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CACHING IN MULTICORE AND 
MULTIPROCESSOR ARCHITECTURES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims the benefit of U.S. Provisional 
Application No. 60/827,473, filed on Sep. 29, 2006, titled 
PROXY CACHING IN MULTICORE AND MULTIPRO 
CESSOR ARCHITECTURES, and U.S. Provisional Appli 
cation No. 60/882,318, filed on Dec. 28, 2006, titled 
TRANSFERRING AND STORING DATA IN MULTI 
CORE AND MULTIPROCESSOR ARCHITECTURES.” 
each of which is incorporated herein by reference. This appli 
cation is related to U.S. application Ser. No. 1 1/404,641, filed 
on Apr. 14, 2006, titled “MANAGING CACHE MEMORY 
INA PARALLEL PROCESSING ENVIRONMENT, which 
is incorporated herein by reference. 

This application is related to U.S. application Ser. No. 
11/754,062, titled “CACHING IN MULTICORE AND 
MULTIPROCESSOR ARCHITECTURES.” U.S. applica 
tion Ser. No. 1 1/754,162, titled “CACHING IN MULTI 
CORE AND MULTIPROCESSOR ARCHITECTURES.” 
U.S. application Ser. No. 1 1/754,016, titled “CACHING IN 
MULTICORE AND MULTIPROCESSOR ARCHITEC 
TURES, each of which is being filed concurrently with the 
present application, and each of which is also incorporated 
herein by reference. 

BACKGROUND 

This invention relates to caching in multicore and multi 
processor computers. 

Cache coherence is a useful mechanism in multiple pro 
cessor Systems to provide a shared memory abstraction to the 
programmer. When multiple processors cache a given shared 
memory location, a cache coherence problem may arise 
because a copy of the same memory location exists in mul 
tiple caches. A cache coherence protocol guarantees that a 
given memory location has a consistent view across all pro 
cessors. There are many models of what a consistent view is, 
and one example is sequential consistency. Another is weak 
ordering. In each of these models, the coherence protocol 
prescribes a legal order in which memory locations can be 
acquired by and updated by various processors. 

Directory based protocols are one way of maintaining 
cache coherence. In many previous systems, a directory is 
maintained alongside main memory. For example, the direc 
tory state and directory controller are both implemented as 
part of main memory, which is off-chip, and there is directory 
state associated with each memory line (same size as a cache 
line, which corresponds to the unit in which memory is 
cached, also called a cache block). Thus in Such examples, the 
directory state is proportional in size to main memory size. 
Typically, the directory controller is also associated with the 
memory controller, and often both are tightly coupled to each 
other. In the MIT Alewife machine, a multiprocessor com 
puter which was operational in 1994 (e.g., described by Anant 
Agarwal, Ricardo Bianchini, David Chaiken, Fred Chong, 
Kirk Johnson, David Kranz, John Kubiatowicz, Beng-Hong 
Lim, Ken Mackenzie, and Donald Yeung, “The MIT Alewife 
Machine Architecture and Performance.” in Proceedings of 
the IEEE, March 1999, incorporated herein by reference), 
main memory was partitioned and each partition was associ 
ated with a corresponding one of the processor cores. As 
illustrated in FIG. 1, each of the nodes 100 in the machine 
corresponded to a core (e.g., core 1-core 3) that included a 
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2 
processor 102, its cache 104 (or caches, if there were multiple 
levels), and a portion 106 of main memory 108. The main 
memory was on a separate chip (e.g., typically implemented 
as DRAM). Each cache line sized memory line had a direc 
tory entry associated with it. The collection of directory 
entries for all memory lines in the memory portion 106 for a 
node was stored as a directory portion 110 for that node. A 
directory with portions from all the nodes was implemented 
typically in the same technology as the main memory itself 
(e.g., in DRAM) and each directory portion 110 was stored 
alongside the corresponding memory portion 106 in main 
memory 108. Thus, a given directory portion 110 and its 
associated processor 102 are on different chips. 

Alewife distributed the directory along with the memory 
for all the nodes as depicted in FIG.1. The directories stored 
the node numbers of the nodes on which a copy of a given 
memory line was stored as a cache line. This way, if some 
cache wanted to write a given line of data, then the directory 
would be queried and the cache lines storing that line of data 
could be invalidated in all the other caches. 

Directory based cache coherence approaches are generally 
more scalable and hence may be preferable over other 
approaches, such as Snoopy cache approaches, for large-scale 
architectures. Snoopy cache approaches generally need a bus 
to connect the various nodes in the system and each of the 
nodes broadcasts their requests over this medium. Each of the 
nodes also Snoops on the bus and listens in on all the requests. 
Because of the need to broadcast and Snoop on all main 
memory requests, the Snooping cache schemes may not scale 
to more than a few cores in a multicore system. 
The Alewife directory kept track of all or some of the 

locations (nodes) in which a given memory line was cached. 
The directory also kept some state which indicated the current 
state of the cache line, such as for example, whether it was 
dirty in a cache, and a number of outstanding acknowledge 
ments for an issued transaction. The “directory state' 
includes the state information that tracks where cached copies 
are, and the status of various transactions. The “directory 
controller' includes the controller engines that implement the 
directory protocol. The term “directory” is generally used to 
refer to either or both the directory state and the directory 
controller depending on the context. 
When a processor (or node) (for example, node 2) 

requested a cache line which was not present in its cache, 
node 2's cache would take a cache miss and the request would 
be sent directly to the main memory location corresponding 
to the cache line. A coherence controller or the directory 
controller attached to that memory would check the directory 
entry stored along with the memory location (in the directory 
state) and would determine the action to take based on the 
request and the current state of that memory location. In a 
common scenario, the controller would simply send the 
requested data from memory to the node requesting it. The 
controller would also update the corresponding directory 
state to reflect the fact that node 2 now has a readable copy of 
the line in its cache. FIG. 1 illustrates that this action took a 
local transaction (marked as 1) between a processor and 
cache, and two network transactions (marked as 2 and 3), one 
from the cache of node 2 to request the data from the memory 
portion 106 assigned to node 1, and one to receive the data 
from memory at the cache of node 2. These transactions are 
between a chip having the processor and cache of a node and 
a chip providing the main memory. The directory state stored 
in the directory portion 110 of node 1 includes pointers to 
nodes that store copies of the data from a given memory line. 

In multiprocessors such as Alewife each of the nodes can 
be implemented on a single chip or multiple respective chips. 
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The directory state was also large—its size was proportional 
to the size of main memory because each memory location 
stored a directory entry associated with it. 

SUMMARY 

This document relates to caching techniques, some or all of 
which apply equally well to a discrete system (not single chip) 
as well as to single chip systems such as a multicore proces 
sor. In a multicore processor, multiple nodes are on one chip. 
In the description below, the terms “multicore processor are 
used interchangeably with terms such as “multicore chip. 
“tiled processor,” or “chip multiprocessor (CMP), unless 
otherwise indicated in their context. 

