
20 0Cr2UQL WO 02/01366 PCT/U501/18683 Cache Line Pre-Load and Pre-Own
Based on Cache Coherence  Speculation Field of the Invention 5 The
invention relates generally to cache memory in computer systems,  and
more specifically to a cache management system providing pre-load and
pre-own functionality to enhance cache efficiency in shared memory
distributed  cache multiprocessor computer systems. 10 Background of the
Invention  Multiprocessor computer systems are commonly used in high
performance applications because they can offer higher performance than
systems using a single processor. Utilizing multiple processors that are
not  individually capable of providing the same performance as a
multiprocessor 15 computer system allows division of computing tasks
among the multiple  processors, decreasing the amount of work required in
a single processor to  complete a given task. Also, more than one task
can be performed at a single  time where each task or thread is executing
on a separate processor or group of  processors, enabling multiprocessor
systems to efficiently serve multiple 20 functions at a time.
Multiprocessor systems incorporate many methods of  allocating processor
resources to the various tasks or threads they execute, all of  which are
designed to take advantage of the capability of such systems to  perform
computations on more than one processor at a time. Early multiprocessor
systems were typically large mainframe or 25 supercomputers that were
comprised of several processors mounted in the same  physical unit. More
recently, multiprocessor systems have evolved to include  arrays or
networks of interconnected computers or workstations that divide  large
tasks among themselves in a way that is similar to the division of tasks
in  traditional multiprocessor systems, and can achieve similarly
impressive results. 30 A variety of multiprocessor system architectures
have evolved to include  various combinations of these attributes, 1 2 0
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such as a network of interconnected multiprocessor workstations that
divide  tasks both among the processors in each workstation and among
interconnected  workstations. With multiple processors working on a task
in any configuration, a  5 mechanism must exist for processors to share
access to data and to share the  results of their computations. One
solution is use of a centralized shared  memory which comprises a single
memory that any processor can access.  Other systems have distributed or
independent memory for each processor or  group of processors, providing
faster access to the memory that is local to each 10 processor or group
of processors than is typically possible in a centralized  memory
architecture. In such systems, processors can access memory local to
other processors or groups of processors, but doing so takes somewhat
longer  than accessing local memory. The memory, whether centralized or
distributed, can be further shared or  15 multiple-address-type memory.
Shared address memory is memory that can be  accessed by any processor,
whether the memory is distributed or centralized, to  facilitate
communication of data with other processors. Multiple address memory has
separate memory for each processor or group of processors, and  does not
allow other processors or groups of processors to access this memory  20
directly. Therefore, multiple address systems must rely on messages to
share  data between processors. Cache memory can be used in any of these
memory configurations to  provide faster access to data that the
processors are likely to need, and to reduce  requests for the same
commonly used data to be transmitted over the system 25 bus. Storing data
in cache provides faster access to the data, as cache memory  is
typically a more expensive but substantially faster memory type than is
used  for general system memory. The cache associated with each processor
or group  of processors in a distributed shared memory system likely
maintains local  copies of data that resides in memory local to other
processors, and so also 30 reduces the need to retrieve such data over
the system bus. Information about each block of memory is usually stored
in a directory,  which indicates which caches have copies of the memory
block, whether the  data is valid or invalid (dirty), and other such
data. The directory is used to  ensure cache coherency, or to ensure that
the system can determine whether the 



35 data in each cache is valid. The directory also tracks which caches
hold data  that is to be written back to memory, and facilitates granting
exclusive write  access to one processor to update the memory. After the
memory is updated, all 2 20 OCT2004  WO 02/01366 PCT1US01/18683 other
cached copies of the memory are no longer current and are marked
invalid. In this type of cache system, it is not uncommon for one
processor to  request exclusive access to or write to a specific cache
line, invalidating all  5 other copies of that line in other caches. In
systems with large caches, most cache lines are invalidated for such
reasons rather than replaced due to age,  making invalidation of cache
lines a critical factor in cache performance. What  is needed is a method
to reduce the impact of cache Be invalidation due to  granting of
exclusive write access to another processor or modification of the  10
line by another processor. Brief Description of the Figures Figure 1
shows a distributed shared memory multiprocessor computer  system with
multiple local caches, consistent with the prior art. 15 Figure 2 shows a
bus-based shared memory multiprocessor computer  system with multiple
local caches, consistent with the prior art. Figure 3 shows an exemplary
distributed shared memory system with  multiple local L I and L2 caches
and implementing an Invalidate History Table  (IHT), consistent with an
embodiment of the present invention. 20 Detailed Description In the
following detailed description of sample embodiments of the  invention,
reference is made to the accompanying drawings which form a part  hereof,
and in which is shown by way of illustration specific sample 25
embodiments in which the invention may be practiced. These embodiments
are  described in sufficient detail to enable those skilled in the art to
practice the  invention, and it is to be understood that other
embodiments may be utilized and  that logical, mechanical, electrical,
and other changes may be made without  departing from the spirit or scope
of the present invention. The following 



