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ABSTRACT

Apparatus and system for quickly accessing data residing in a
cache of one processor, by another processor, while avoiding
lengthy accesses to main memory are provided. A portion of
the cache may be placed in a lock set mode by the processor
in which it resides. While in the lock set mode, this portion of

12/274,548 the cache may be accessed directly by another processor
without lengthy “backing” writes of the accessed data to main
Nov. 20, 2008 memory.
100 \
102
108 160 110 160 112 160
) { ) { )
CORE 1 L1 CORE2 | L1 CORE3 | L1
116
)
L2 CACHE Lock SET |[~114
/
115
= CORE BUS INTERFACE HIGH SPEED MEMORY
(
118 1‘
FSB L
INTERFACE 120
CPU
106 —
\/
FSB |
INTERFACE 124
] 125 ~
104 BIU
!/ (
/o GRAPHICS MEMORY MAIN
¢ CORE CONTROLLER MEMORY
140 7 7
142 128 132
GPU




Patent Application Publication = Mar. 19, 2009 Sheet 1 of 4 US 2009/0077320 A1

100
\

102
- 108 160 110 160 112 160
( ) ( ) ( )
CORE1 | L1 CORE 2 | L1 CORE 3 | L1
116
)
\
L2 CACHE LocK SET | =114
)
115
CORE BUS INTERFACE HIGH SPEED MEMORY
/
118
FSB |
INTERFACE [~ 1%°
CPU
106
\/
FSB |
INTERFACE |~ 124
B 125 ~_
104 -~
130 138
‘ 1 ) (
o GRAPHICS MEMORY MAIN
7 CORE CONTROLLER MEMORY
140 5 .
142 128 132
GPU

FIG. 1



Patent Application Publication = Mar. 19, 2009 Sheet 2 of 4 US 2009/0077320 A1

114

(

204 L2 CACHE 202
( (
CACHE ARRAY CACHE DIRECTORY
N-WAY
N N-1 | eeel N 206
[ ] [ ) L ] (
. . : CACHE CONTROLLER
\_115
FIG. 2A
MEMORY MAP
ADDRESS DESCRIPTION
0 000000XX
MAIN
MEMORY
0 00FFFFXX
05 010000XX
L2 CACHE
LOCK SET
0 01FFFFXX

FIG. 2B



US 2009/0077320 A1

Mar. 19, 2009 Sheet 3 of 4

Patent Application Publication

Ndd yze—
"4 v1vd $S300¥d ONV JAIFOT 7
- ~
€ Old g |
e JIONVY SSFyaav |
- ot _ 7| 135 %00121 0¥ v1vd v3Y _
1-7  zze S 1
— e g
P ~
_ NdD 0L 13SMO0TZINIVLVA |
0lE— 40 ALITIGVTIVAY 3LYOIQNI 1
YITIOYINOD |
JHOVD |
» 806— IONVY SsTHaav |
| 4 138M001210LSLINS3Y |
- IHOLS ANV Y.1vd SSI00¥d |
=7 e J
L] L] L] * MDOE
R 90€— 135 SSV10 OL 213IDNVHO
T~ 13S %001
poe—]  NI'S3NIT3HOVO 3LVOOTIV
Adolo3yia| [0 b | ---1]8
JHOVD AVHYY JHOVO SGON
IHOVO Z1 Ve ¢0€—  gaddv LOTNIA NI 2130V1d
00¢ Ndo




US 2009/0077320 A1

Mar. 19, 2009 Sheet 4 of 4

Patent Application Publication

|||||||||||||||| Y3LNIOd
_| ozp— VL NdO OL SSIHAAY M3N 3L1IM
_
. _
¥ Old _ Y3ILINIOd AvaH NI d3LVOIaNI SST¥aav
_ ¥ev~1 01 dn 13S D01 21 WOoYL v.iva avay
_
_
oAy
_ N
_ YaNIod - Y3LINIOd Qv3H avad
ozr—]| | gep—| avaH - o
“
|
" ~
_ N\
] _ ﬁwé «vow/
“ ¥3IINIOd +———— \V| H/V d3LNIOd
. _ INDnD L 00y QGV3AH NdD 01 SSIHAAY MIN TLIHM
: L ———1 T~
_ OV < _| ¥aLNIOd VL NI G3LVOIONI SS3Haay
Y pOv~_] OL dN 13S ¥00121NI V1vd IHOLS
Y3INIOd |
135 %901 vl T T~
) s Y3LNIOd TIVL avay
R JHOVO Z1 Zeh
00¥ ndo




US 2009/0077320 Al

DIRECT ACCESS OF CACHE LOCK SET
DATA WITHOUT BACKING MEMORY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of co-pending
U.S. patent application Ser. No. 10/961,752, filed Oct. 8,
2004, which is herein incorporated by reference in its entirety.