In one aspect, in general, a multicore processor comprises 
a plurality of cache memories; a plurality of processor cores, 
each associated with one of the cache memories; and a plu 
rality of memory interfaces providing memory access paths 
from the cache memories to a main memory, at least some of 
the memory interfaces providing access paths to the main 
memory for multiple of the cache memories. Each of the 
memory interfaces is associated with a corresponding portion 
of the main memory, and includes a directory controller for 
the portion of the main memory. 

Aspects can include one or more of the following features. 
The multicore processor is embodied on a single integrated 

circuit. 
The main memory is external to the multicore processor. 
Each of the memory interfaces includes storage for direc 

tory state. 
The storage for the directory state includes a cache storage 

for the directory state. 
Maintaining the directory state includes processing 

memory access requests from the cache memories. 
The cache storage for the directory state is associated with 

the main memory Such that the directory state and data cor 
responding to the memory state are accessed by the memory 
interface from the main memory. 
The directory controllers are configured to maintain direc 

tory state associated with the corresponding portion of main 
memory. 

At least some of the directory controllers are associated 
with a processor core for processing a directory control pro 
CCSS, 

The processor cores are interconnected over a network that 
includes at least one of a bus, a ring, a mesh, a torus, a 3D 
cube, or a hypercube. 
The processor further comprises one or more input/output 

modules configured to couple data between a cache memory 
and an input/output interface. 

In another aspect, in general, a method is described for 
managing cache memories associated with respective proces 
Sor cores in a multicore processor that includes a plurality of 
memory interfaces providing memory access paths from the 
cache memories to a main memory. The method comprises 
providing access paths over at least some of the memory 
interfaces to the main memory for multiple of the cache 
memories; and associating each of the memory interfaces 
with a corresponding portion of the main memory, and oper 
ating a directory controller in each memory interface for the 
portion of the main memory. 

In another aspect, in general, a multicore processor com 
prises a plurality of cache memories; a plurality of processor 
cores, each associated with one of the cache memories; one or 
more memory interfaces providing memory access paths 
from the cache memories to a main memory that is external to 
the multicore processor, and one or more directory control 
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4 
lers for respective portions of the main memory, each associ 
ated with corresponding storage for directory state. Each 
directory controller and corresponding storage for directory 
state are included in the processor cores or the memory inter 
faces and are separate from the main memory. 

Aspects can include one or more of the following features. 
Each of at least Some of the processor cores includes a 

directory controller coupled to the associated cache memory. 
Each directory controller coupled to the associated cache 

memory is configured to maintain directory state associated 
with the corresponding portion of the main memory that is 
cached in the associated cache memory. 
The portion of the main memory that is cached in the 

associated cache memory comprises a set of memory lines 
having non-contiguous addresses. 
The addresses of the set of memory lines have one or more 

bits at specified positions in common. 
The bits at the specified positions comprise low order bits. 
Each directory controller coupled to the associated cache 

memory is configured to maintain state to indicate whether a 
given portion of data stored in the cache memory is shared by 
more than one cache memory. 

Each directory controller coupled to the associated cache 
memory is configured to maintain a read-only state in which 
a request of the directory controller is made if the processor 
core attempts to write into the cache memory. 
The processor core associated with the cache memory is 

coupled to a first network interconnecting the processor cores 
for handling a directory protocol and to a second network 
interconnecting the processor cores for handling cache 
misses from the processor core. 
The processor core is coupled to a third network intercon 

necting the processor cores for sending acknowledgements 
associated with the directory protocol. 
The first and second networks each have an independent 

physical communication medium. 
The first and second networks share a common physical 

communication medium, and each has independent buffer 
SOUCS. 

Each of at least some of the cache memories is assigned as 
a home location for caching a corresponding portion of the 
main memory and the processor core associated with the 
cache memory is configured to handle memory requests from 
other processor cores requesting access to the corresponding 
portion of the main memory. 
The processor core associated with the cache memory is 

configured to manage the cache memory according to a level 
in a cache hierarchy. 
The processor cores associated with the cache memory is 

configured to provide data requested in the memory request 
from the cache memory if the data is present in the cache 
memory or from the main memory if the data is not present in 
the cache memory. 
The directory controller coupled to the cache memory is 

configured to implement a directory coherence protocol for 
the corresponding portion of the main memory. 
The directory coherence protocol implements a full map 

directory, a limited directory, a limitless directory, a coarse 
vector directory, or a limited directory with coarse vectors. 
The processor cores associated with respective cache 

memories are configured to reapportion directory state and 
related cache lines among the cache memories serving as 
home locations for load balancing. 
The cache memory assigned as a home location is the same 

for memory lines corresponding to the same memory page in 
main memory. 
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Each memory page is assigned a unique cache memory as 
a home location. 

Each memory page is assigned a coherence domain indi 
cating which other cache memories are allowed to share the 
memory page. 

Each processor core storing a memory line in its associated 
cache memory that is not assigned as the home location for 
the memory line is configured to send the memory line being 
stored to the processor core whose associated cache memory 
is assigned as the home location of the memory line. 
The processor core whose associated cache memory is 

assigned as the home location of a given memory line is 
configured to serialize concurrent access to the memory line 
by multiple processor cores to maintain a consistent view of 
the memory line. 

The cache memory assigned as a home location is assigned 
according to entries in a translation lookaside buffer. 
The cache memory assigned as a home location is the same 

for memory lines whose addresses have one or more bits at 
specified positions in common. 
The bits at the specified positions comprise low order bits. 
The directory controller coupled to the cache memory is 

implemented at least partially in Software by interrupting a 
processor within the processor core to perform protocol 
actions. 
The processor core includes a first processor and a second 

processor configured to run protocol Software to perform 
protocol actions. 
The directory controller coupled to the cache memory is 

configured to send an invalidate request to one or more pro 
cessor cores in response to writing data in the cache memory. 
The directory controller is further configured to maintain a 

count of outstanding acknowledgements to be received from 
processor cores in response to the invalidate request. 
The directory controller is further configured to send the 

invalidate request in response to writing data in the cache 
memory into a cache line previously marked clean. 
The directory controller is further configured to send the 

invalidate request if a corresponding directory entry indicates 
that the data is being written into a cache line that is shared by 
one or more other cache memories. 
The invalidate request is sent to processor cores that share 

the cache line according to the directory entry. 
The invalidate request in included in a message that is 

broadcast to multiple processor cores. 
The directory controller coupled to the cache memory is 

configured to send an update request to one or more processor 
cores in response to writing data in the cache memory 
The directory controller coupled to the cache memory is 

configured to invalidate one or more cachelines in response to 
a message received over a network interconnecting the pro 
CSSO CO.S. 

The directory controller is further configured to respond to 
the message with an acknowledgement message sent over the 
network. 

Each of at least Some of the cache memories includes at 
least some of the storage for the directory state. 
A directory entry stored in the storage for the directory 

state is associated with a cache line in the cache memory. 
A directory entry is operated upon when a corresponding 

cache line is operated upon. 
A directory entry is flushed when a corresponding cache 

line is flushed. 
When a directory entry stored on a given processor core is 

flushed, cached copies of data that are stored in cache memo 
ries of other processor cores according to the directory entry 
are invalidated. 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

6 
Each of at least some of the directory controllers is config 

ured to Switch a directory protocol mode during execution 
based at least in part on a number of references to a given 
cache line. 

