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(57) ABSTRACT 

Methods and devices to reduce processor-to-system memory 
access latency through the use of a memory buffer for the 
storage of cache lines ?ushed (cast out) from conventional 
level-1 (L1) and/or level-2 (L2) processor caches are 
described. The memory buffer, referred to as a cast-out 
cache, may be incorporated Within a system controller 
and/or memory controller device. 
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STORING A FLUSHED CACHE LINE IN A 
MEMORY BUFFER OF A CONTROLLER 

BACKGROUND 

[0001] The invention relates generally to computer 
memory systems and more particularly, but not by Way of 
limitation, to a caching technique to improve host processor 
memory access operations. 

[0002] In a typical computer system, program instructions 
and data are read from and Written to system memory at 
random addresses. To combat this random nature of memory 
access operations level-1 (L1) and level-2 (L2) cache memo 
ries have been used to decrease the time, or number of clock 
cycles, a given processor must spend communicating With 
system memory during memory read and Write operations. 

[0003] Cache memories rely on the principle of access 
locality to improve the ef?ciency of processor-to-memory 
operations and, therefore, overall computer system perfor 
mance. In particular, When a processor accesses system 
memory for program instructions and/or data, the informa 
tion retrieved includes not only the targeted instructions 
and/or data, but additional bytes of information that sur 
round the targeted memory location. The sum of the infor 
mation retrieved and stored in the cache is knoWn as a 
“cache line.” (A typical cache line may comprise 32 bytes.) 
The principle of access locality predicts that the processor 
Will very probably use the additional retrieved bytes subse 
quent to the use of the originally targeted program instruc 
tions. During such operations as the execution of program 
loops, for example, information in a single cache line may 
be used multiple times. Each processor initiated memory 
access that may be satis?ed by information already in a 
cache (referred to as a “hit”), eliminates the need to access 
system memory and, therefore, improves the operational 
speed of the computer system. In contrast, if a processor 
initiated memory access can not be satis?ed by information 
already in a cache (referred to as a “miss”), the processor 
must access system memory—causing a neW cache line to 
be brought into the cache and, perhaps, the removal of an 
existing cache line. 

[0004] Referring to FIG. 1, many modern computer sys 
tems 100 utiliZe processor units 102 that incorporate small 
L1 cache memory 104 (e.g., 32 kilobytes, KB) While also 
providing larger external L2 cache memory 106 (e.g., 256 
KB to 612 As shoWn, processor unit 102, L1 cache 104 
and L2 cache 106 are coupled to system memory 108 via 
processor bus 110 and system controller 112. As part of 
processor unit 102 itself, L1 cache 104 provides the fastest 
possible access to stored cache line information. Because of 
its relatively small siZe hoWever, cache miss operations may 
occur frequently. When a L1 cache miss occurs, L2 cache 
106 is searched for the targeted program data and/or pro 
gram instructions (hereinafter collectively referred to as 
data). If L2 cache 106 contains the targeted data, the 
appropriate cache line is transferred to L1 cache 104. If L2 
cache 106 does not contain the targeted data, an access 
operation to system memory 108 (typically mediated by 
system controller 112) is initiated. The time betWeen pro 
cessor unit 102 initiating a search for target data and the time 
that data is acquired or received by the processor unit (from 
L1 cache 104, L2 cache 106 or memory 108) is knoWn as 
read latency. A key function of caches 104 and 106 is to 
reduce the processor unit 102’s read latency. 
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[0005] If L1 cache 104 is full When a neW cache line is 
brought in for storage, a selected cache line is removed 
(often referred to as ?ushed). If the selected cache line has 
not been modi?ed since being loaded into L1 cache 104 (i.e., 
the selected cache line is “clean”), it may be replaced 
immediately by the neW cache line. If the selected cache line 
has been modi?ed since being placed into L1 cache 104 (i.e., 
the selected cache line is “dirty”), it may be ?ushed to L2 
cache 106. If L2 cache 106 is full When a L1 cache line is 
brought in for storage, one of its cache lines is selected for 
replacement. As With L1 cache 104, if the selected cache line 
is clean it may be replaced immediately. If the selected cache 
line is dirty, hoWever, it may be ?ushed to posted Write 
buffer 114 in system controller 112. The purpose of posted 
Write buffer 114 is to provide short-term storage of dirty 
cache lines that are in the process of being Written to system 
memory 108. (Posted Write buffers 114 are typically only 
large enough to store a feW, e.g., 8, cache lines.) 

