
;e3e4T:&6T4~@V'O 02/25e7 CACHE DYNAMICALLY CONFIGURATION FOR SIMULTANEOUS
ACCESSES BY MULTIPLE COMPUTING ENGINES 5 FIELD OF THE INVENTION
PCT/US01/29102 Embodiments of the present invention r elate to cache memory
devices. In particular, the present invention relates to a method and
apparatus for sharing of a cache memory device by multiple computing
engines. 10 BACKGROUND Computer systems may contain multiple computing
engines. For example, an integrated circuit 1~ 20  chip may include a
Central Processing Unit (CPU) and a graphics processor. The computing
engines in a system may share system resources. In the example above, the
CPU and the graphics processor may share a system memory device, such as a
Random Access Memory (RAM) device. The second computing engine may only
need the shared r esource at certain times, and thus the resource may be
shared dynamically. For example, at some times the CPL may have access to
the entire system memory, and at other times (e.g., when the graphics
processor is performing a graphics operation), the CPU may share the system
memory with the graphics processor. In this example, the system memory may
switch during the course of system operation between shared mode and
non-shared mode depending on the needs of the graphics processor. The
information (e.g., data and instructions) that a computing engine stores in
a RAM may be cached in a cache memory device ("cache''), such as a Static
Random Access Memory (SRAM). A cache may have single ported arrays, in
which case each bit storage cell in au array only has a single output and
single output port (i.c., a single sense amp), or may be multi-ported, in
which case each cell in the array has multiple ports. Cache sharing is a
technique by which a cache is shared between multiple computing engines,
such as a CPU and a graphics processor. In some systems, tire cache
farthest from the processor core is shared. One approach to cache sharing
is for both computing engines to send requests through the bus controller,
such as the CPU's bus controller This approach requires that the bus be
shared, which may possibly affect CPU performance. In addition, this
approach is generally inadequate to support multiple 30 simultaneous cache
accesses, particularly where the cache is single ported. DESCRIPTION OF THE
DRAWINGS     VfO 02/2S-t-t7 PCT/USO1/29G02 FIG. I is a partial block
diagram of a computer system having a cache that is dynamically 



configured for simultaneous access by two computing engines according to an
embodiment of the present invention. FIG. 2 is a partial block diagram of
memos y address, a way subdivided cache array, and a set 5 subdivided cache
array according to embodiments of the present invention. FIG. 3 is a
partial block diagram of a cache tag array configured for dynamic way
subdivision according to an embodiment of the present invention. FIG. d is
a partial block diagram of s cache data array configured for dynamic way
subdivision according to an embodiment of the present invention. 10 F1G. ~
is a partial block diagram of a cache tag array configured for dynamic set
subdivision according to an embodiment of the present invention. FIG. 6 is
a flow chart that shows a method of cache sharing according to an
embodiment of the present invention. FIG. 7 is a partial block diagram of a
computer system having a cache that is dynamically 15 configured for
simultaneous access by a CPU, graphics processor, and digital signal
processor according to an embodiment of the present invention. DETAILED
DESCRIPTION Embodiments of the present invention relate to methods and
apparatus for cache sharing which 20 support simultaneous accesses by mul
computing engines, even whet a a single ported cache is used. The present
invention pi oxides for a single-potted cache that may be dynamically
shared by multiple computing engines and may be simultaneously accessed
(e.g., read, write) by multiple computing engine. For example, according to
embodiments of the present invention, locations in the cache may generally
be under the control of a first computing engine, such as a CPU. In this
case, the cache is not shared. At some 2~ point, a second computing engine,
such as a graphics processor, may send a signal to the cache that gives the
second computing engine exclusive access to a subdivision of locations
(e.g., cache Lines) in the cache. Thus, for example, whet a a graphics
application such as a game is being executed by the grapiics processor, the
cache may be configured so that the cache is shared by both computing
engines. In this case, the cache may be said to be in shared mode. The
second computing engine may access (e.g., read from or write to) a 30
location within its subdivision of locations at the same time (i.e.,
simultaneously) as the first computing    1~'O 02/25.1-t7 PCT/US(11/29G02
engine is accessing a location outside this subdivision of locations. In
one embodiment, arrays within the cache are subdivided according to ways.
In another embodiment, arrays within the cache are subdivided according to
sets. In a fm then embodiment, a ~ i ays may be subdivided accoi ding to
both sets and ways. The present invention may provide for sharing of the
cache by any number of computing engines. 5 FIG. 1 is a pat tial block
diagi am of a computes system having a cache that is dynamically configw ed
for simultaneous access by two computing engines according to an embodiment
of the present invention. A system 100 contains a first computing engine
110, a second computing engine 120, and a cache 130. System 100 may be an
integrated circuit chip. 'fhe first and second computing engines may be any
type of processors capable of executing mshuctions, such as for example
mic~oprocesso~s, m~c~o-controllers, 10 0~ special pug pose hardwat e. Fog
example, the fn st computing engine 110 may be a CPU and the second
computing engine I20 may be a graphics p~ocesso~. Cache l30 may be an
SRAIvI level 2 (L2) cache for first computing engine l 10. Fast computing
engine 110 may be electrically coupled to cache l30 by a fist computing
engine enable line 111, an address line 112, and a data path Imo l 13. Two
components ate electrically coupled if an 15 elects teal signal may be
hansmitted between the hvo components in at least one direction. The teem
"elechically coupled'' encompasses a direct connection, an indirect
connection, or an indirect communication. For example, first computing
engine 110 may be electrically coupled to cache 130 through a bus
controller. Second computing engine 120 may be electrically coupled to
cache 130 by a second computing engine enable line 121, an adds ess line
122, and a data path line 123 In an embodiment. second 



20 computing engine 120 may be directly connected to cache 130. Address
line 112, address line 122, data path line 113, and data path line 123 may
be capable of transmitting multiple bits of information. For example,
address line I 12 and address line 122 may each be capable of transmitting
a 32 bit memory address. First computing engine enable line 111 may be
coupled to the cache at input 161, address line 112 may be coupled to the
cache at address input 162. and data path line 113 may be coupled the cache
at input I63. 25 Second computing engine enable line 111 may be coupled to
the cache at input 151, address Imo I22 may be coupled to the cache at
input 152, and data path line 123 may be coupled to the cache at input I53.