Switching the directory protocol mode comprises Switch 
ing between a mode in which copies of the cache line are 
invalidated using a predetermined number of pointers and a 
mode in which copies of the cache line are invalidated using 
a broadcast invalidate request. 

Switching the directory protocol mode comprises Switch 
ing between a mode in which pointers associated with the 
cache line are managed in hardware, and a mode in which the 
processor core associated with the cache memory handles 
access to the cache line in Software. 
The directory entry associated with the cache line includes 

state that indicates whether pointers associated with the cache 
line are managed in hardware, or the processor core associ 
ated with the cache memory handles access to the cache line 
in software. 
The directory controllers are configured to store each of a 

linked sequence of pointers in multiple respective cache 
memories that point to locations of copies of a given memory 
line. 

Each of at least Some of the memory interfaces includes a 
directory controller. 
The directory controller is configured to handle a message 

including a memory access request received over a network 
interconnecting the processor cores based on state informa 
tion stored in the directory controller. 
The state information indicates whether cache coherence 

associated with the memory access request is handled by the 
directory controller, or whether the message is redirected to a 
processor core for cache coherence associated with the 
memory access request to be handled in Software. 

Each of at least some of the processor cores include at least 
Some of the storage for directory state. 

Each of at least some of the memory interfaces includes at 
least Some of the storage for directory state. 
The storage for the directory state comprises a cache 

coupled to the memory interface. 
Each of at least some of the memory interfaces is config 

ured to maintain a count of outstanding transactions associ 
ated with a cache line. 
The cache is a direct mapped cache, a fully associative 

cache, or a set associative cache. 
The directory controllers are configured to handle a cache 

miss for a directory entry by fetching the directory entry from 
the main memory. 
The cache stores directory state and data associated with a 

cache line address. 
Each of at least Some of the memory interfaces includes a 

memory controller that controls a portion of the main 
memory. 

Each memory controller is coupled to a port on the periph 
ery of a network interconnecting the processor cores. 
The memory interfaces are configured to translate network 

messages into a format that the memory controllers can use to 
access the main memory. 

Each of at least Some of the processor cores includes a 
translation lookaside buffer to direct memory references to a 
memory interface that provides a memory access path to the 
portion of main memory being referenced. 

Each portion of main memory is limited to being coher 
ently cached in a respective set of one or more of the cache 
memories that includes fewer than all of the cache memories. 
A directory controller associated with one of the cache 

memories in a given set is configured to maintain state to 
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indicate whether a given portion of data stored in the cache 
memory is shared by a cache memory that is not in the set. 
The directory controller is further configured to include an 

invalidate request in a message broadcast to multiple proces 
Sor cores in response to writing data that the maintained State 
indicates is shared by a cache memory that is not in the set. 
The message is broadcast to the multiple processor cores 

using a tree pattern. 
Each of the multiple processor cores is configured to send 

an acknowledgement message in response to the message that 
includes the invalidate request. 
The directory controller and each of the multiple processor 

cores are configured to communicate over a static network 
that Switches data among the processor cores according to 
Switch instructions. 
The processor cores are interconnected over a network that 

includes at least one of a bus, a ring, a mesh, a torus, a 3D 
cube, or a hypercube. 
The processor further comprises one or more input/output 

modules configured to couple data between a cache memory 
and an input/output interface. 

In another aspect, in general, a method is described for 
managing cache memories associated with respective proces 
Sor cores in a multicore processor that includes one or more 
memory interfaces providing memory access paths from the 
cache memories to a main memory that is external to the 
multicore processor. The method comprises operating one or 
more directory controllers for respective portions of the main 
memory from the processor cores or the memory interfaces: 
and storing directory state associated with the directory con 
trollers within the multicore processor. 

Aspects can include one or more of the following advan 
tages. 
As illustrated in an example shown in FIG. 2, each of the 

nodes or “tiles' of the tiled processor 200 contains a processor 
and a cache. Each of the tiles does not necessarily correspond 
to a respective portion of main memory. In this example, a 
directory state and directory controller are in the path to main 
memory for each cache miss, so that each cache miss request 
is able to query the directory. 
One approach for multicore cache coherence is for the 

directory state to be off-chip near the main memory. The onus 
of building a working cache coherence system then falls on 
the system designer—i.e., the designer that was building the 
system containing the multicore chip, rather than the designer 
of the multicore chip. Another issue with placing the directory 
off-chip is that directory checks need to go off-chip which 
may consume valuable pin bandwidth. To increase access 
speed and reduce bandwidth, Some other approaches store 
directory state on-chip. 

Another approach formulticore cache coherence uses abus 
based or Snooping cache approach in which all cache miss 
requests are broadcast in a way that all nodes can see them. 
Such an approach may not scale well to large numbers of 
processors. To reduce communication overhead, Some other 
approaches limit communication associated with cache 
coherence to a Subset of the nodes over a multidimensional 
interconnection network. 
A further approach to caching for multicore chips 

addresses the directory problem within the multicore chip, 
and allows the system designer to use off-the-shelf DRAM 
and no specialized controllers for the main memory without 
having to worry about implementing cache coherence mecha 
nisms outside of the multicore chip. 

In one aspect, in general, a tiled processor (or multicore 
processor or chip multiprocessor) handles cache misses or 
certain other transactions from a given tile by sending them to 
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8 
a home tile (on the chip for multicore chips) which serves as 
a proxy for the directory for a corresponding portion of 
memory. The home tile for the portion of memory being 
accessed does not have to contain the memory being 
accessed. The home tile does contain a portion of the direc 
tory state that is related to the cache lines from the corre 
sponding portion of memory cached in its cache. (Alterna 
tively, the directory state contained on that tile is related to 
Some region of memory). The home tile serves as a proxy tile 
that performs the directory actions for the corresponding 
portion of memory, accessing off-chip memory if needed. 
Off-chip memory is simply off the shelf DRAM, for example. 
DRAM can be on-chip as well. 

In another aspect, in general, a tiled processor (or multicore 
processor or chip multiprocessor) handles cache misses or 
certain other transactions from a given tile by sending them to 
a home memory controller shim on the chip. The shim serves 
as a proxy for the directory for a corresponding portion of 
memory. The home memory controller shim does not have to 
contain the memory being accessed. Rather, it contains a 
portion of the directory that is related to the region of memory 
that the memory controller shim controls. The directory 
might further only contain directory entries for cache lines 
that are likely to be cached in at least one cache on the tiled 
processor. The directory controller on the shim performs the 
directory actions, accessing off-chip memory if needed. Off 
chip memory is simply off the shelf DRAM, for example. 
DRAM can be on-chip as well. 