[0006] While reasonably large by historical standards, the 
siZe of both L1 cache 104 and L2 cache 106 are small 
relative to the amounts of data accessed by modern softWare 
applications. Because of this, computer systems employing 
conventional L1 and L2 caches (especially those designed 
for multitasking operations) may exhibit unacceptably high 
cache miss rates. One effect of high cache miss rates is to 
increase the latency time of processor unit read operations. 
Thus, it Would be bene?cial to provide a mechanism to 
reduce the memory latency time experienced by host pro 
cessor units. 

SUMMARY 

[0007] In one embodiment the invention provides a com 
puter system comprising a processor, a level-1 cache (opera 
tively coupled to the processor), a level-2 cache (operatively 
coupled to the processor), a system memory, and a system 
controller (operatively coupled to the processor, level-1 
cache, level-2 cache and system memory), Wherein the 
system controller has a memory buffer adapted to store 
cache lines ?ushed (cast out) from one or more processor 
caches. The memory buffer, referred to herein as a cast-out 
cache, may be con?gured as a set associative or fully 
associative memory and may comprise dynamic or static 
random access memory integrated into the system controller. 

[0008] In another embodiment, the invention provides a 
method to control memory access transactions. The method 
includes receiving a memory access request signal from a 
device, identifying the device, selecting a cache structure 
based on the identi?ed device, using the selected cache 
structure to satisfy the memory access request. The acts of 
selecting a cache structure and using the selected cache 
structure may comprise selecting a cache structure if the 
identi?ed device is a processor unit, otherWise accessing a 
system memory to satisfy the memory request. Methods in 
accordance With the invention may be stored in any media 
that is readable and executable by a computer system. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] FIG. 1 shoWs a block diagram of a prior art 
computer system having a memory architecture incorporat 
ing level-1 and level-2 cache memories. 

[0010] FIG. 2 shoWs a block diagram of a system con 
troller that incorporates a cast-out cache in accordance With 
one embodiment of the invention. 
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[0011] FIG. 3 shows a flow diagram format of hoW a 
memory controller processes a neW cast-out cache entry in 
accordance With one embodiment of the invention. 

[0012] FIG. 4 shoWs a flow diagram of hoW a memory 
controller processes a memory access request using a cast 
out cache in accordance With one embodiment of the inven 
tion. 

[0013] FIG. 5 shoWs a block diagram of a computer 
system having a cast-out cache in accordance With one 
embodiment of the invention. 

[0014] FIG. 6 shoWs a modi?cation to FIG. 4 Wherein a 
cast-out cache is used only for transactions associated With 
a processor unit. 

[0015] FIG. 7 shoWs another modi?cation to FIG. 4 
Wherein a memory controller may access tWo or more 

cast-out cache structures. 

DETAILED DESCRIPTION 

[0016] Techniques (including methods and devices) to 
reduce processor-to-system memory access latency through 
the use of a memory buffer for the storage of cache lines 
?ushed from conventional level-1 (L1) and/or level-2 (L2) 
caches are described. The folloWing embodiments of the 
invention, described in terms of a memory buffer incorpo 
rated Within a system controller device, are illustrative only 
and are not to be considered limiting in any respect. 

[0017] Referring to FIG. 2, system controller 200 in 
accordance With one embodiment of the invention incorpo 
rates a memory buffer for the storage of cache lines 
?ushed—cast out—from a processor’s L1 and/or L2 caches 
(hereinafter referred to as cast-out cache 202). Memory 
controller 204 mediates data transfers (Wherein “data” 
includes program data and program instructions) betWeen 
system memory 206 and devices 208 via memory interface 
210, posted Write buffer 212 and cast-out cache 202. In 
accordance With the invention, as a cache line is ?ushed 
from a processor’s cache(s) it is stored in cast-out cache 202 
rather than posted Write buffer 212 as in conventional 
computer systems. Subsequent reads to cache lines stored in 
cast-out cache may be returned to the processor Without 
incurring the latency associated With a full memory access. 
Illustrative devices 208 include processor units, L1 cache 
units, L2 cache units, graphics devices, and peripheral or 
input-output (I/O) devices. 

