cache 74, and 

associated set of external tags 76, and a port interface 72. Other processor 

subsystems in the computer system 10, such as the processor subsystem 22, may 

5 be implemented in a similar fashion as that shown for the processor subsystem 

20. 

The processor 70 issues memory load and memory store operations to the 

exteII).al 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 datablock 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 MQESI cache coherency protocol which includes an "invalid" (I) 
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state, a "shared clean" (S) state, an "exclusive clean" (E) state, a "shared 

modified" (0) state, and an "exclusive modified" (M) state. 

For an alternative embodiment, the external cache 74 maintains the 

5 external tags 76 according to an .MESI cache 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 datablo:ck 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_share (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 a5 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. 



11 

Otherwise control proceeds to block 106 to process the shared datablock 

without write optimization. At block 1081 if the duplicate tags indicate "shared 

clean" (5)state, then the datablock for the read_to_share (RDS) is supplied to 

Port A from the main memory 14. If the duplicate tags indicate one of the 

5 modified states Mor 0 1 then the system controller 16 issues a copyback request 

to the appropriate P?rt and sets the duplicate tags for the requesting port to 

indicate "shared clean" (5) state and causes the ex;temal tags for the requesting 

port to indicate "shared clean" (5) state. 

10 At block 1081 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" 

(I) 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" (1) 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 
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a copyback operation may be unnecessary to maintain data coherency in the 

computer system 10. 

Figure 6 illustrates the handling of a read_to_share_always (RDSA) 

5 transaction from Port A by the system controller 16. At block 118, the system 

controller 16 receives a read_to_share_always (RDSA) request from the 

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 

data block. 

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. 
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At decision block l28, if the specified databloC:k is held by another port in 

the "shared clean" (S) state, then control proceeds to block 122. If the specified 

datablock is held by another port in one of the modified states Mor 0, then the 

system controller 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 described above. 

Thereafter, a read transaction issued from. another memory port and 

targe~ed 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 (ROSA) 

transaction is issued only for read-only data, it follows that the corresponding 

datablock in the Port A external cache remains in the "shared dean" (5) 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. 
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Cl.AIMS 

What is claimed is: 

1. A computer system, comprising: 

THIS SHEET HAS BEEN 
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processor subsystem having an external 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 specifies a datablock; 

· memory interconnect that enables access to a shared memory and that 

10 includes circuitry that receives the read to 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 respanse 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. 

25 

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. 

4. The computer 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 !}"le rea_d to 5.hare request. 
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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 databloc.k to indicate the exclusive state in response to 

the read to share request and causes the external tags for the data block to 

indic~te the shared state in response to the read to share always request by 

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

between the system controller and the processor subsystem. 

7. A computer system, comprising: 

processor subsystem having an external cache memory including 

15 external tags and that maintains the external tags aci:ording to an MESI 

coherency protocol; 

memory interconnect that enables access to a shared memory and that 

includes a set of duplicate tags that correspo!.1~ ~o 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 

25 

that specifies a databloc.k if a 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 a shared state in response to the read to share 

always request. 

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

maintains the external tags according to an MOESI coherency protocol and 



11\\1\\I 111\11 \\\ll II\~ II 1\\1 
ir c 

16 

THIS SHEET HAS BEEN 
·REPLACED 

wherein the memory interconnect maintains the duplicate tags accord_ing to an 

MOS! coherency protocol. 

9. The computer system of claim 7 wherein the processor subsystem 

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 otheiwise. 

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. 

25 

13. The computer system of claim 10, wherein the memory interconnect 

includes a $ystem controller that accesses the duplicate tags via a snoop bus. 

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

the extental i.ags 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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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 coupled 

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 l'vffiSI coherency protocol; 

maintaining a set of duplicate tags that correspond to the external tags 

accoi:ding 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 oceurs 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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18. The method of claim 17, further comprising the steps of setting the 

duplicate tags for the databloc.k to indicate a modified state in response to the 

read to share request and setting the duplicate tags for the data block to indicate 

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

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. 