In this scheme, storage space for directory state is only 
allocated for cache lines that might be contained in at least 
one cache in a tile on the tiled processor. Further, directory 
state can be further filtered to have storage space only for 
cache lines corresponding to shared data that might be con 
tained in at least one cache in a tile on the tiled processor. This 
way, the scalable coherence Solution using directories is com 
pletely self contained within the tiled processor (or multicore 
chip). 

In another aspect, in general, a multicore processor has a 
directory and coherence controller that are associated with a 
memory shim and DRAM controller which are both present 
on-chip, while the DRAM and directory store are present 
off-chip. 

Neighborhood and SNC caching techniques are used to 
find the home tile for a given cache line. SNC caching tech 
niques provide a mechanism for a set of physical memory 
pages to be cached across the local on-chip cache memories 
of multiple tiles (or all the tiles), and are described in more 
detail, for example, in U.S. application Ser. No. 1 1/404.958, 
incorporated herein by reference. Some implementations of 
SNC techniques cache a given set of physical memory pages 
locally in the cache of exactly one tile, obviating the need to 
use cache coherence protocols to maintain cache coherence. 
Other implementations of SNC techniques are used to assign 
a home tile to a given set of physical memory pages, with the 
option of caching memory lines from those pages on other 
tiles. The home tile then implements and executes the direc 
tory cache coherence protocol. 

Directory entries are associated with cachelines. Directory 
entries are operated upon when the corresponding cache line 
in the corresponding home tile is operated upon. For example, 
a directory entry is flushed when the cache line is flushed. 
When directory entry is flushed, all cached copies of the data 
(on other tiles) are invalidated. Thus, a cache line flush on a 
home tile causes a system wide coherence protocol to be 
executed. In implementations that use a multidimensional 
network such as the mesh network of the tiled architecture, 
the invalidation messages sent in the coherence protocol can 
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be restricted to being sent to a subset of the caches, which 
limits the amount of traffic associated with the coherence 
protocol (e.g., as compared to a one dimensional broadcast 
network Such as a bus or ring). 

In at least some of the coherence schemes described in this 
document, the directory protocol Switches modes during 
execution, commonly after the i-th reference to a cache line 
from Some remote tile. For example, the directory might 
Switch from a keeping i pointers, to keeping a broadcast bit. 
Or the directory might Switch from managing the pointers in 
hardware, to trapping the processor on the home tile for 
Software handling. 
The directory entry associated with a cache contains state 

(e.g., a bit) which indicates whether future protocol actions 
require the directory to interrupt the local processor, or 
whether to handle the protocol in hardware. 

Cores in the multicore chip (e.g., tiles in a tiled processor) 
can be configured as a home location to track similar numbers 
of cache entries. Load balancing can be performed by reap 
portioning directory state and related cache lines to other 
cores for serving as the home location if one home location is 
overloaded. This can be done for example by asking the 
operating system (OS) to mark a new home location for a 
given page. 

In combination with any of the protocols described in this 
document, methods can be used to compress the directory 
state. Methods can include caching, or coarse grain directo 
ries (store directory state for a region of memory which is 
bigger than a cache line). 

In another aspect, in general, a multicore processor 
includes multiple cache memories and multiple processor 
cores. Each processor core is associated with one of the cache 
memories (e.g., each processor core includes one of the cache 
memories coupled to an internal processor, and other cache 
memories may be located outside of the processor cores Such 
as in shims at the periphery of the multicore processor). The 
processor also includes multiple memory interfaces (e.g., 
memory controllers or memory controllershims, as described 
in more detail below) providing memory access paths from 
the cache memories to a main memory. 

In another aspect, in general, the directory controller and 
directory state are in a location that is on-chip and is separate 
from off-chip main memory. 

In one example, the directory controllers (and directory 
state) are placed next to caches in each core on-chip in a 
multicore system. The directory state can be kept right next to 
each cache line. 

In another example, the directory controllers and directory 
state are placed at the on-chip memory controllers in the path 
of main memory accesses from many cores. In either of these 
two examples, the directory controller and state are on the 
chip. Integration of the chip into a computing system does not 
have to involve implementing the directory controller and/or 
the directory state as part of system design near main 
memory. 

In another aspect, in general, space is not provided for each 
memory line in the directory state on the chip. Rather, space 
is provided only for those memory lines that are actually 
stored on the chip in one of the caches. Thus, directory state is 
maintained only for each memory line that is actually cached 
on the chip. Hence, the space for the directories is indepen 
dent of the amount of memory in the system. 

In another aspect, in general, a common directory entry is 
used for all the cache lines in a given page or some larger 
region of memory than a cache line (or memory block). This 
provides compression of the directory state. 
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10 
In another aspect, in general, the caches can be configured 

to maintain a portion of the cache memory that is local to the 
associated processor core and to maintain a portion of the 
cache memory that is shared among multiple processor cores. 
The portions that are local or shared can be assigned on 
demand on a cache line bases, for example. State associated 
with the cache line can indicate whether it is local or shared. 
This flexibility enables the trade-off of space that is used for 
local vs. shared cache to be different for different processor 
COCS. 

Other features and advantages of the invention are apparent 
from the following description, and from the claims. 

DESCRIPTION OF DRAWINGS 

FIG. 1 is a diagram illustrating traditional directory based 
cache coherency. 

FIG. 2 is a diagram of illustrating a shim-based approach. 
FIG. 3 is a diagram illustrating a directory cache store 

(DCS) approach. 
FIG. 4 is a diagram that illustrates directory state storage in 

main memory. 
FIG. 5 is a diagram illustrating a directory cache and 

memory cache store (DCMCS) scheme. 
FIGS. 6A and 6B are diagrams that illustrates a proxy 

cache coherence (PCC) scheme. 
FIG. 7A-7C are diagrams that illustrate directory state 

storage in a tile. 
FIG. 8 is a diagram that illustrates a neighborhood caching 

and SNC protocol. 
FIGS. 9A-9C are diagrams of a multicore chip with an I/O 

module. 

GLOSSARY 

FSM Finite State Machine 
SCC Shim cache coherence 
PCC Proxy cache coherence 
DRAM—Dynamic random access memory 
SNC Singly-cached 
DCS Directory cache store 
DCMCS Directory cache and memory cache store 
MDN Memory dynamic network 
OODC Optimistic on-demand coherence 

DESCRIPTION 

A class of multicore cache coherence techniques described 
in this document do not require implementing an entire cache 
directory (including directory state and directory controller) 
off-chip near main memory, or buses and frequent broadcasts. 
In this class of techniques, some or all of the information in 
one or more cache directories is stored at an intermediate 
location that is not main memory. 
The storage for directory state includes directory entries 

that track the state of data from main memory that may be 
cached in various locations in the multicore processor. Each 
directory entry may store state information for a single cache 
line or, in some implementations, for multiple cache lines. A 
copy of a given memory line from main memory may be 
stored as a cache line in multiple locations. The coherence 
protocols ensure that the various copies are updated appro 
priately, as described herein. 
A cache line typically includes multiple data values that 

can be individually updated. For example, when a data value 
in a cache is updated a new value is written into one of 
multiple locations in a cache line, and the other locations in 
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the cache line, called “background data.” may retain their 
previous values. In some cases, when data is written into a 
cache line, the background data is updated as well. For 
example, if the copy of the cache line being updated is not the 
most recent version, the background data may obtained from 
the memory line in main memory or from a dirty copy of the 
cache line (corresponding to the same memory line) in 
another cache. The address of a data value includes the 
address of the cache line containing the value and additional 
bit(s) to indicate which word (e.g., byte or some other unit) 
within the cache line corresponds to the value. 