30 detailed description is, therefore, not to be taken in a limiting
sense, and the  scope of the invention is defined only by the appended
claims. The invention provides methods for reducing the impact of cache
line  invalidation on cache efficiency in distributed cache
multiprocessor computer  systems. Figures 1 and 2 show examples of
multiprocessor systems with 35 distributed cache, including the
distributed shared memory configuration shown  in Figure 1 and the
bus-based shared memory configuration shown in Figure 2.  The distributed
memory configuration of Figure 1 includes a plurality of  3 2 0 O C T
2006  WO 02/01366 PCTIUS01/18683 processors, including processor 1 at I01
through processor n at 102. Each  processor has a local cache 103 that
includes a cache controller, and a local  memory 104, The processor and
local cache are connected to other processors  and their associated
memories and caches via bus 105. In alternate 5 embodiments, banks of
processors may share a memory 104 and a cache 103,  and multiple banks of
processors are interconnected via the bus 105. The bus-based shared
memory configuration of Figure 2 also includes a  plurality of
processors, including processor I at 201 through processor n at 202.
Each processor has a local cache 203 that includes a cache controller,
and is 10 connected to other processors and their local caches via bus
204. Bus 204 also  serves to connect each local processor and cache to a
common shared memory  205. Because the local caches in both
configurations store local copies of data  that may be invalidated either
due to the cached data being changed by another  15 processor without
being updated in all local caches or due to another processor requesting
exclusive write access to the data, the data stored in the local caches
will not necessarily remain valid until it is needed by the associated
local  processor. The present invention provides methods that are in one
embodiment  implemented in hardware to reduce the impact of cache line
invalidation on 20 cache efficiency. The invention comprises in one
embodiment recording locally  at each cache the cache lines that are
given up involuntarily due to invalidation,  which are then considered
prefetch candidates due to the increased likelihood  these lines will be
reused in the near future. The data is prefetched in one  



embodiment by snarling, which comprises intercepting data transferred
between 25 two other devices on a bus. Such snarling takes place when a
remote cache  transfers a line to the requesting device or when a modified
line is written back  to memory. The invention in some embodiments
selectively broadcasts over the  bus those lines that are written back
from level one cache (LI cache) to level  two (L2) cache, so that the
write-back line data may be snarfed by other caches 30 with involuntarily
invalidated copies of the same line. In compensating for cache
invalidation, the present invention in various  embodiments attempts to
predict the future cache misses due to invalidation of  cache lines.
Actions are taken to reduce the cache coherence misses, such as  snarling
selected data off the bus and writing back selected data over the bus to
35 facilitate selective snarling of that data. To facilitate prediction of
cache misses due to cache invalidation to  ensure cache coherence, an
invalidate History Table (IHT) is established in each  4 2 0 OCT 2004 WO
02/01366 PCT/US01/18683 cache to record each of two types of coherence
invalidation activity. First,  clean-invalidate invalidations are recorded
for each line, where a clean- invalidate invalidation comprises
involuntary invalidation of a line due to the  line being required to
relinquish either an exclusive or shared state. Clean s invalidate line
invalidations therefore are invalidations that occur when an  unmodified
cache line must sacrifice exclusive or shared ownership  involuntarily due
to a write request from another processor. The second type of
invalidations recorded are dirty-invalidate invalidations, in which the
data in the  cache lines has been modified before the cache lines are
invalidated. This can 10 happen when a modified cache line is requested by
another processor. In some embodiments of the invention such as those
utilizing write-back caches, a cache miss results in snooping other caches
for the requested data  before retrieving the data from memory. Snooping
comprises a broadcast  request to other caches for the requested data to
ensure currency of the data 15 retrieved, and therefore results in a
subsequent request for the data from  memory only if a current copy of the
data is not found in another cache. If a  