BACKGROUND OF THE INVENTION

[0002] Computer systems have been used for over 50 years
to process digital information. Over that time, computers
have developed into high speed devices that can process tre-
mendous amount of information at high speeds and at low
cost in a remarkable number of applications. However, new
applications that demand even higher performance at lower
cost continue to emerge.

[0003] One approach to achieving higher performance is to
utilize multiple processors in a system, such as one or more
central processing units (CPUs) and one or more graphics
processing units (GPUs). The CPUs typically utilize one or
more high speed caches to provide high speed local access to
data being currently manipulated, thus avoiding relatively
slow accesses to external main memory. Many highly com-
putationally intensive applications involve transferring data,
locally cached by one processor, to another processor.
[0004] For example, real-time rendering of graphical
images is highly computationally intensive. Input data for the
graphics processors is commonly produced by one or more of
the CPUs. For example, the CPUs may produce or modify
graphics primitives (utilized by the GPU) which thus reside in
the CPU caches. Therefore, in such multiprocessor systems,
this cached data is often transferred from the CPU to the GPU.
Conventionally, this data transfer has been relatively slow as
the data is first written to main memory (for backing) instead
of directly between the processors, in an effort to maintain
coherency.

[0005] Accordingly, there is a need for an improved method
and system for speeding the transfer of data between proces-
sors, for example, without any actual backing of the data in
external memory.

SUMMARY OF THE INVENTION

[0006] The principles of the present invention generally
provide methods and systems for transfers of data in a shared
cache between multiple processors.

[0007] One embodiment provides a processor generally
including one or more processing cores and at least one
shared cache accessible by the processing cores. The shared
cache generally includes a plurality of cache lines that may be
allocated to a lock set, wherein data stored in cache lines
allocated to the lock set is transferred directly to an external
processor without writing the data to external memory.
[0008] Another embodiment provides a system generally
including main memory, a memory controller for accessing
the main memory, a first processor and a second processor.
The first processor is capable of accessing the main memory
via the memory controller and has at least one cache capable
of’being placed in a lock set mode wherein a plurality of cache
lines of the cache are allocated to a lock set. The second
processor is capable of accessing data stored in one or more
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cache lines allocated to a lock set of the cache on the first
processor without the data being written out to main memory.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] So that the manner in which the above recited fea-
tures, advantages and objects of the present invention are
attained and can be understood in detail, a more particular
description of the invention, briefly summarized above, may
be had by reference to the embodiments thereof which are
illustrated in the appended drawings.

[0010] It is to be noted, however, that the appended draw-
ings illustrate only typical embodiments of this invention and
are therefore not to be considered limiting of its scope, for the
invention may admit to other equally effective embodiments.
[0011] FIG. 1 illustrates an exemplary system in accor-
dance with embodiments of the present invention;

[0012] FIGS. 2A and 2B illustrate an exemplary [.2 cache
configuration and an exemplary lock set address mapping,
respectively, in accordance with embodiments of the present
invention;

[0013] FIG. 3 is a flow diagram of exemplary operations for
lock set initialization and access in accordance with embodi-
ments of the present invention; and

[0014] FIG. 4 is a flow diagram of exemplary operations for
lock set access in accordance with embodiments of the
present invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0015] The principles of the present invention provide for
quickly accessing data residing in a cache of one processor,
by another processor, while avoiding lengthy accesses to
main memory. For some embodiments, a portion of the cache
may be placed in a lock set mode by the processor in which it
resides. While in the lock set mode, this portion of the cache
may be accessed directly by another processor without
lengthy “backing” writes of the accessed data to main
memory.

[0016] In the following description, reference is made to
embodiments of the invention. However, it should be under-
stood that the invention is not limited to specific described
embodiments. Instead, any combination of the following fea-
tures and elements, whether related to different embodiments
or not, is contemplated to implement and practice the inven-
tion. Furthermore, in various embodiments the invention pro-
vides numerous advantages over the prior art. However,
although embodiments of the invention may achieve advan-
tages over other possible solutions and/or over the prior art,
whether or not a particular advantage is achieved by a given
embodiment is not limiting of the invention. Thus, the fol-
lowing aspects, features, embodiments and advantages are
merely illustrative and, unless explicitly present, are not con-
sidered elements or limitations of the appended claims.