The directory can be located at a variety of places. In the 
examples described below, two of the places at which the 
directory for a given portion of memory is located are: 

(1) A directory can be located at an on-chip memory inter 
face or "shim' adjacent to an on-chip memory control 
ler. This scheme is called shim cache coherence or the 
SCC scheme. In SCC, there can also be a higher level 
cache (e.g., L3 cache) which fronts the portion of main 
memory controlled by that shim. This cache could also 
be centralized and front all of main memory. 

(2) A directory can be located on a node (e.g., a core or tile) 
in the multicore system. The directory can be associated 
with that node's higher level cache or the directory can 
be standalone by itself. This second scheme is called 
proxy cache coherence or PCC. 

Another aspect of implementing cache coherence proto 
cols in multicore architectures is managing levels of a hier 
archical cachestructure. A scheme for providing private local 
and shared global cache levels in a hierarchy leverages 
mechanisms such as SNC based load stores and TLB based 
redirecting of home locations of cachelines. The scheme uses 
write-through core caches and optional coalescing write buff 
ers to achieve high performance while at the same time keep 
ing the design complexity low. The scheme exploits the 
relaxed memory consistency model of the architecture to 
simplify the handling of writes, and treats the existing cache 
memory simultaneously as both a private local L2 cache and 
a distributed shared L3 cache. Shared addresses and memory 
locations are optionally allocated using a special memory 
allocation function Such as shared malloc. 

Other portions of a multicore processor that can potentially 
modify shared memory can also participate in the cache 
coherence protocols. For example, input/output (I/O) module 
coupled to the periphery of the interconnection network that 
connects the processor cores can be configured to participate 
in the SCC or PCC protocols. A scheme for providing I/O 
coherence is described in more detail below. 

1 Shim Cache Coherence (SCC) 
The SCC scheme applies to a wide range of multicore 

processor architectures as well as to multiprocessors in gen 
eral. An exemplary multicore processor 200 having a tiled 
processor architecture is shown in FIG. 2. The figure shows 9 
tiles (corresponding to the “processor cores' or simply 
“cores”) numbered T0-T8, each tile 202 containing a proces 
sor 204 (or “processing engine'), a cache 206 and a switch 
208. Also shown are data paths 209 of a mesh network con 
necting the tiles through the Switches. In some tiled architec 
tures the switch 208 can include multiple switching modules 
for different independent networks connecting the tiles, such 
as static networks (in which routing is controlled by Statically 
programmed Switch instructions) or dynamic networks (in 
which messages are dynamically routed at runtime). A 
memory dynamic network can be dedicated to routing mes 
sages associated with memory access. The memory coher 
ence techniques can be applied to architectures with any type 
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12 
of network including a bus, a ring, a mesh, a torus, a 3D cube, 
a hypercube, or any other director indirect network. 

In this example some of the network ports on Switches at 
the periphery of the network pass through a shim 210 to a 
memory controller 212 built on-chip on the multicore proces 
sor 200. This memory controller 212 then controls a main 
memory module 214 which is located off-chip, in this 
example, DRAM modules. In FIG. 2, tiles T6. T8 and T2 are 
shown connected to DRAM modules through on-chip con 
trollers 212. If a memory access request from a tile misses in 
its cache (e.g., the T0), then that request is forwarded toward 
an appropriate memory controller, for example the memory 
controller attached to the network near tile T6. The request is 
forwarded as a network message. The request passes through 
a shim 210 coupled to tile T6 prior to reaching the memory 
controller 212. The shim 210 translates the network message 
into a format that the memory controller 212 can process to 
access the main memory module 214, which is itself located 
off chip. In typical examples, the main memory module 214 
controlled by each shim/memory controller is a portion of all 
of the system's physical memory. A translation lookaside 
buffer (TLB) or some other table or logic in each tile directs 
each memory access request (that has missed in the tile's 
cache) to a given shim or portion of main memory. (Such a 
TLB is described in pending U.S. application Ser. No. 1 1/404, 
641 titled "MANAGING CACHE MEMORY IN A PARALLEL PROCESSING 
ENVIRONMENT,” which is incorporated herein by reference). 

In some examples, a directory coherence controller (DCC) 
216 is located along with the shim 210 and the memory 
controller 212 (or DRAM controller) on the chip as illustrated 
in FIG, 2. 

In some examples, the directory state entries are stored in 
DRAM in the same portion of the main memory that stores 
the data that associated with that directory (e.g., as illustrated 
in FIG. 4). For example, locations 0 through N-1 are DRAM 
data locations (byte addressed). Suppose that there is a direc 
tory entry associated with each 64 byte cache line, then loca 
tions N through N+(N/64-1)*D are directory entries associ 
ated with each 64 byte line in memory. D is the size of each 
directory entry. As shown in FIG. 4, the DCC 216 is coupled 
to the memory controller 212 through the shim 210, and 
enables the multicore processor 200 to accesses the directory 
state stored in the external main memory module 214. The 
DCC 216 is able to access the directory entry 400 correspond 
ing to an associated cache line 402. 
A feature of examples of the SCC approach is that all 

memory references to the given portion of main memory pass 
through that portion’s shim to get to memory, so it is effective 
to locate the directory controller with the shim on the chip. In 
other words, the shim and the associated directory controller 
are the home location for all cache entries that are being 
supplied by the DRAM attached to this shim. The protocol is 
called SCC or shim cache coherence because the shim and 
associated logic serve as the home location for a set of cache 
lines. 

1.1 Directory Cache Store (DCS) Scheme 
In some examples, some amount of memory (e.g., SRAM 

or DRAM) is put on the multicore chip itself to hold a part of 
or all of the directory state, as shown in FIG. 3. Such an 
arrangement can speed up directory accesses. This memory is 
referred to as the directory cache store (DCS). In this 
example, the DCS300 is part of a DCC 216 that is coupled to 
a shim 210. The DCS300 is coupled to a directory engine 302 
that maintains the DCS 300. In other implementations, the 
DCC 216 can be implemented in a tile coupled to the shim 
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210, an the processor 204 can serve as the engine and the 
cache 206 can serve as the DCS 300. 

This DCS memory can be structured in a number of pos 
sible ways. In one way, it can be structured as a cache on all 
the directory entries related to the portion of main memory 
controlled by a corresponding shim. This directory cache can 
be, for example, direct mapped, fully associative, or set asso 
ciative (e.g., two-way associative, 4-way, 8-way or greater 
way associative). If the directory state is fronted by a direc 
tory cache, then there might be a directory miss (the directory 
entry associated with a cache line might not be contained in 
the DCS). In this case, the directory controller fetches the 
right directory entry from DRAM and replaces the entry in the 
directory cache. 