[0018] FIG. 3 shoWs, in flow diagram format, hoW 
memory controller 204 processes a neW cast-out cache entry 
in accordance With one embodiment of the invention. On 
receiving a cache line (block 300), system controller 200 
determines if cast-out cache 202 has sufficient room to 
accept the neW entry. If cast-out cache 202 does have 
sufficient room (the “yes” prong of diamond 302), the neWly 
received cache line is stored (block 304) in cast-out cache 
202. Each cache line stored in cast-out cache 202 comprises 
a data component and a tag component, Where the tag 
component further includes a status portion and an address 
portion. The status portion includes indication of an entries 
state (e.g., dirty or clean). The address portion includes an 
indication of the data component’s address in memory 206. 
As Would be knoWn to those of ordinary skill, the address 
portion may be used to organiZe cast-out cache 202 into a set 
associative memory (e.g., 2-Way, 4-Way, and 8-Way) or a 
fully associative memory. 
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[0019] If cast-out cache 202 does not have sufficient room 
(the “no” prong of diamond 302), a cast-out cache entry is 
selected (block 306) and ?ushed to posted Write buffer 212 
(block 308). Once the selected entry is ?ushed, the neW 
cache line may be stored (block 304). Memory controller 
204 may utiliZe posted Write buffer 212 in a conventional 
manner; as a temporary staging area for data being Written 
to system memory 206. For eXample, if cast-out cache 202 
is full, the selected cast-out cache entry may be ?ushed to 
posted Write buffer 212. Any desired cache line replacement 
algorithm may be employed. In one embodiment, for 
eXample, a least recently used (LRU) algorithm may be used 
to select that cast-out cache entry for removal (block 306). 
In another embodiment, clean cache lines are selected before 
dirty cache lines so as to avoid, or postpone, memory Write 
operations. In yet another embodiment, these tWo techniques 
may be combined. 

[0020] FIG. 4 shoWs, in flow diagram format, hoW 
memory controller 204 processes a memory access request 
using cast-out cache 202 in accordance With one embodi 
ment of the invention. After receiving a memory transaction 
request (block 400), memory controller 204 determines What 
type of request it is to process. If the received request is a 
memory read request (the “yes” prong of diamond 402), a 
check is made to determine if the requested data is in 
cast-out cache 202. If the requested data is in cast-out cache 
202 (the “yes” prong of diamond 404), the requested data is 
retrieved from cast-out cache 202 (block 406) and returned 
to the requesting device (block 408) at Which point the 
transaction is complete (block 410). If the requested data is 
not available in cast-out cache 202 (the “no” prong of 
diamond 404), the requested data is retrieved from system 
memory 206 (block 412) and returned to the requesting 
device (block 408). In one embodiment, cast-out cache 202 
is populated With cache lines ?ushed (cast out) from pro 
cessor caches only. In this embodiment, only processor unit 
reads are processed in accordance With FIG. 4 (acts 400 
through 412). 
[0021] If the received memory transaction request is a 
memory Write request (the “no” prong of diamond 402), a 
test is made to determine if the targeted Write address has an 
entry in cast-out cache 202 (diamond 414). If the targeted 
address has an associated cast-out cache entry (the “yes” 
prong of diamond 414), the entry is updated in accordance 
With the Write request (block 416). If the targeted address 
does not have an associated cast-out cache entry (the “no” 
prong of diamond 414), a memory Write operation is per 
formed (block 418). In one embodiment cast-out cache 202 
may be updated during memory Write operations in accor 
dance With FIG. 4 When either a processor unit or an 
input-output (I/O) bus master device Writes to memory 206. 
In this sense, memory controller 204“snoops” cast-out cache 
202 during memory Write operations. Devices other than 
processor units, hoWever, do not generate cache line allo 
cation actions during memory read operations (only cache 
lines cast out or ?ushed from processor caches are loaded 
into cast-out cache 202). 