Cache 130 may contain a data a~ ray 132 and a tag an ay 137, which may be
any type of conventional cache memory arrays that aye configured for use in
the present invention. Tag array I37 may stop a tags that are used to
identify the location of infoi oration stored in data a~ ray 132. In
addition, cache 3d 130 may also contain other arrays, such as a Least
Recently Used (LRU) away and a state array, Arrays in 3   1'VO (12/25.17
PCT/USO1/29G02 cache 130 may contain a plurality of locations, which may be
cache lines arranged into sets and ways as in conventional caching designs.
For example, data au ay 132 may contain l024 sets and S ways, and each
location in the array may contain 32 bits of information. In an embodiment
of the present invention, arrays nt cache 130 may be divided into
subdivisions 5 uscd for cache sharing. For example, data array 132 may
contain a first computing engine only subdivision l33 and a shared
subdivision 134, and tag array 137 may contain a first computing engine
only subdivision 13S and a shared subdivision 139. These subdivisions may
be subdivisions of locations as described below Additional subdivisions may
be used if additional computing engines are to share the cache. In an
embodiment of the present invention, cache 130 may be capable of
dynamically changing i0 from a shared mode to a non-shared mode (and
vice-versa) using the subdivisions. Such changes may be based on a value
(e.g., a iiag) received through a shared mode input line such as second
computing enable line 121 or first computing enable line 111. V'hen cache
13U is in a non-shared mode, first computing engine. 1l0 may have exclusive
access to the locations in cache l30. l~Vhen cache 130 goes into a shared
mode, subdrv tsions of locations in data an ay 132 and tag array 137 may be
dynamically allocated between 15 the computing engines. V'hen in shared
mode, the shared subdivisions (134, 139) of the arrays may be allocated to
the second computing engine, while the first computing engine subdivisions
(133, 138) continue to be allocated to the first computing engine. The
shared subdivisions of the data array 132 and tag array I37 shown in PIG. 1
may be referred to as shared subdivisions because, in embodiments of the pt
esent invention, the locations w~ithm these subdivisions may be either
allocated to the first computing engine 20 (when in non-shared mode) or to
the second computing engine (when in shared mode). Thus, these 



subdivisions are shared on a temporal basis. V'hen allocated to the second
computing engine, these subdivisions may be refer i ed to as second
computing engine subdivisions. In an embodiment of the invention, first
computing engine 110 and second computing engine 120 may both be able to
simultaneously cache information (e.g., data andlot instructions) in their
respective subdivisions of cache 130 when cache 25 130 is iii a shared
mode. System 100 may operate as follows This discussion assumes, for the
sake of example, that the first computing engine is a CPU and the second
computing engine is a graphics processor. At a first time, cache 130 may be
in non-shat ed mode and the CPU may have exclusive access to the locations
in cache 130. In this case, the CPU may be able to store data in, or read
data from, any location in cache 130. Thus, the 30 second computing engine
may be unable to access cache 130. VE'hen the CPU tvishes to read a
location in 4   CVO 02/2s~~7 PCT/US01/29C02 cache 130, for example, it may
assert the first computing engine enable line I 11 and transmit an address
on address line 112. The data stored for the location addressed may be
transmitted back to the CPU over data path 113. During the operation of
system 100, the graphics processor may need to cache data, for example when
it begins to execute a graphics application such as a game. In this case,
the graphics processor may assert second computing engine enable line 121,
thus sending a shared mode selection value on this line. In this
embodiment, second computing engine enable line 121 may be a shared mode
input to cache 130. lVhen cache 130 receives a shared mode value on second
computing engine enable line 121, it may go into shared mode In this case,
data array 132 and tag array 137 (and other arrays in cache 130) may be 10
subdivided into a first computing engine subdivision (133, 138) and a
second computing engine subdivision (134, 139). At this tin re, information
that was currently stored in the first computing engine subdivision may
remain for use by the CPU while in shared mode. Information currently
stored in the second computing engine subdivision must be flushed and
written back to maur memor y, because this infot matron was used by the CPU
and these subdivisions will now be controlled by the graphics processor.