DCS-inclusive The DCS scheme can further be optimized 
to store in the directory cache only directory state entries for 
those memory lines (cache lines) that are included in or con 
tained in (or Suspected of being contained in) at least one 
cache within the multicore chip. For example, a memory line 
that is considered to be included in a cache may be indicated 
as being stored in a cache though not actually stored in the 
cache at a given moment in time, or may be confirmed as 
actually being stored in a cache. Thus, there is a filter involved 
with the directory controller on the multicore chip which 
filters out (does not store) directory state information for 
memory lines that are not contained in any of the caches. For 
example, consider a main memory line called A Stored in a 
given memory module. Initially no directory state is allocated 
for it on the multicore chip. When a first cache requests the 
data from that memory module, and if the directory controller 
determines optionally that the cache request is for a cacheline 
within shared memory (which information may be, e.g., con 
tained in the message from the cache, or it may be implicit in 
the address, or it may be in a memory map, or it may be a 
mode bit), then the directory controller allocates a directory 
state entry for it. Further requests from other caches will 
decorate this state entry further. To maintain the inclusive 
property, if the directory state store on the multicore chip 
becomes full, then a directory entry is evicted from the direc 
tory state. Before this is done, the corresponding tracked 
cache lines in the various caches are invalidated so the inclu 
sive property holds. Invalidate messages can be sent over the 
on chip interconnect. 

DCS-noninclusive In another variant of the DCS scheme, 
the DCS is allowed to save the directory in a main memory 
entry upon eviction when the directory cache becomes full. 
Permanent space can be allocated in main memory for this for 
each of the cache line sized chunks. Alternatively, some 
region of DRAM memory can be used to store these entries on 
an as needed basis. Thus, in Some cases, the directory on chip 
might get a request from a cache that will require it to query 
the DRAM to obtain the directory state, if that state is not 
present in the directory on chip. 
1.2 DCMCS Scheme 

In some examples, a multicore processor 200 includes a 
cache 500 associated with the shim 210 that stores data and 
directory entries, as shown in FIG. 5. For example, the cache 
500 can serve as an L3 data cache, while each tile includes an 
L1 and L2 cache. In this example, both the directory entry e 
and the cache line data d associated with a given cache line 
address are stored in this cache 500 on the multicore proces 
sor 200. We call this scheme the DCMCS scheme, for Direc 
tory Cache and Memory Cache Store. Any request to memory 
that arrives at this shim 210 first queries the cache 500 using 
the stored directory entries in the cache 500 before going to a 
main memory module 214 (e.g., DRAM) off-chip. With 
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DCMCS, in many cases the cache 500 can supply the cache 
line data as well as the directory state and completely elimi 
nate an external DRAM transaction. 
Coarse grain coherence: In some examples, a common 

directory entry is used for all the cache lines in a given page 
or some larger region of memory than a cache line. This 
provides compression of the directory state. For example, two 
cache lines, or 4 cache lines, or 16 cache lines can have a 
common directory entry. In this case, the directory state table 
is accessed using the high order bits of the address—in other 
words, the directory state is accessed after some of the low 
order bits of the cache index are discarded. We can also have 
an entry for every cache line address that has the same low 
order bits—this way, for example, every Nth line in the 
memory system has a common directory entry. In this case, 
the directory state is accessed after a few of the high order bits 
of the address are discarded. 

In other examples, a directory entry holds a pointer to each 
of the locations (or tiles) in which a given cache line resides. 
In these examples in which the directory entry controls more 
than a cacheline, then the directory entry holds pointers to the 
tiles at which any of the cache lines in that page resides. So, 
the common directory entry is a superset of all the individual 
cacheline directory entries. If any of those cachelines need to 
be written into by a tile, then all of the lines in the region need 
to be invalidated from the other tiles. In this way, there can be 
false sharing in this system, but the total directory state is 
smaller. The amount of cache memory for which there is a 
common directory entry is configurable, for example, in a 
special purpose register (SPR) which is located in the shim or 
in each tile. This can be set by the operating system or by user 
software. 

Each of the cache lines in the caches within the tiles also 
have some state (optionally) associated with them that indi 
cates whether that cache line is exclusively cached in this 
cache, or whether it might be shared in other caches. In 
particular, each cache line maintains a read-only state in 
which the cache makes a request of the directory controller if 
the processor attempts to write the line. For caches without 
cache coherence, this transition from a read copy to a dirty 
copy can be made locally without requiring a memory trans 
action over the network. The tile's cache controllers are also 
able to handle directly in hardware certain types of messages 
that come in from the network—e.g., invalidate requests, 
which are a request to invalidate a given cache line. The 
controller in the tile is also able to perform the requested 
action, e.g., invalidate, but is also able to respond with another 
acknowledgement message which travels over the network to 
the shim controller. This invalidate?ack sequence can be done 
without involving the processor on that tile. 
The shim has a controller that takes some actions when a 

message comes in from a tile. In some examples, the control 
ler includes a hardware state machine. In some examples, the 
shim redirects the message to one of the tiles (commonly the 
tile closest to the shim) for software handling of the directory 
protocol. In some examples, a state bit in the shim indicates 
whether there is hardware support to handle the coherence 
processing through a controller, or whether the shim must 
forward the message to a tile for Software handling. 

Exemplary steps for maintaining cache coherence are 
these: 
On a cache miss (e.g., for a shared data read) on a tile, the 

miss goes through as a message through the network to 
the appropriate shim. The message encodes information 
such as (1) which tile it originated from, (2) what the 
cache line address is, (3) whether it is a read or a write, 
(4) whether a local copy of the data exists in the tile's 
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cache already, (5) whether the request is for a shared data 
item. The message also encodes whether the message 
corresponds to an acknowledgement that Some coher 
ence action has been successfully undertaken by the tile. 
This action causes a first network message to go through. 

When the message is received at the shim, if the message 
corresponds to a shared location for which cache coher 
ence must be dealt with, then the message is redirected to 
a tile for Software handling (e.g., if the Software coher 
ence mode bit is set by a previous message), or otherwise 
it is then handled by the hardware directory controller 
(e.g., the DCC in the shim). 

The directory controller on the multicore chip then reads 
the state memory (either the DCS if it exists, or the 
DRAM directly) for the directory state corresponding to 
the cache line. 

If the directory indicates that the line is not dirty in some 
tile's cache, then the directory controller will add a 
pointer (or a bit, or some other state information) in the 
directory state entry indicating that a new tile now has a 
copy as well. (Recall that we are considering the case of 
a read request). The directory controller will then get the 
cache line data either from the L3 cache on the chip 
(assuming that each tile has an L1 and an L2 cache, there 
might be common L3 caches near each of the memory 
controller shims that cache data from the memory con 
trolled by that shim), or from main memory if there is no 
L3 cache on-chip. The directory controller will then 
send a message with the data to the appropriate tile. This 
causes a second network message to go through. Note 
that in the SCC scheme, for read cache misses that are 
clean everywhere, there are typically two network trans 
actions. 