[0022] Referring to FIG. 5, computer system 500 in 
accordance With one embodiment of the invention includes 
processor unit 502 (incorporating an L1 cache structure, not 
shoWn) and L2 cache unit 504 coupled to system controller 
200 via processor bus 506. System controller 200 couples 
accelerated graphics device 508 (via graphics bus 510) and 
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expansion or I/O devices 512 (via system bus 514) to system 
memory 206 (via memory bus 516). Illustrative processor 
units (e.g., 502) include the PENTIUM® family of proces 
sors and the 80x86 families of processors from Intel Cor 
poration. Illustrative expansion devices 512 include any 
device designed to operate in concert With system bus 514. 
For example, if system bus 514 operates in conformance 
With the peripheral component interconnect (PCI) standard, 
expansion devices 512 may be any PCI device (e.g., a 
netWork interface card). It Will be recognized that additional 
bus structures and devices may be coupled to computer 
system 500. For example, if system bus 514 operates in 
accordance With the PCI standard, a PCI-to ISA bridge 
circuit may be used to couple one or more industry standard 
architecture (ISA) devices to computer system 500 (e.g., a 
keyboard controller and non-volatile memory). One illus 
trative PCI-to-ISA bridge circuit is the 82371AB PCI-to 
ISA/IDE controller made by Intel Corporation. 

[0023] Every memory access request satis?ed from the 
contents of cast-out cache 202, alloWs memory controller 
204 to reduce the memory transaction latency suffered by the 
requesting device (e.g., processor 502) by avoiding a system 
memory access operation. In addition, requests satis?ed 
from cast-out cache 202 reduce memory bus 516 loading. 
The former bene?t may be enhanced by making cast-out 
cache 202 relatively large, 1 to 4 megabytes for example. 
The latter bene?t may further alloW memory controller 204 
to service multiple memory transaction requests (each asso 
ciated With a different device) in parallel—one from cast-out 
cache 202 and another from system memory 206. 

[0024] While memory controller 204 may utiliZe cast-out 
cache 202 to service a memory request from any device (i.e., 
devices 208), in one embodiment only those transactions 
associated With a processor unit (e.g., 502) actually utiliZe 
cast-out cache 202. Referring to FIG. 6, for example, the 
How diagram of FIG. 3 may be modi?ed so that memory 
controller 204 determines What type of device issued the 
request. If the requesting device is a processor unit (the 
“yes” prong of diamond 600), act in accordance With FIG. 
3 are performed. If, on the other hand, the requesting device 
is not a processor unit (the “no” prong of diamond 600), a 
system memory access operation is performed (block 602) 
and the results returned to the requesting device in a con 
ventional manner (block 604). 

[0025] In another embodiment of the invention, separate 
cast-out cache structures may be provided for processor 
units and I/O devices. Referring to FIG. 7, for example, the 
How diagrams of FIGS. 4 and 6 may be modi?ed to account 
for multiple cast-out cache structures. FolloWing receipt of 
a memory access request (block 400), a series of tests are 
performed to determine What device issued the request. If 
the requesting device is a processor unit (the “yes” prong of 
600), the processor cast-out cache is selected (block 700) 
and processing continues as outlined in FIG. 4. If, on the 
other hand, the requesting device is not a processor unit (the 
“no” prong of diamond 600), the appropriate cast-out cache 
structure is selected (block 702) Where after processing 
continues as outlined in FIG. 4. As indicated, there may be 
tWo or more cast-out cache structures. In one embodiment, 
there is a cast-out cache structure for a processor unit and 
another cast-out cache structure for I/O devices (e.g., 
devices 512 coupled to system bus 514). 
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[0026] Various changes in the materials, components, cir 
cuit elements, as Well as in the details of the illustrated 
operational methods are possible Without departing from the 
scope of the claims. For instance, cast-out cache 202 may 
incorporate additional buffer memory to serve as temporary 
storage for cache lines moving in and out of the cache. One 
such buffer storage may act as a posted-Write buffer for 
entries associated With the cast-out cache. In addition, While 
cast-out cache 202 and memory controller 204 have been 
shoWn as incorporated Within system controller 200, it is 
possible to embody them in a device external to system 
controller 200. In one embodiment cast-out cache 202 may 
be a large dynamic random access memory (DRAM) array 
and memory controller 204 may be a programmable control 
device integrated, as shoWn, into system controller 200. In 
another embodiment, cast-out cache 202 and memory con 
troller 204 may be implemented external to system control 
ler 200 and coupled directly to system bus 514. 