The graphics processor li may then access a location by sending an address
over address line 122, and data may be hansmitted over data path l23. In
this embodiment of a shared mode, the gi aphics processor may have
exclusive access (e.g., read, wr rte) to the locations in the second
computing engine subdivisions of the cache at rays, and the CPU may have
exclusive access to the locations that are m the fn st computing engine
subdivisions The second computing engine subdivision may be referred to as
"locked" when the second computing engine has 20 etclusive access to this
subdivision, in which case the other computing engines cannot use the
subdivision until it is released back. According to an embodiment, v:hen
the cache is shared, multiple computing engines may access the cache
simultaneously. Tire graphics processor's need for a cache may end at some
later time, for example when a graphics application terminates. In this
case, cache 130 may be dynamically returned to non-shared mode by de 2~
asserting the second computing engine enable line 121. lVhen this
non-shared mode value is received by 



cache 130, the second computing engine subdivision is flushed and control
over this subdivision given back the CPU. In this embodiment, cache 130 may
be dynamically changed back from shared mode to nonshared mode any number
of times during the operation of system 100, and for intervals of any
duration, based upon the needs of the second computing engine 120.   WO
t12/25-t-l7 PCT/USO1/29G02 In a fur then embodiment, cache 130 may be shat
ed by thr ee or more computing engines. In this embodiment, the cache an
ays may be subdivided into a first computing engine only subdivision, a
second computing engine subdivision, a third computing engine subdivision,
etc. In one embodiment, the first computing engine is a CPU. the second
computing engine is a graphics processor, and the third computing 5 engine
is a digital signal processor. In an embodiment, the subdivisions do not
overlap, and the cache may contain any combination of second computing
engine subdivisions at any time. In one embodiment where the CPU is the
first computing engine, the CPU always has exclusive control over at least
one subdivision. In this embodiment, for example) the CPU may share the
cache with the second computing engine for one time interval, with the
third computing engines at another time interval, and with both the second
and third 10 computing engines for a third time interval. FIG. 2 is a
partial block diagram of memory address 210, a way subdivided cache array
220, and a set subdivided cache array 230 according to embodiments of the
present invention. Memory address 210 may be an address that is hansmitted
on address line 112 or address line 12Z when the respective computing
engine needs to access the memor y location specified by the addr ess. In
the embodiment shown in FIG. 2, 15 memory address 210 is a 32 bit memory
address. Mlemory address 210 may be an address of a location in a system
memory (e.g., RAVI) that may be hanslate.d into a cache memory address as
shown in FIG. 2. According to this embodiment, memory address 210 may be
subdivided into an index field 2I3, a set field 212, and a tag field 211.
Of cow se, the sizes of the fields may be var red based on the str uctw a
of the cache arrays. According to conventional caching techniques, the set
portion of the memory address may identify a 20 set in each of the cache
arrays. The tag portion may be matched, against tags stored in that set
ofthe tag air ay, to determine wl3ich way the infoi oration is stored in
(if there is a cache hit). The index portion may index the cache line. The
way subdivided cache array 220 and the set subdivided cache array 230 shown
m PIG. 2 represent cache arrays as thcy may be subdivided according to two
different embodiments of the present 25 invention. Array 220 and array 230
may be any array of a cache such as cache I30 of FIG. 1 (e.g., a set array,
tag array, LRU array, etc.). In one embodiment) the LRU array keeps track
of the least recently used set in each subdivision. In FIG. 2, the cache ai
r ays 220 and 230 each have, for example, 1024 sets and 8 ways. Of course,
other arrangements may be used According to one embodiment, the arrays in
the cache are divided according to way subdivision. 30 This embodiment rs
illustrated by way subdivided cache an ay 220, In this embodiment, when m
shared 6   VVO (12/2s47 PCT/USO1/29G02 mode, each computing engine may be
allocated a plurality of ways in a cache array. For example, the array may
be divided into a fir st computing engine subdivision 223 and a second
computing engine subdivision 224. In an embodiment, first computing engine
subdivision 223 may contain ways 0-5, and a second computing engine
subdivision 224 may contain ways 6-7. Of cow se, other sized subdivisions
may also be 5 used. According to this embodiment, when in shared mode, the
fir st computing engine has exclusive access to the ways in first computing
engine subdivision 223. and the second computing engine has exclusive
access to the ways in second computing engine subdivision 224. According to
another embodiment. the arrays in cache are divided according to set
subdivision. This embodiment is illustrated by set subdivided cache array
230. In this embodiment, when in shared IO mode, each computing engine may
be allocated a plurality of sets in each cache array. For example, the
array may be divided into a first computing engine subdivision 233 and a
second computing engine subdivision 234. In an embodiment, first computing
engine subdivision 233 may contain sets 0-767, and a second computing
engine subdivision 224 may contain sets 76S-1023. Of cotuse, other sized
subdivisions tnay also be used. According to this embodiment, when in
shared mode, the first computing engine has IS exclusive access to the sets
in first computing engine subdivision 233, and the second computing engine
has exclusive access to the sets m second computing engine subdivision 334.



The r eJative size of the set subdivisions is variable, as is the relative
size of the ways subdivisions. In an embodiment whet a the fir st computing
engine is a CPU, the fir st computing engine subdivision size may be lai
get than the second computing engine subdivision size In a further
embodiment, where more 20 than two computing engines shale the cache, the
cache arrays may be divided into multiple way subdivisions or multiple set
subdivisions. For example, in a way subdivided embodiment in which a cache
is shared by a CPU, gt aphics engine, and digital signal processor, the
ways 0-3 may be allocated to the CPU, ways 4-~ may be allocated to the
graphics engine, and 4va~~s 6-7 may be allocated to the digital signal
processor. In a further embodiment, the cache may be divided using a
combination of both set subdivision and way 25 subdivision. For example,
the second computing engine may be allocated ways 6-7 of sets 5I2-I023.
FIG. 3 is a partial block diagiarn of a cache tag array configured for
dynamic way subdivision according to an embodiment of the present
invention. Tag array 300 contains a plurality of ways (way0 340 to way 7
347}. In this embodiment, way0 to ways may represent the fir st computing
engine only subdivision (shown as 133, 13S of FIG l and 223 of FIG. 2}.