For a write request, actions similar to those described in the 
previous bullet take place. The differences include the 
following. If a cache line is previously marked as clean 
(or equivalently, not marked as dirty), the directory con 
troller will first send out invalidations to all the caches 
(or a broadcast invalidate, depending on the protocol in 
use) and collect acknowledgements. The directory con 
troller will then enter a pointer to the cache requesting 
the write copy and mark the state as exclusive and dirty. 
The directory controller will also send the data and 
appropriate notification to the requesting cache. 

If the directory protocol is being handled by a tile in soft 
ware, then the directory state can be stored in regular memory 
accessible to that tile. The tile can process the directory 
entries much like regular data, and can even cache the entries 
in its cache. In this way, it can make use oftechniques such as 
those used in Alewife for Software directory management. 

In particular, if a tile is handling the directory protocol 
partly in software, and if the tile is storing the directory entries 
in its cache, it could be possible that it might miss in its own 
cache and need to go to DRAM. In some such examples, this 
tile uses a different network to prevent deadlock. For instance, 
if the normal directory protocols are handled on the memory 
dynamic network (MDN), then the requests of the directory 
tile can be sent over a second dynamic network called the 
M2DN. 

In some protocols, the directory also maintains a counter 
for each directory entry/cache line to count the number of 
outstanding acknowledgements it must receive associated 
with that cache line. The directory can maintain a counter for 
all possible directory entries. Alternatively, the directory can 
maintain a single counter, and restrict only one outstanding 
transaction (for which acknowledgements are to be received) 
at a time. 
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A processor can also maintain a small number of transac 

tion buffers associated with the directory controller at the 
shim. The number of such buffers can be 1, 2, 8, 16 or 64, for 
example. Each buffer entry can correspond to ongoing trans 
actions associated with a cache line. Each buffer entry can 
maintain a count of outstanding transactions. This allows 
Some Small number of outstanding transactions, withoutinor 
dinately increasing the size of the directory cache store DCS 
in the chip. The transaction buffer entries are tagged with the 
address of the cache line, so that the directory controller can 
access the state associated with the cache line. 
A processor can also include a general purpose content 

addressable memory (CAM) in each tile. This can serve as the 
transaction buffer for the case that a tile (or tiles) is being used 
as the directory controller at the shim. 

All types of directories, directory protocols, and tech 
niques can be adapted for use with many of the techniques 
described herein. For example, the directories can implement 
full map directories, limited directories, limitless directories, 
coarse vector directories, limited directories with coarse vec 
tors, etc. (See the paper “An Evaluation of Directory Schemes 
for Cache Coherence' by Agarwaletal in ISCA 1988, incor 
porated herein by reference, for a description of many of these 
techniques). 

2 Proxy Cache Coherence (PCC) 
The proxy cache coherence approach or PCC works in a 

similar manner to the SCC method described above. One 
difference is that the home location for cache lines are not the 
shims, but rather other tiles, as illustrated in FIGS. 6A and 6B. 
In PCC, the tile that serves as a home location for a given 
cache line is called the proxy tile. Because the proxy tile 
serves as the proxy for the directory memory, the scheme is 
called proxy cache coherence or PCC. 

Referring to FIG. 6A, each of the tiles (e.g., tile 1 and tile 
2) that are used as home tiles for a given portion of main 
memory includes a processor 600 coupled to a cache 602 
(e.g., providing an L2 cache to back an L1 cache that is 
integrated into the processor 600). A directory storage 604 for 
directory state can be included within the same memory that 
provides the cache 602, or can be included in a separate 
memory module on the tile. In some implementations, direc 
tory entries can be stored along side cache tags for a given 
memory line. A directory controller 603 is coupled to the 
directory storage 604. 

FIG. 7A shows an example of an arrangement of a direc 
tory storage 604 in a memory providing a cache 602 of a tile. 
A tag section 700 includes a tag for each cache line, a data 
section 702 includes the content <ad of the cache lines, and 
the directory state section 704 includes directory state in the 
form of a bit for each of n cache memories in the multicore 
processor that may store a copy of the given cache line. In this 
arrangement, there is one directory entry for each cache line. 
Alternatively, the number of bits in the directory state can be 
n-1, because the bit denoting the current cache is not needed, 
since the cache tags indicate whether the line is present in the 
current cache. 

FIG. 7B shows another example of an arrangement of a 
directory storage 604 in a memory providing a cache 602 of a 
tile. In this arrangement the directory state in the directory 
state section 704 maintains i pointers to cache memories that 
store a copy of the given cache line (where isn). Each pointer 
is ceiling(log(n)) bits long, where ceiling(x) indicates the 
Smallest integer which is greater than or equal to X. There is 
also a broadcast bit B that is stored for each cache line for 
cases in which a given cache line is shared by more than i 
other tiles. Optionally, the directory state can also include a 
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bit that indicates that the directory has been extended into 
software according to the LimitLESS directory coherence 
scheme (see for example, David Chaiken, John Kubiatowicz, 
and Anant Agarwal. “LimitLESS Directories: A Scalable 
Cache Coherence Scheme.” In Proceedings of the Fourth 
International Conference on Architectural Support for Pro 
gramming Languages and Operating Systems, pages 224 
234. ACM, April 1991, incorporated herein by reference). 

FIG. 7C shows another example of an arrangement of a 
directory storage 604 in a memory providing a cache 602 of a 
tile. In this arrangement, there are fewer directory entries (D 
entries) in the directory state section 704 than cache lines (S 
cache lines) in the data section 702. The data section 702 is 
associated with a separate tag section 706. In this example, 
the directory storage 604 behaves as a cache on the directory 
space, and the tag section 700 for the directory storage stores 
information to indicate which cache line the directory state is 
representing. 

In some implementations, if the cache containing the direc 
tory is the L2 cache, for example, the directory sharer bits can 
be used to track the sets/ways in the lower level cache (e.g., L1 
data) that could be caching the corresponding L2 line. This 
will reduce the number of L1 lines that must be checked or 
invalidated when an L2 block is invalidated. 
The PCC scheme can be viewed as an extension over the 

neighborhood caching and SNC protocols (e.g., described in 
co-pending U.S. application Ser. No. 1 1/404,641, titled 
'MANAGING CACHE MEMORY IN A PARALLEL PROCESSING ENVIRON 
MENT."). FIG. 8 illustrates an example of neighborhood cach 
ing and SNC protocols. Interactions between tiles (e.g., tile 1 
and tile 2) and a shim 210 on a tiled processor include actions 
in which an address a and contents <a are transmitted over 
an interconnection network. In neighborhood caching and 
SNC protocols, when a memory request for access to address 
a misses in the local cache 602 (for example, of tile 2) and 
denoted as action A1 in FIG. 8, the request is not sent to main 
memory directly. Rather the request is sent to another tile (for 
example, tile 1) denoted as action A2. The tile to which the 
request is sent (tile 1 in this example which we refer to as the 
home tile) is typically in the same vicinity or neighborhood of 
the requesting tile, but this is not necessary. 