An Exemplary System

[0017] FIG.1schematically illustrates an exemplary multi-
processor system 100 in which a portion (lock set 115) of an
L2 cache 114 residing on a first processor (illustratively, a
CPU 102) can be accessed directly by a second processor
(illustratively, a GPU 104), without lengthy writes to main
memory 138. FIG. 1 illustrates a graphics system in which
main memory 138 is near a graphics processing unit (GPU)
and is accessed by a memory controller 130 which, for some
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embodiments, is integrated with (i.e., located on) the GPU.
For other embodiments, the system 100 may include an exter-
nal memory controller or amemory controller integrated with
a central processing unit (CPU). In any case, it should be
noted that the techniques described herein with reference to
directly accessing cache memories generally apply to any
such configuration.

[0018] As shown, the system 100 includes a CPU 102 and
a GPU 104 that communicate via a front side bus (FSB) 106.
The CPU 102 illustratively includes a plurality of processor
cores 108, 110, and 112 that perform tasks under the control
of software. The processor cores may each include any num-
ber of different type function units including, but not limited
to arithmetic logic units (ALUs), floating point units (FPUs),
and single instruction multiple data (SIMD) units. Examples
of CPUs utilizing multiple processor cores include the Power
PC line of CPUs, available from IBM.

[0019] Each individual core may have a corresponding [.1
cache 160 and may communicate over a common bus 116 that
connects to a core bus interface 118. For some embodiments,
the individual cores may share an 1.2 (secondary) cache
memory 114. The core bus interface 118 communicates with
the .2 cache memory 114, and carries data transferred into
and out of the CPU 102 via the FSB 106, through a front-side
bus interface 120.

[0020] The GPU 104 also includes a front-side bus inter-
face 124 that connects to the FSB 106 and that is used to pass
information between the GPU 104 and the CPU 102. The
GPU 104 is a high-performance video processing system that
processes large amounts of data at very high speed using
sophisticated data structures and processing techniques. To
do so, the GPU 104 includes at least one graphics core 128
that processes data (obtained from main memory 138 or the
CPU 102) via a memory controller 130. The memory con-
troller 130 connects to the graphics front-side bus interface
124 via a bus interface unit (BIU) 125. Data passes between
the graphics core 128 and the memory controller 130 over a
wide parallel bus 132. Connected to the memory controller
130 is a large main memory 138. The main memory 138
stores operating routines, application programs, and corre-
sponding data that implement the operation of the system 100
in accord with the principles of the present invention.

[0021] For some embodiments, the GPU 104 may also
include an I/O port 140 that connects to an /O driver 142. The
1/0 driver 142 passes data to and from any number of external
devices, such as a mouse, video joy stick, computer board,
and display. The I/O driver 142 properly formats data and
passes data to and from the graphic front-side bus interface
124. That datais then passed to or from the CPU 102 oris used
in the GPU 104, possibly being stored in the main memory
138 by way of the memory controller 130. As illustrated, the
graphics cores 128, memory controller 130, and 1/O driver
142 may all communicate with the BIU 125 that provides
access to the FSB via the GPU’s FSB interface 124.

[0022] As previously described, for some applications, the
CPU may generate data for use by the GPU 104. For example,
the CPU may be used to pre-process data (e.g., performing
complex mathematical operations) to generate graphics
primitives for an image to be displayed on some type of
display device by the GPU 104. In such applications, the CPU
processed data may be stored in the 1.2 cache 114. Such data
is typically consumed by the GPU 104 and not processed
further by any other processor. As a result, backing such data
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to main memory 138 may not be necessary and, in fact, may
only result in additional latency in accessing the data by the
GPU 104.

Direct Access of Cache Lock Set Data

[0023] Accordingly, for such embodiments, latency asso-
ciated with accessing the cached data by the GPU 104 may be
reduced by allowing the GPU 104 to access a portion of the
cache 114 containing the data (lock set 115) directly from the
CPU 102, without backing the cached data to main memory
138.

[0024] As illustrated in FIG. 2A, for some embodiments,
the cache 114 may comprise a cache directory 202, a set
associative cache array 204, and a cache controller 206. As is
well known, memory locations in main memory 138 may be
mapped to particular associative sets 203 within the array 204
utilizing predetermined index bits within the system memory
addresses. The addresses of the particular cache lines 205
stored within the array 204 are recorded in the cache directory
202, which typically contains one entry for each cache line in
the array 204. Each entry in the directory 202 may include a
tag field, which specifies the particular cache line stored in the
array 204, and a state field indicating the coherency state of
the cache line (e.g., Modified, Exclusive, Shared, or Invalid
states in accordance with the well known MESI coherency
protocol).