V'ay6 and way? may represent the shat ed 30 subdivision (shown as I34, I39
of FIG. 1 and 224 of FIG. 2). 7   VfO 02/25-l~7 PCT/USO1/29G02 The
respective way outputs 35S are elects ically coupled to a plurality of
comparatots (comparator 360 to compai ator 367). Each of the 8 ~ays at a
divided into a plus ality of rows and is associated mith a row decoder (381
to 384) and with row selectors 3 ~ 1. There may be, for example, 1024 r ows
in each way. In the embodiment shown, the ways are divided info four equal
block instantiations. The array is two-way S into leaved, and each pair of
ways shar a a row decoder . Each i ow in each way may contain a tag and may
contain attr ibute bits Each row may be, for example, 17 bits in length. Of
cow se; the tag away may have a different number of ways and rows and may
store different size tags. Tag array 300 also contains a selector 325. a
selector 371, and a selector 372. These selectors may be any components
capable of selecting between multiple inputs, based on a third input, and
outputting the input selected. In another embodiment, 10 the selector may
be a component capable of receiving an input and choosing one or two
outputs based on a second input. For example, the selectors may be
multiplexors or may be ti i-states. In this embodiment, the inputs to tag
array 300 may include portions of a CPU address (31l, 312), portions of a
second computing engine address (321, 322), and a second computing engine
cache enable hne 327. As is discussed below, portions of the addresses are
input to respective selectors, and the second 



IS computing engine cache enable fine 327 is used to select between these
inputs. In the embodiment shown in PIG. 3, the CPU corresponds to the first
computing engine of FIG. 1. In another embodiment, a different computing
engine may be used instead of a CPU. The CPU address may be input into
components of tag array 300 as CPU address[I4:5] 311, which represents bits
14v of the CPU address, and CPU address[31:15] 312, which represents bits
3I:15 of the CPU address. The CPU address 20 may be, for etample, in the
for m of memor y addr ess 210 of FIG. 2. In this case, CPU adds ess[ I4:5]
311 corresponds to the set poi iron of the memor y address (r.e., set 212)
and CPU address[31:15] 312 cor responds to the tag portion of the memory
address (i.e., tag 211). Similarly, the second computing engine address
rnay be input into components of tag array 300 as second computing engine
address[14.5] 321, which r epresents bits 14:5 of the second computing
engine addr ess, and second computing engine address[3l :15] 25 322, which
represents bits 31:1 of the second computing engine address. The second
computing engine address may also be in the form of memory address 210 of
FIG. 2. In this case; second computing engine address[ 14:5] 321
corresponds to the set poi tion of the address and second computing engine
addr ess [31:1 ~] 322 corresponds to the tag portion of the address. The
inputs to selector 325 are CPU adds ess[14v] 311, and second computing
engine address[14:5] 30 321. Thus, the inputs to selector 325 ar a the set
poi Lions of the CPU and second computing engine s   WO 02/2s-4-L7
PCT/USO1/29602 addresses The output of selector 325 is an input to row
decoder 3S4. The inputs to selectors 371 and 372 are CPU address[31:15J 3I2
and second computing engine address[31:15] 322. Thus, the inputs to
selector 325 are the tag poi lions of the CPU and second computing engine
addresses. The outputs of selectors 371 and 372 are inputs to compar itors
366 and 367, respectively. In a fur then embodiment, the input to selector
5 325 may be the output of another selector that itself selects between
multiple computing engines. The embodiment of a way subdivided tag an ay
shown in FIG. 3 may operate as follows. In both shat ed mode and non-shat
ed mode, the CPU sends an addr ess to the cache, and the set portion of the
addr ess (CPU adds ess [ 14:5] 3 l 1 ) is sent to r ow decoder s 3 S 1 to 3
S3 The r ow decoders select the cot r espond i ng sets in ways 0-5, causing
the tags stored at these locations to be input to comparators 360-365
respectively. 10 The tag portion of the CPU addr ess (CPU addr ess [3 I ~
15] 312) is also input to compar ator s 3G0-365. If any 



of these the tags read out of any of the ways matches the tag portion of
the CPU addr ess, then a hit for that way has been detected and the
respective compai ator for the matching way may output a hit signal. In
non-shared mode, the CPU has exclusive access to all of the ways in tag
array 300, including way6 and way7. The selector 325, selector 371, and
selector 372 will each r eceive a non-shared mode value 15 from second
computing engine enable line 327 when in the non-shared mode. Thus,
selector 325 selects the set portion of the CYU address (CPU address[14.5]
311) and inputs this set designation into row decoder 384. This row decoder
selects the cot responding sets ra ways 6 and 7, causing the tags stored at
these locations to be input to comparators 366 and 367, respectively.
Selector 371 and selector 372 will select the tag portion of the CPU
address (CPL: address [31.l5] 312) and input this value to comparators 366
and 367, 20 r espectively. If the tags r ead out of way6 or way? matches
the fag poi lion of the CPU address, thcn a hit for that way has been
detected and the respective comparator for the matching way may output a
hit signal. When in shared mode, the second computing engine has exclusive
access to way6 and way7. The selector 325, selector 37I, and selector 372
will each receive a shared mode value fi om second computing engine enable
line 327 when in the shared mode. Thus, selector 325 selects the set
portion of the second 25 computing engine address (second computing engine
address[14.5] 32l) and inputs this set designation into row decoder 3S4.
This row decoder selects the corresponding sets in way6 and way7, causing
the tags stored at these locations to be input to compar ator s 366 and
367, r espectively. Selector 371 and selector 372 will select the tag
portion of the second computing engine address (second computing engine
address [31:15] 322) and input this value to comparator s 366 and 367,
respectively. If the tags read out of way6 or way? 30 matches the tag
portion of the second computing engine adds ess, then a hit for that way
has been detected 9   VVO 02/2y-17 PCT/USU1/29G02 and the respective
compatator for the matching way may output a hit signal. When in shared
mode, the outputs of the compar ator s for the non-shat ed ways as a used
to deter mine a CPU hit or m iss, and the outputs of the comparatois for
the shared ways are used to determine a second computing engine hitlmiss.