cache-cache transfer results from snooping activity, all caches read
(snarf) the  line address of the snooped data and use the data to update
the line if it is still  stored in the local cache but recorded in the
1HT as being invalidated. In 20 further embodiments, all caches that
retrieve the broadcast line or snarf the line  store the line in a shared
state. In general terms, the result is revalidation comprising updating
of the  data stored in invalid cache lines or creation of a new cache
line entry for cache  lines that are recorded in the 1HT whenever valid
line data for the particular line 25 is broadcast on the bus. Such
broadcasts can happen when a line is transferred  from a line owner's
cache to a requesting cache in response to a read miss  (cache-cache
transfer), or when a modified line is evicted from the owner's  cache and
written back to memory (modified write-back). In a cache-cache  transfer,
the data is snarled in a cache only when the line is recorded in the 30
cache's IHT as clean-invalidate invalidated. Dirty-invalidate invalidated
lines  are not snarled in cache-cache transfers because it is considered
likely that the  requesting cache will be updated shortly, invalidating
the snarfed line. In some embodiments, when a line is snarfed or
preloaded because it is  recorded in the IHT, the IHT will not again
record the line as involuntarily as invalidated if it is not referenced
before it is again invalidated. This allows the  IHT to adapt to the need
of other nodes to use the same data. In some embodiments triggered by a
modified write back, all caches  5 2 0 OCT 200h  WO 02/01366
PCT/US01/18683 snarfing the data receive the data in the shared state
regardless of whether the  snarfing is a result of a clean-invalidate or
dirty-invalidate 1}iT entry. This is  because migration of data that is
modified and then written back happens in a  somewhat unpredictable order
among processors. A pre-own request is issued 5 in some embodiments in
response to reading a shared line in a cache with a  dirty-invalidate
record of the line in the IHT, anticipating that the line may soon  be
modified. Preloaded lines that are snarfed as a result of IHT entries can
in some  embodiments of the invention be placed in either the Ll or L2
cache of a 10 particular processor or group of processors. In still other
embodiments, the  



preloaded lines are placed in a separate preload buffer until their first
use, at  which time they are promoted to L2 cache. The preloaded lines in
various  embodiments occupy various positions in cache, from
least-recently used (LRU)  to most-recently used (MRU) for purposes of
age or least-recently used cache 15 line replacement. In some
embodiments, placing preloaded lines in the least- recently used data
position or near the least-recently used position can remedy  cache
pollution problems by forcing the preloaded line out of cache if it is
not  soon used. In selecting Ll write-back activity to broadcast over the
bus for possible  20 snarling, the bandwidth of the bus must be
considered. In many systems,  indiscriminate broadcasting of all L1 cache
write-back activity may flood the  bus and hinder normal system activity.
In various embodiments of the  invention, two methods are utilized to
limit the amount of bus traffic generated  by L1 write-back broadcasts.
First, in one embodiment, an L2 write-through bit 25 is associated with
each L2 cache line entry. An L1 write-back broadcast is  issued only when
the corresponding wrote-through bit is on. This write-through  bit is set
when the processor obtains ownership of the line by invalidating the
line in other caches. This situation occurs when a read or write miss
causes  invalidation in other caches. Second, rather than broadcasting
both the address 30 and data of the written line, the data is sent only
after a matching address is  found in any other M. In further
embodiments, write-backs from Ll to L2 cache are not written  back to
memory over the system bus if the write-through bit of the written back
line is not on. In another embodiment, the L1 to L2 write back is not
written to 35 system memory when the written back line is not present in
another cache's  IHT. Such rules that restrict memory write backs to
lines likely to be needed in  other caches serve to further limit the
number of transfers over the system 6 2 0 O C T 2004  WO 02/01366
PCTIUS01118683 memory bus to alleviate risk of flooding the bus with Ll
cache write-back  activity. Figure 3 illustrates one exemplary embodiment
of the present invention,  incorporating a distributed shared memory
system with multiple local Ll and 