[0027] As a programmable control device, memory con 
troller 204 may be a single computer processor, a plurality 
of computer processors coupled by a communications link, 
or a custom designed state machine. Custom designed state 
machines may be embodied in a hardWare device such as a 
printed circuit board comprising discrete logic, integrated 
circuits, or specially designed application speci?c integrated 
circuits (ASICs). In addition, acts in accordance With FIGS. 
4 through 7 may be performed by a programmable control 
device executing instructions organiZed into a program 
module and stored in a storage device. Storage devices 
suitable for tangibly embodying program instructions 
include all forms of non-volatile memory including, but not 
limited to: semiconductor memory devices such as electri 
cally programmable read only memory (EPROM), electri 
cally erasable programmable read only memory 
(EEPROM), and ?ash devices. 

[0028] While the invention has been disclosed With 
respect to a limited number of embodiments, numerous 
modi?cations and variations Will be appreciated by those 
skilled in the art. It is intended, therefore, that the folloWing 
claims cover all such modi?cations and variations that may 
fall Within the true sprit and scope of the invention. 

What is claimed is: 
1. A computer system, comprising: 

a processor unit; 

a level-1 cache operatively coupled to the processor unit; 

a level-2 cache operatively coupled to the processor unit; 

system memory; and 

a system controller operatively coupled to the processor 
unit, level-1 cache, level-2 cache and system memory, 
the system controller having an memory buffer adapted 
to store data associated With processor unit initiated 
transactions to system memory. 

2. The computer system of claim 1, Wherein the memory 
buffer is organiZed as a cache memory. 

3. The computer system of claim 2, Wherein the cache 
memory comprises a set-associative cache memory. 

4. The computer system of claim 2, Wherein the cache 
memory comprises a fully associative cache memory. 



US 2002/0042863 A1 

5. The computer system of claim 1, wherein the memory 
buffer comprises between approximately 1 and 4 megabytes 
of volatile memory. 

6. The computer system of claim 1, Wherein the system 
controller comprises an application speci?c integrated cir 
cuit. 

7. The computer system of claim 1, further comprising: 

a peripheral component interconnect bus coupled to the 
system controller; and 

one or more devices coupled to the peripheral component 
interconnect. 

8. An integrated circuit system controller, comprising: 

a processor interface adapted to communicate With a 
processor; 

a memory interface adapted to communicate With a sys 
tem memory; 

a memory control circuit adapted to mediate memory 
access operations betWeen a device and the system 
memory; and 

a memory buffer operatively coupled to the memory 
controller and adapted to store data associated With 
system memory transactions initiated by the processor. 

9. The integrated circuit system controller of claim 8, 
further comprising an accelerated graphics port interface 
adapted to communicate With an accelerated graphics 
device. 

10. The integrated circuit system controller of claim 9, 
Wherein the memory controller further comprising a posted 
Write buffer operatively coupled to the memory controller. 

11. The integrated circuit system controller of claim 8, 
Wherein the memory buffer is con?gured as a fully associa 
tive cache memory. 

12. The integrated circuit system controller of claim 8, 
Wherein the memory buffer is con?gured as a set associative 
cache memory. 

13. The integrated circuit system controller of claim 12, 
Wherein the set associative cache memory is con?gured as a 
2-Way set associative cache memory. 

Apr. 11,2002 

14. The integrated circuit system controller of claim 11, 
Wherein the random access memory comprises dynamic 
random access memory. 

15. The integrated circuit system controller of claim 14, 
Wherein the dynamic random access memory comprises 
betWeen approximately 1 and 4 megabytes. 

16. A memory control method eXecuted by a memory 
control device having one or more cache structures, the 
method comprising: 

receiving a memory access request signal from a device; 

identifying the device; 
selecting a cache structure based on the identi?ed device; 

and 

using the selected cache structure to satisfy the memory 
access request. 

17. The method of claim 16, Wherein the act of identifying 
the device comprises determining if the device is a processor 
unit. 

18. The method of claim 16, Wherein the act of selecting 
a cache structure comprises: 

selecting a ?rst cache structure if the identi?ed device is 
a processor unit, else 

selecting a second cache structure. 
19. The method of claim 16, Wherein the acts of selecting 

a cache structure and using the selected cache structure 
comprise: 

selecting a cache structure if the identi?ed device is a 
processor unit, else 

accessing a system memory to satisfy the memory 
request. 

20. The method of claim 19, Wherein the act of using the 
selected cache structure comprises: 

satisfying the memory request from an entry in the 
selected cache structure if possible, else 

accessing a system memory to satisfy the memory 
request. 