FIG. 4 is a partial block diagr am of a cache data ar ray configured for
dynamic way subdivision 5 according to an embodiment of the present
invention. Data array 400 of FIG 4 may be accessed by using the way that
was selected using tag array 300 of FIG. 3. Similar to FIG. 3, in FIG. 4
the data array 400 contains a plurality of ways (v.~ay0 440 to way? 447),
which are interleaved. In this embodiment, ways 0 to 5 may represent the
first computing engine only subdivision, and wars 6 to 7 maynepresent the
shared subdivision. Each of the 8 ways are divided into a plurality of rows
and is associated with a ro4v decoder 10 (481 to 484) and with row
selectors 451. Ther a may be, for example, 1024 r ows in each way. Each row
in each way may contain a cache line which may be, for example, 32 bytes in
length. Of course, the data array may have a different number of ways and
rows and may store a different size cache line. Data array :400 also
contains a selector d25, a way selector 461, and a way selector 4b2. The
inputs to data array 400 may include: the set portions of a CPU address
(411 ), the set portion of 15 a second computing engine address (421), a
second compuUng engine cache enable line 427, a way select 460, and a way
selector d61 As with FIG. 3, in other embodiments the address for a
different computing engine may be used instead of the CPU address. In the
embodiment shown in FIG. 3, the set portions of the addresses and the
enable lines may all be inputs to selector 425, and this selector may feed
its output to ways 6 and 7. In addition, the set portion of the CPU address
(~ll 1) may be input to ways 0 to 5. The way outputs 20 455 of ways 0 to 7
way may be electr really coupled to a way selector 461. In addition, the
way outputs for ways 6 and 7 may be output to a way selector 462. The
embodiment of a way subdivided data array shov.~n in FIG. 4 may operate as
follows. In both shay ed mode and non-shay ed mode, the CPU sends an addr
ess to the cache, and the set poi ti on of the addr ess (CPU addr ess [
14:5) 411) is sent to row decoder s 481 to 4S3. In shay d mode, the r ow
decoders select the 25 corresponding sets in ways 0-5, causing the data
stored at these locations to be input to way selector 4G1. In non-shared
mode, the selector 425 will receive a non-shared mode value from second
computing engine enable line 427, and the CPU has exclusive access to all
of the ways in data array 400, including ways 6 and 7 In this case,
selector 425 selects the set portion of the CPU address (CPU address[14:5]
41 I) and inputs this set designation into row decoder 484. This tow
decoder selects the corresponding sets in ways 6 and 7, 30 causing the data
stor ed at these locations to be input to way selector d61 and way selector
462. The 



10   ~'l~'O 0212y-47 PCTlUSOI/29G02 matching way that was earlier chosen by
the tag array (e.g., tag array 300) is a selector input to way selector
461. Thus, in shared mode, if there was a cache hit rn the tag ar ray, the
cache line corresponding to the set address and the matching way will be
output by way selector 461. This information may be sent to a CPU data
output buffer. When in shared mode, the second computing engine has
exclusive access to ways 6 and 7. The selector 42~ will receive a shared
mode value from second computing engine enable line 427 when in the shay ed
mode Thus, selector 42~ selects the set portion of the second computing
engine address (second computing engine address[14:5] 421) and inputs this
set designation into row decoder 484. This row decoder selects the
coiiespondnig sets in ways 6 and 7, causing the cache lines stored at these
locations to be 10 input to way selector 462 The matching way that was
chosen earlier by the tag array (e.g., tag ar ray 300) is a selector input
to way select 462. Thus, in shay ed mode; if then a was a cache hit in the
tag ar ray, the cache Line cor r esponding to the set address and the
matching ~.vay wil l be output by way selector 462. This information may be
sent to a data output buffer for the second computing engine. Independent
busses may be used to route the data to the individual computing engines.