[0025] When receiving a request for data from a processing
core, the cache controller 206 may first examine the contents
of the cache directory 204 for a match with an address sup-
plied in the request to determine if a cache line containing the
requested data is in the cache array 204. If so, the cache
controller may return the cached data to the requesting pro-
cessing core. Otherwise, the cache controller 206 may initiate
a request to main memory 138.

[0026] Asillustrated, for some embodiments, alock set 115
may be specified as one “way” spanning multiple associative
sets of the cache array. Alternatively, a lock set may span a
portion or all of one or more associative sets. In any case, in
accordance with aspects of the present invention, to establish
the lock set 115, the cache 114 may be placed in a direct
mapped mode during which a set of cache lines are allocated
for the lock set 115.

[0027] As illustrated in FIG. 2B, the cache lines in an [.2
cache lock set may be mapped to some range of addresses that
are non-overlapping with main memory. In other words, data
written, by processor instruction, to the address range allo-
cated to the lock set may be routed directly to the correspond-
ing portion of cache, rather than external memory.

[0028] FIG. 3 is a flow diagram of exemplary operations for
lock set initialization and access in accordance with one
embodiment of the present invention. As illustrated, the CPU
102 performs a set of operations 300 to initialize the lock set
and modify data stored therein, while the GPU 104 performs
another set of operations 320 to access that data.

[0029] Theoperations 300 begin, at step 302, by placing the
L2 cache 114 in a direct mapped mode. In this direct mapped
mode, cache lines to be allocated in the lock set may be
addressed directly (e.g., using addresses in a range reserved
for lock set cache lines as per FIG. 2B). At step 304, cache
lines for the lock set are allocated. For some embodiments,
cache lines for the lock set may be allocated by issuing a
cache instruction, such as a data cache block set to zero
(DCBZ) instruction. For example, a DCBZ instruction may
be issued for each cache line to be allocated to the lock set.



US 2009/0077320 Al

Accordingly, the number of DCBZ instructions may depend
on how many cache lines are to be contained in the lock set,
while the addresses specified with the DCBZ instructions
may determine which portion of the cache 114 is used as the
lock set. As a result of these operations, the state for each
cache line in the lock set may transition from invalid to
modified (e.g., as the DCBZ instructions effectively consti-
tuted a store of zeros).

[0030] At step 306, the cache may be placed in a class set
mode. The cache may be placed in the class set mode so the
non-locked sets of the cache can be used for storage opera-
tions with addresses that are not in the locked set address
range. With the lock set initialized, the CPU begins to process
data, at step 308, and store results in the lock set address
range. At step 310, the CPU indicates the availability of data
in the lock set to the GPU. As illustrated, the operations 308
and 310 may be repeated as necessary, for example, as the
CPU 102 continues to process data for the GPU 104.

[0031] At step 322, the GPU 104 reads data directly from
the lock set address range. These reads may be executed using
Read With No Intent to Cache (RWNITC) requests, so that
the coherency state of the requested cache line may remain
unchanged (e.g., in the Modified state). As a result, because
the state does not change to Shared, a cast out of the requested
cache line (and associated latency) may be avoided. At step
324, the GPU receives and processes the data. As illustrated,
the operations 322 and 324 may be repeated as necessary,
until all the necessary data has been retrieved from the 1.2
cache lock set 115 and processed. In other words, as the CPU
102 continues to process and generate new data, the GPU 104
may continue to read and further process this data.

[0032] For some applications, the total amount of data pro-
cessed by the CPU 102 forthe GPU 104 may exceed the cache
lines allocated for the lock set 115. Accordingly, for some
embodiments, the lock set 115 may be operated in a first-in,
first-out (FIFO) manner allowing the CPU 102 to overwrite
locations after they have been read by the GPU 104. In such
embodiments, data stored in the lock set 115 may be passed
between the CPU 102 and the GPU 104 using a head pointer
and tail pointer scheme.

[0033] According to this scheme, the CPU 102 writes, to a
head pointer on the GPU 104, an “end” address of data that
has been updated and is ready to be read. In response, the
GPU 104 may begin reading data from the .2 cache up to the
address indicated by the head pointer. The GPU 104 may
periodically write, to a tail pointer on the CPU 102, the
address up to which the GPU 104 has read, in effect, notifying
the CPU 102 that it may overwrite data up to this point
(considering the pointers as circular). F1G. 4 is a flow diagram
of'exemplary operations (400 and 420 performed by the CPU
102 and GPU 104, respectively) for transferring data directly
between the CPU 102 and GPU 104, via the lock set 115,
utilizing head and tail pointers.