5 L2 caches. The embodiment implements an Invalidate History Table (IHT)
303  and a write-through bit associated with each L2 cache line shown at
304 in each  processor node 301 and 302 to compensate for involuntarily
relinquishment of  cache lines due to cache coherence activity. In this
example embodiment, an invalidation type bit T shown at 308 is  10
incorporated into each IHT such as 303 to indicate whether the
corresponding  IHT entry is a -clean-invalidate or dirty-invalidate IHT
entry. The write-through  bit `W' shown at 304 records L1 cache
write-back candidates for broadcasting  over the bus 305. In addition, a
preload bit P shown at 306 is associated with  each entry in the L2 cache
307, to identify cache lines that are preloaded due to  15 early
clean-invalidates. When an L2 cache read miss is broadcast on the bus
305, all other  processors will look up the line in their L2 caches. If a
modified copy is found  in any of the caches, the owner will transfer the
line to the requestor as well as  update the copy in main memory. If the
line is also recorded as clean-invalidate 20 in the IHT of the other
processors, those processors will snarf the data during  the
cache-to-cache transfer. In such an instance, the line becomes shared.
Also,  a clean-invalidate line is removed from the IHT after the line is
snarfed. The `P' bit in the L2 cache as shown at 306 is set when the line
is brought into the  L2 cache due to an early clean-invalidate. The 'P'
bit is reset once the line is  25 first referred to by the processor. The
line will not be recorded again in the IHT even upon another invalidate
request as long as the `p bit remains on. In the above situation when the
modified line is not recorded as clean- invalidate in any other IHT, the
original owner will invalidate the line and  transfer ownership along
with the data to the requester. In this case, the line 30 will be
recorded in the JET of the original owner as dirty-invalidate.
Meanwhile, the requestor will turn on the write-back bit `W', indicating
the  corresponding line is a candidate for LI write-back broadcasting.
When an L2 write miss is issued on the bus 305, all other processors will
look up the line in their L2 caches. If a modified copy is found in any
of the 35 searched caches, the owner will transfer the line along with
ownership of the  line to the requester. The line is invalidated from the
original owner's cache  and recorded as dirty-invalidate in the IHT. The
requester will again turn on the 7 



WO 02101366 2 0 OCT 2004  PCT/US01/18683 W write-back bit, indicating the
corresponding line is a candidate for LI  write-back broadcasting,
Alternately, if a shared copy is found in one or more  searched caches,
all shared copies are invalidated and recorded in the respective  IHTs as
clean-invalidate. In this case, the requestor will also turn on the W 5
write-back bit associated with the requested line in L2 cache. When an L
I write-back is received and the W bit is on, an early  broadcast of the
line is triggered. All the processors will search their Uffs, and  will
snarf the line whenever the line is recorded in one or more IHTs, whether
recorded as clean-invalidate or dirty-invalidate. In such an example, the
line 10 becomes shared. When an LI read miss is received, a preown is
triggered if the  line is recorded in the IHT as dirty-invalidatc and the
L2 cache line state is  shared, anticipating the line will be modified
shortly after the read. Because  broadcasting the LI write-back is not
time or coherence-cMical, the broadcast  can be buffered or simply
discarded if the bus is very busy. 15 Replacement of a modified line
fr~rn L2 cache similarly will always  force a write-back and all other
processors will receive the data on an IH7 hit  except for the cache from
which the rine was evicted. Many embodiments of the invention other than
those discussed above  and in conjunction with the system of Figure 3 are
possible, and are within the  20 scope of the invention. Use of an IHT
and the preload and writeback bits associated with L2 cache lines
facilitate reduction of the impact of cache line  invalidation due to
granting of exclusive write access to another processor or  modification
of a cache line by another processor, thereby improving cache
efficiency. Use of alternate embodiments that perform the same function,
such 25 as using independent tables that record cached line addresses or
other means of  storing information comprising a part of the invention
rather than the 'W' and  'P' bits as described in example embodiments,
are within the scope of the  invention. Although specific embodiments
have been illustrated and described  30 herein, it will he appreciated by
those of ordinary skill in the art that any  arrangement which is
calculated to achieve the same purpose may be substituted  