l5 Thus, according to an embodiment that uses way subdivision, the CPU has
exclusive access to way6 and way? of the tag allay 300 and the data array
400 when the input on second computing engine enable line is for non-shared
mode. In this embodiment, the second computing engine has exclusive access
to these subdivisions when the input on second computing engine enable line
is for shared mode. In this case, way6 and way? are the shared
subdivisions. 11   WO 02/2S-1-17 PCT/US01/29C02 Data may be lead from a
shared cache when the cache receives a mode selection value signifying that
the cache is in shat ed mode; receives a fir st addressing value at a fu st
address input, and selects the fir st addressing value at a first selector
component based upon the received mode selection value. The first
addressing value may be used to identify a location in a cache data array,
and the data may be read from the 5 location. Data may be i ead by another
computing engine from another subdivision in the cache. In this cast, the
cache may receive a second addressing value at a second address input,
identify a second location in the cache data ar r ay using the second
addressing vahre, and r ead data fr our the second location simultaneously
with said reading data from the first location In another case, the cache
may switch into non-shared mode, and the Frst computing engine may read
data tlom the same location that the second 10 computing engine read data
from. The cache may receive a mode selection value signifying that the
cache is not in shay ed mode, receive a second addressing value at a second
adds ess input, and select the second addr essing value at the first
selector component based upon the mode selection value that signifies that
the cache is not in shared mode. T'he cache may then use the second
addressing value to identify said first location as the location to be
read, and may read data flour the location to be read. This second case may
15 include flushing the cache after switching modes, and the first
computing engine storing new data in the location to be read. In a further
embodiment, the tag air ay 300 and data ai ray =!00 may contain additional
subdivisions for one or more additional computing engines. In this fur then
embodiment, an additional set of selectors (i.e., corresponding to
selectors 325, 371 and 372) may be configured to control access to other
ways, such 20 as for example way4 and ~.vayS In this embodiment, the
additional set of selectors may receive as inputs the CPU addr ess pot
lions, thn~d computing engine pot lions, and a third computing engine
enable signal. In an embodiment, the cache indexes information within the
individual cache lines. FIG. 5 rs a par tial block diagram of a cache tag
ar ray 500 configured for dynamic set subdivision actor ding to an
embodiment of the present invention. The tag air ay may be divided into two
banks which 25 each contains half the sets and all eight ways. In this
embodiment, the cache has 1024 sets, and the cache may be shared in equally
subdivisions by a first computing engine and a second computing engine. In
other embodiments, the cache may contain a different number of banks, sets
or ways, and the relative size of the subdivisions may be varied. 12  



WO 02/2s-!-t7 PCT/USO1/29G02 Tag array 500 may have a first bank 510 that
contains sets 512 to 1023, and a second bank 520 that contains sets 0 to
511. The first bank 510 may represent the Frst computing engine only
subdivision (shown as 133, 13S of FIG. 1 and 23d of FIG. 2) and the second
bank 520 may represent the shared subdivision (shown as 134, 139 of FIG. 1
and 234 of FIG. 2). In this embodiment, first engine address 512 may
contain 5 a portion of a memory address provided to the cache by the first
computing engine, and second engine addr ess 522 may contain a poi hon of a
memor y adch ess provided to the cache by the second computing engine. For
example, first engine address 512 may contain the tag portion and set
portion of the first computing engine's memor y addr ess, and second engine
addr ess 522 may contain the tag portion and set portion of the second
computing engine's memos y addr ess. l~he first engine address 512 and
second engine 10 address 522 may be split into set and tag portions within
fast bank 510 and second bank 520 for use as discussed tvith reference to
FIG. 3. Tag ai i ay 500 may also include a selector 551 alld selector 552.
The inputs to selector 551 may be first engine address 512 and second
engine address 522, and second engine enable 524. Selector 551 may provide
its output to second bank 520 Selector 552 may receive as inputs second
enable 524 and the output 15 of second bank 520. Selector 552 may have
first engine output 517 and second engine output 527 as outputs In this
embodiment, the fir st computing engine has exclusive control of the to st
bank 510 t egardless of whether the cache is in .shay ed or non-shay ed
mode. Thus, the first computing engine may access any way of sets 512-1023
by providing an address on first engine address 512 and receiving an output
20 on first engine output 517. V~hen not in shared mode, the first
computing engine also has exclusive access to second bank 520. In this
mode, the second engine enable 524 has a non-shared value. Thus, selector
511 may output the fir st engine adds ess 512 to the second bank 520, and
selector 527 may pr oxide the output of second bank 520 to first engine
output 517. When in shared mode, the second computing engine has exclusive
access to second bank 520. In this mode, the second engine enable 524 has a
shared value. Thus, 25 selector 511 may output the second engine address
522 to the second bank 520, and selector 527 may provide the output of
second bank 520 to second engine output 527. The first engine output S 17
and second engine output 527 may correspond to the data path 113 and data
path 123 shown in FIG. I. Tag array 500 also may have a selector coupled to
the first and second engine via a data path and coupled to the data input
of second bank 520 for selecting a data input to that bank. This selector
may operate in a manner similar to 30 selector 551. This may require
additional I/O busses. 13   WO 02/2s~~7 PCT/USO1/29G02 In an embodiment
that uses set subdivision, a cache data an ay may be configui ed similar to
the cache tag array of FIG. 5. The row decodes for the banks in the fiiist
computing engine only subdivision i eceive the set address for the fu st
computing engine. 4Vhen m non-shared mode, the row decodes s for the banks
in the shared subdivision also receive the set address for the fast
computing engine. f~~hen in shared 5 mode, the row decoders for the banks
in the shay ed subdivision receive the set adds ess for the second
computing engine. The data outputs and inputs for the banks may be
configured similar ly. In a Further embodiment, the cache may be set
subdivided into three subdimsions for access by three computing engines. In
embodiments of the .set subdivided cache, the most significant bit of the
set adds ess is not used to i identify a set m the a~ i ays. For example,
if the array has 1023 sets, and the set poi lion of the address uses 10
bits 5 to 14 (as shown in FIG. 2), then the cache may use onl~~ bits ~ to
13 to identify a set. In this case, the second computing engine only has
access to sets 0 to ~l 1; and thus the 9 bit set address uniquely
identifies ' one of those sets. In non-shared mode, howcvei, the 9 bit set
address may identify two different sets in the away. In this embodiment,
the most significant bit (e.g., bit 14) may be saved in the tag array and
used as part of the tag when identifying a way 1~ FIG. 6 is a flow chat t
that shows a method of cache shay ing according to an embodiment of the
present invention. The cache may be shared by a fist computing engine and
second computing engine such as those shown in FIG. 1. According to this
embodiment, the first computing engine may access a location the cache
(601). At this time, the cache may be in non-shaped mode. For example, the
first computing engine may read information stoi ed at the first way in the
thud set of a data an ay in the cache. A signal 20 associated with cache
sharing may then be sent to the cache (602). For example) the second
computing engine may asses l its cache enable signal. The cache may be
partitioned into a first subdivision accessible exclusively by the first
computing engine and a second subdivision accessible etclusively by the
second computing engine (603) In one embodiment, aaays (e.g , a data an ay
and a tag ao ay) in the cache may be partitioned into a plus ality of ways.