[0034] The CPU operations 400 begin, at step 402, by read-
ing a current value of a tail pointer 432, which indicates to
what address the CPU may write. For example, the tail pointer
432 may contain a value indicating an address up to which the
GPU 104 has read data from the lock set 115. In other words,
the CPU 102 may safely store data up to this address without
fear of overwriting data the GPU 104 has not yet read. At step
404, the CPU 102 stores data in the lock set 115 up the address
indicated by the tail pointer 432. At step 406, the CPU 102
writes a new address to a GPU 104 head pointer 436 (e.g., the

Mar. 19, 2009

value of a pointer 434 pointing to the last location in the lock
set 115 modified by the CPU 102).

[0035] The GPU operations 420 begin, at step 422, by
reading the head pointer 436, which indicates up to what lock
set address the GPU 104 may read (without re-reading the
same data). At step 424, the GPU reads data up to the address
indicated by the head pointer 436. At step 426, the GPU 104
writes a new address to the CPU tail pointer 432. For example,
if the GPU 104 has read up to the address stored in the head
pointer 436, the GPU 104 may write the same address back to
the tail pointer on the CPU 102. The operations 400 and 420
may be repeated as the CPU 102 and GPU 104 continue to
process data, all without incurring the conventional latency
associated with backing such data to external memory.

CONCLUSION

[0036] By utilizing a cache lock set with a reserved address
space, data cached by one processor may be rapidly accessed
by another processor, without accessing main memory. As a
result, significant performance improvements may be
achieved, particularly for applications in which large
amounts of data are transferred from one processor to another,
such as in a graphic processing system with a CPU processing
data to be transferred to a GPU.

[0037] Embodiments of the present invention are imple-
mented as program products for use with computer systems
such as, for example, the system 100 shown in FIG. 1. Those
programs define functions of the embodiments (including the
operations described above) and can be contained on a variety
of signal-bearing media. [lustrative signal-bearing media
include, but are not limited to: (i) information permanently
stored on non-writable storage media (e.g., read-only
memory devices within a computer such as CD-ROM disks
readable by a CD-ROM drive); (ii) alterable information
stored on writable storage media (e.g., floppy disks within a
diskette drive or hard-disk drive); and (iii) information con-
veyed to a computer by a communications medium, such as
through a computer or telephone network, including wireless
communications. The latter embodiment specifically
includes information downloaded from the Internet and other
networks. Such signal-bearing media, when carrying com-
puter-readable instructions that direct the functions of the
present invention, represent embodiments of the present
invention.

[0038] While the foregoing is directed to embodiments of
the present invention, other and further embodiments of the
invention may be devised without departing from the basic
scope thereof, and the scope thereof is determined by the
claims that follow.

What is claimed is:

1. A processor, comprising:

one or more processing cores;

at least one shared cache accessible by the one or more
processing cores, the shared cache comprising a plural-
ity of cache lines allocatable to a lock set, wherein data
stored in cache lines allocated to the lock set is trans-
ferred directly to a processing core within an external
processor without writing the data to external memory,
and wherein the plurality of cache lines comprise only a
limited portion of the cache; and

a pointer containing a value indicating a first address cor-
responding to the lock set, up to which the external
processor has read data,
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wherein data stored in a cache line allocated to the lock set
is transferred to the external processor upon receiving a
request from the external processor, the request being
transferred to the processor upon determining that a
second address supplied with the request falls within an
address range of the lock set.

2. The processor of claim 1, wherein:

the shared cache comprises a plurality of associative sets;

and

aportion of all of one or more of the associative sets may be

allocated to the lock set.

3. The processor of claim 1, wherein the one or more
processing cores comprises a plurality of processing cores,
each having an associated primary cache.

4. A system, comprising:

main memory;

a memory controller for accessing the main memory;

afirst processor capable of accessing the main memory via

the memory controller, the first processor having at least
one cache capable of being placed in a lock set mode
wherein a plurality of cache lines of the cache are allo-
cated to a lock set, wherein the plurality of cache lines
comprise only a limited portion of the cache; and

Mar. 19, 2009

a second processor capable of accessing and processing
data stored in one or more cache lines allocated to a lock
set of the cache on the first processor without the data
being written out to main memory,
wherein the first processor is a central processing unit

(CPU) having one or more processor cores that share
the cache and the second processor is a graphics pro-
cessing unit (GPU); and the memory controller is
integrated with the GPU, and wherein:
the second processor is configured to generate a request
for data to the memory controller; and
the memory controller is configured to:
determine whether an address supplied with the
request falls within a first address range or a second
address range, the first address range being
reserved for the lock set and the second address
range being reserved for the main memory;
upon determining that the address falls within the first
address range, route the request to the first proces-
sor; and
upon determining that the address falls within the
second address range, route the request to the main
memory.