for the specific embodiments shown. This application is intended to cover
any  adaptations or variations of the invention. It is intended that this
invention be  limited only by the claims, and the full scope of
equivalents thereof. 35 I 8 20 OCT200 CLAIMS 1. A shared memory
multiprocessor computer system, comprising:  a plurality of processors; a
bus linking the plurality of processors;  a plurality of local caches; a
cache invalidation history table associated with each local cache; and a
cache controller associated with each local cache, each cache controller
operable  to track invalidated cache lines by recording the line
addresses of invalidated cache lines  and an indicator indicating whether
each of the invalidated cache lines recorded was  invalidated via a
clean-invalidate or a dirty-invalidate in the invalidation history table,
and  further operable to revalidate only those invalidated cache lines
recorded in the  invalidation history table as having been
clean-invalidate invalidated by monitoring the  bus for cache line
addresses of clean-invalidate invalidated cache lines recorded in the
invalidation history table and for associated cache line data and by
updating the  invalidated cache line data with the cache line data
associated with the recorded cache line  addresses. 2. The shared memory
multiprocessor computer system of claim 1, wherein the  plurality of
local caches are local to a single processor. 3. The shared memory
multiprocessor computer system of claim 1, wherein the  plurality of
local caches are local to a node comprising the plurality of processors.
4. The shared memory multiprocessor computer system of claim 1, wherein
the  plurality of local caches are L2 caches. 5. The shared memory
multiprocessor computer system of claim 1, wherein the  plurality of
local caches are write-back caches. 6. The shared memory multiprocessor
system of claim 1, wherein when the valid  cache line data is present on
the bus due to a modified write-back. 9 



2 0 0 0 T 2004 7. The shared memory multiprocessor system of claim 1,
wherein the cache controller  further comprises a write-back bit
associated with entries in the local cache that is set  when either a hit
to the same line in another processor is detected or when the same line
is  invalidated in another processor's cache, and wherein the system
broadcasts write-backs  from a selected local cache only when the line
being written back has an associated write- back bit set. 8. The shared
memory multiprocessor system of claim 7, wherein the selected local
cache is an L1 cache. 9. The shared memory multiprocessor system of claim
7, wherein the write-back bit  is set only when the processor local to
the local cache has write or exclusive write access  to the line. 10. A
cache controller, the cache controller associated with a local cache, the
cache  controller operable to track invalidated cache lines by recording
the line addresses of  invalidated cache lines and an indicator
indicating whether each of the invalidated cache  lines recorded was
invalidated via a clean-invalidate or a dirty-invalidate in an
invalidation  history table, and further operable to revalidate only
those invalidated cache lines recorded  in the invalidation history table
as having been clean-invalidate invalidated by monitoring  the bus for
cache line addresses of clean-invalidate invalidated cache lines recorded
in the  invalidation history table and for associated cache line data and
by updating the  invalidated cache line data with the cache line data
associated with the recorded cache line  addresses. 11. The cache
controller of claim 10, wherein the cache controller comprises an
integrated circuit. 12. The cache controller of claim 10, wherein the
cache controller comprises part of a processor. 10 20 OCT2004 13. The
cache controller of claim 10, wherein when the valid cache line data is
present  on the bus due to a modified write-back. 14. The cache
controller of claim 10, further comprising a write-back bit associated
with entries in the local cache that is set when either a hit to the same
line in another  processor is detected or when the same line is
invalidated in another processor's cache, and  wherein the system
broadcasts write-backs from a selected local cache only when the line  



being written back has an associated write-back bit set. 15. The cache
controller of claim 14, wherein the selected local cache is an L1 cache.
16. The cache controller of claim 14, wherein the write-back bit is set
only when the  processor local to the local cache has write or exclusive
write access to the line. 17. A method of controlling a cache,
comprising: tracking invalidated cache lines by recording the line
addresses of invalidated  cache lines and an indicator indicating whether
each of the invalidated cache lines  recorded was invalidated via a
clean-invalidate or a dirty-invalidate in an invalidation  history table;
and revalidating only those invalidated cache lines recorded in the
invalidation history  table as having been clean-invalidate invalidated
by monitoring the bus for cache line  addresses of clean-invalidate
invalidated cache lines recorded in the invalidation history  table and
for associated cache line data and by updating the invalidated cache line
data  with the cache line data associated with the recorded cache line
addresses. 18. The method of claim 17, wherein the method of controlling
a cache is performed in  an integrated circuit. 19. The method of claim
17, wherein the method of controlling a cache is performed in a
processor. 11 20 OCT20O4 20. The method of claim 17, wherein when the
valid cache line data is present on the  bus due to a modified
write-back. 21. The method of claim 17, further comprising: setting a
write-back bit associated with an entry in the cache of a local processor
when either a hit to the same line in another processor is detected or
when the same line is  invalidated in another processor's cache, and
wherein the system broadcasts write-backs  from a selected local cache
only when the line being written back has an associated write- back bit
set. 22. The method of claim 21, wherein the selected cache of a local
processor is an L1  cache. 23. The method of claim 21, wherein the
write-back bit is set only when the processor  local to the cache has
write or exclusive write access to the line. 12 