In a second embodiment, auays in the cache may be paaitioned into a 25
plurality of sets. The second subdivision may be flushed (604). The fiiist
computing engine may have stored infoi oration in the second subdivision,
because the cache had been in non-shared mode, and flushing the cache may
be used to safely write the data back to the main memory. The same location
that was earlier accessed by the first computing engine may now be accessed
by the second computing engine (60~). Continuing with the example desci
ibed above, the second computing engine may store data in the first way 30
in the third set of the data ai ray. 14 



WO 02/2s.~~7 PCT/USO1/29G02 FIG. 7 is a par fiat block diagr am of a
computer system 700 having a cache that is dynamically configured for
simultaneous access by a CPU, graphics processor, and digital signal
processor according to an embodiment of the present invention. System 700
includes a CPU 710 that is coupled to a bus controller 720. 'the bus conti
of lei is coupled to a cache 730 and a system memor y 740. A gi aphics
processor 750 and 5 a digital signal pi ocessoi 760 ai a coupled to the
cache 730. In addition, the gi aphrcs pr ocessor 750 and digital signal pr
ocessor 760 ar a coupled to system memor y 740. The gr aphics pi ocessor
750 may compute the texture attribute, the color (e.g., RGB), and the depth
(z) for a graphics application. The digital signal processor 760 may
process digital signals. CPU 710, gr aphics pi ocessor 750, and digital
signal pr ocessor 760 rnay shay a cache 730 using 10 dynamic subdivision as
descr ibed above. In this embodiment, an L2 only graphics cache is not
needed. In an embodiment, whenever the mode is changed (e.g., one of the gi
aphres processor begins to share the cache or stops shay ing the cache),
then the cache is flushed into system memory 740. In an embodiment, all
three computing engines have differ ent readhv i rte paths to the system
rnemoi y. In a fu r then embodiment, differ ent flush paths are used For
all three computing engines. This embodiment avoids contention which could
15 otherv~rse occur if tvvo computing engines attempted to flrish at the
same time or read/write while the other is flushing. The present invention
r elates to methods and apparatus for cache sharing which suppor t
simultaneous accesses by multiple computing engines directly to a cache
array. Because a single ported cache may be used, the present invention
does not require changes to the design of the cache cells. 20 Embodiments
of the pr esent invention provides a direct approach to cache shay ing in
that one or more computing engines are able to access the cache dnectly
without going through a connnon bus controller. Subdivisions of the cache
act as "vii tual poi fed caches." The vii tual caches may be different in
size depending upon the sharing configuration mode. According to an
embodiment ofthe present invention, the cache subdivisions are transparent
to the computing engines. 25 The present invention may be implemented as a
way subdivided, a set subdivided cache, or a combination of botlr. The set
subdivided implementation pr oxides for a greatly reduced die size and
timing impact in some cache implementations. Using set subdivision also has
a different effect on wayassociatrvrty. lVhen using set subdivision, in a
n-way associative cache, the default for all shared request types is n-way
set associativity. When using way subdivision, by default, an n-way set
associative cache 30 splits all n-ways among all shared request types. In
an embodiment, the data, tag and state arrays need a 15   VVO 02/25.17
PCTIUSO1/29G02 mrnrnnrm of n row decoders and n I/O's to enable
n-sinnrltaneous cache accesses. This is also the case for a set subdivided
LRU array. For a way subdivided cache array, however, if any of the request
types is direct mapped, no LRU mechanism is needed for such way in shared
mode. Several embodiments of the present invention are specifically
illustrated and/or described herein. 5 1-Iowever, it will be appreciated
that modifications and variations of the present invention are covered by
the above teachings and within the pw view of the appended claims without
departing fiom the spirit and intended scope of the invention For example,
any number of computing engines may share the cache, and the cache may have
any configuration (e g., banks; ways, sets and lines). As another example,
although embodiments discussed above use the second computing engine enable
Irne to enable./disable shared mode. 10 in other embodiments other inputs
to the cache may be used In one such embodiment, the second computing
engine sends a signal to first computing engine whenever the second
computing engine wants to share the cache (or no longer needs to shay a the
cache), and the first computing engine asserts/deasserts the first
computing engine enable line to activate/deactivatc shared mode. Further,
while the embodiments disclosed above discuss reading from the dynamically
shared cache) the same mechanisms may be used to 15 control u~uiting from
the dynamically shared cache As another example, the steps in the method
may be 



varied as appr opr fate. Further , there may be additional connections
between the cache and the computing engines (e.g., control lines). 16   'O
U2/26-4.17 I CLAIM: PCT/US01/29Gt12 (. A cache, comprising an ariay that
has single posted cells and is simultaneously accessible by multiple
computing engines. S 2. The cache of claim 1, wherein one of the computing
engines may be dynamically allocated a plurality of ways in the cache
ariay. 3. The cache of claim 1, whet em one of the computing engines may be
dynamically allocated a LO plurat~ty of sets in the cache ai ~ ay ~4 The
cache of claim 1, wherein the cache includes inputs to determine whether
the cache is being shared by multiple data engines. IS ~. The cache of clam
1, wherein the cache is directly accessible simultaneously by multiple
computing engines. 6. A cache, comps ising: a tag array including a tiist
address input, a second address input, and a shared mode input; 20 a data
au ay electrically coupled to the tag array and including a first address
input, a second address input, and a shared mode input. 7. The cache of
claim 6, wherein the tag an ay further includes: a first selector
elechically coupled to the ti~st address input, the second address input
and the shared 25 mode input; a shoed way electrically coupled to the tlrst
selector; a second selector electrically coupled to the fist address input,
the second address input, and the shared mode input, and a comparator
electrically coupled to the shared way and the second selector component.
30 17   WO 02/2s-4~7 PCT/USO1/29G02 8. The cache of claim 7, wherein the
first address input includes a first address set input and first address
tag input, the f ~st selector is elects ically coupled to the first address
set input, and second 



selector is electrically coupled to the first address tag input. S 9. The
cache of claim S, wherein the first selector and second selector ai a
integrally fog med as a single component. 10 The cache of claim 7, wherein
the data au ay fur ther includes: a third selector electrically coupled to
the fn~st address input, second address input and the shared l0 mode input,
a shared way electrically coupled to the thud selector; a way selector
elects ical ly coupled to the data ai i ay's shared way and to the tag
array's comparator. 11. The cache of claim 6, wherein the rag array further
includes: 15 a f-st bank of sets elects ically coupled to the fir st adds
ess uiput; a selector elects ically coupled to the first address input,
second address input, and shared mode input; and a second bank of sets
electrically coupled to the selector. 12. The cache of claim 11, wherein
the data a~ i ay further comps ises: 20 a fist bank of sets electrically
coupled to the first address input; a selector elech ically coupled to the
first address input, second adds ess input, and shared mode input; and a
second banl; of sets elecu ically coupled to the selector. 13. A system
comprising: 25 a central processing umt, a second computing engine; and a
cache that is electrically coupled to the central processing unit and the
second computing engine and that includes a plurality of cache memory
locations which are accessible by the second computing engine when a shared
mode signal is received and accessible by the central processing 30 unit
when the shared mode signal is not received. 18   1'fO 02/25.e7
PCT/USO1/29G02 14. The system of claim 13, whet em said second computing
engine is coupled to said cache by an enable line, and wherein said shared
mode signal is received by said cache over said enable line. 5 15. The
system of claim 1~I, further comps ising a third computing engine, and
wherein said cache fm that includes a second plu r ality of cache memory
locations which a~ a accessible by the third computing engine when a second
shared mode signal is received and accessible by the central processing
unit when the second staled mode signal is not received. 10 16. The system
of claim 13, whet em the system is par t of an integi ated circuit. 17 The
system of clam 13, wherein said second computing engine is a graphics
engine. 18. n method of cache shat ing, the method comps ising 1~ accessing
a location in a cache from a first computing engine; sending the cache a
signal associated with cache sha ing; and 



partitioning the cache into a first subdivision accessible exclusively by
the first comparing engine and a second subdivision accessible exclusively
by a second computing engine. 20 19 The method of claim 1 S) fm then comer
ising flushing the second subdivision. 20. The method of claim 18, wherein
said location in the cache is par t of the second subdivision, and wherein
the method fur then comprises accessing said location tn the cache fi our
the second computing cngme. 25 21. The method of claim 18, wherein the fist
subdivision is a fist plurality of ways in the cache, and 4vherein the
second subdivision is a second plurality of ways in the cache. 22. The
method of clam 18, wherein the first subdivision is a first plurality of
sets in the cache, and 30 wherein the second subdivision is a second
plurality of sets in the cache. I9   tt'O 02/2y-l7 PCT/CIStIl/29GU2 23. A
method of reading information from a cache, the method compvising:
receiving a mode selection value signifying that the cache is in shared
mode; receiving a fist addressing value at a first address input; 5
selecting the first addressing value at a fi~sl selector component based
upon the received mode selection value; identifying a first location in a
cache data aa,' using the first addressing value; and reading data from the
fist location ' 10 24. The method of claim 23, further comps ism~~
receiving a second addressing value at a second address input; identifying
a second location in the cache data array using the second addressing
value; and leading data fiom the second location simultaneously with said
reading data from the fist location. 1~ 25. The method of claim 23, further
composing: receiving a mode selection value signifying that the cache is
not in shared mode, receiving a second addressing value at a second address
input; selecting the second addressing value at the first selector
component based upon the mode selection value that signifies that the cache
is not in shaped mode; 20 using the second addressing value to identity
said first location as the location to be lead; and reading data fiom the
location to be lead, 20   



WO 02/2s-t-l7 PCT/US(11/29602 26. The method of claim 23, wherein the tiist
addressing value is a set addressing value and wherein identifying a fast
location in the cache using the first addressing value includes: selecting
a set in a tag away using the set addressing value selected by the first
selector; receiving a tag addressing value at said fist address input;
selecting the tag addressing value at a second selector component based
upon the shared mode selector value; and comparing tags stored in the
selected set in the tag away with the tag addressing value selected by the
second selector, and determining that the way in which a tag ~ esides is a
matching ~vay if the compai ison results in a 10 match. 27 The method of
claim 26, whey em idenLfyng a first location in the cache using the fit st
addressing value further includes: selecting the set addressing value at a
thud selector based upon the mode selection value signifying 15 that the
cache is m shat ed mode, and identifying as the Frst location the location
of a cache data array that is in the set con esponding to the set adds
essmg value m the way of the data a~ i ay that coi i esponds to the
matching way. 2E. The method of claim 23, wherein the first addressing
value comprises a first set addressing value, a 20 second set addressing
value, and a tag addressing value, and wherein identifying a first location
in the cache using the first addressing value includes: selecting a set in
a tag array using the fist set addressing value; compa~ ing tags stop ed in
the selected set in the tag array with the tag addressing value and the
second set addressing value; 25 determining that the way in which the tag
resides is a matching way if the comparison results in a match; identifying
as the fist location the location of a cache data array that is in the set
corresponding to the first set addressing value in the way of the data
array that corresponds to the matching may. 30 21 .A{`r.A9.AL.AL.ALY
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