Various techniques can be used to assign a given tile as the 
home location (e.g., home tile) for a given memory line (e.g., 
having address a). In some implementations, the operating 
system (or a hypervisor) determines the mapping of memory 
line addresses to home tiles (e.g., according to a stored map 
ping table). The home tile for a given memory line can be 
indicated on a page basis by a TLB coupled to a processor 
Such that addresses on a given page are assigned to the same 
home tile. The home tile assigned to a given address a can also 
be based on a function of the address Such as a hash function. 
The home tile assignment can also be round robin interleaved 
by memory line. For example, the TLB (along with other 
hardware in the tile) can use the low order bits (or, in general, 
some set of bits) of the memory line to determine where the 
home tile is (thus, the memory lines cached in a given home 
tile may have one or more bits at specified positions in com 
mon). The address a used to map a memory line to a home tile 
can be a physical address or a virtual address. In some imple 
mentations, a possible home tile assignment can be filtered 
according to a list of "do not use tile locations, for example, 
by looking up the possible home tile in a CAM or special 
purpose registers. These tiles may be reserved for other pur 
poses (e.g., for I/O functions) and may not be available as 
home tile locations. The reserved tiles can be indicated by 
having the OS or hypervisor write into special purpose reg 
isters, which are read by the CAM or mapping table. 
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In response to a memory request, the home tile Supplies the 

data contained in the address a (the relevant cache line 
denoted as <ad) to the requesting tile 2 if tile 1 has that cache 
line in its cache. If it does not, then tile 1 acts as a proxy for tile 
2 and sends the request for address a to main memory 
(DRAM) (denoted as action A3). Main memory supplies the 
data <ad to tile 2 (denoted as action A4). Then tile 2 supplies 
the data to the cache 602 of tile 1 (denoted as action A5). The 
cache 602 then supplies the data to the processor 600 (action 
A6). In neighborhood caching, the data may or may not be 
stored in the cache of the request tile, Tile 2. Further, no record 
is made of this access in the home tile, Tile 1. In this way, the 
other caches in the system serve as a higher level cache for 
Tile 2. 

Note that in this case, what was previously 2 network 
transactions (when the request went directly to main memory 
as illustrated in FIG. 1) has now become 4 network transac 
tions. However, when the home tile has the data in its cache, 
the request to main memory can be eliminated. On-chip traf 
fic is much less expensive both interms of bandwidth, latency 
and power, than off-chip traffic. Furthermore, notice that once 
the home tile has the data, it can further supply the data to 
other tiles (e.g., tile 3) without having to go to main memory. 

In the PCC scheme, much like in the DCMCS variant of the 
SCC scheme described above, the associated directory state 
can be stored along with each cache line in the home tile. For 
example, the directory state can be stored along with cache 
tags (which are used for determining whether there is a hit or 
miss) in a tag array. Alternatively, in an implementation simi 
lar to the DCS scheme, the directory for the home locations 
are distinct from the cache locations. In some implementa 
tions, a directory on a home tile can keep track of directory 
state for memory locations that are not related to the locations 
contained in the home tile's cache. Rather the memory loca 
tions for which directory state is stored can be a predefined set 
of memory locations. Each directory on a tile can be respon 
sible for the directory state associated with a different con 
tiguous region of main memory. 

In Some implementations, as described in more detail 
below in the section on private/shared cache hierarchy, a 
cache memory can include Some private (L2) cache entries 
that are copies of data whose home location may be on a 
different tile, and some shared (L3) cache entries whose home 
location is on the tile. The directory state stored on the tile 
may be directory state for the memory locations homed on 
that tile, and not associated with the private local cache 
entries. 
One difference between the PCC and SCC schemes is that 

in the SCC scheme requests that needed further transactions 
to DRAM could go directly to the memory controller attached 
to the shim. In the PCC scheme, transactions that need access 
to DRAM data state or directory state, are sent over the 
network as a message to the appropriate shim. The shim in 
this case is, for example, a memory shim that does not need to 
have processing circuitry associated with directory protocols. 
The directory protocols are handled by the directory control 
ler on the home tile. Further, there is no need for data storage 
at the shim, since the existing caches serve as the data storage 
facility, thereby saving space. 

Variants of SCC apply to PCC as well. For example, the 
protocol can be handled in hardware or in Software, or as a 
hybrid (combination of hardware and software). If the proto 
col is handled in Software, the processor on the home tile can 
be interrupted to perform protocol actions. Alternatively, the 
protocol can be handled in a second processor on the home 
tile configured to run protocol software to perform protocol 
actions. Alternatively, the directory controller can be imple 
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mented in hardware on each tile that includes dedicated cir 
cuitry configured to perform protocol actions. 
An example of the protocol handling for PCC is depicted in 

FIGS. 6A and 6B and is discussed next. Referring to FIGS. 
6A and 6B, the steps for maintaining cache coherence in this 
example are as follows. 
On tile 2, a processor 600 attempts to read data at address 

a from its cache 602 (action B1). The cache 602 may be 
serving as an L2 cache after a miss in an L1 cache within 
the processor 600. After a cache miss (e.g., for a shared 
data read) on tile 2, the miss goes through as a message 
through the network to the home tile, tile 1 (action B2). 
(As described above, the home tile can be indicated by 
the TLB or some other method). The message encodes 
information Such as (1) which tile it originated from, (2) 
what the cache line address is, (3) whether it is a read or 
a write, (4) whether a local copy of the data exists in the 
tile's cache already, (5) whether the request is for a 
shared data item. The message might also encode 
whether the message corresponds to an acknowledge 
ment that some coherence action has been Successfully 
undertaken by the tile. This action might cause a first 
network message to go through. (For local data, the 
home tile might commonly simply be listed as the cur 
rent tile itself, tile 2. The home tile can also be the same 
tile for shared data, although it is a rarer than for local 
data). In this case, on a cache miss, the controller can go 
directly to main memory, and there is not need to go to a 
separate home tile. 

When the message is received at tile 1, if the message 
corresponds to a shared location for which cache coher 
ence must be dealt with, then the message is redirected to 
the local processor for software handling (e.g., if the 
software coherence mode bit is set on the tile), or other 
wise it is then handled by the directory controller in 
hardware. Note that coherence actions need not be taken 
for data that is not marked as one for which coherence is 
desired. 

The directory controller on tile 1 of the multicore chip then 
reads the state memory for the directory state corre 
sponding to the cache line. Directory state might be 
associated with each cache line in the cache of tile 1. (In 
this case, if the cache line is ever evicted, then the direc 
tory controller might cause all the copies of the line on 
other tiles on the chip to be invalidated). 

In some cases, the cache of tile 1 contains a copy of that 
cache line. If the directory states that the line is not dirty 
in someone's cache, then the directory will add a pointer 
(or a bit, or some other form of state information) in the 
directory entry indicating that a new tile (tile 2) now has 
a copy as well. The directory controller will then (usu 
ally) get the cache line data from its own cache (L1 or L2 
cache on its own tile) and then send a message with the 
data to the appropriate tile (tile 2 in this case). This 
causes a second network message to go through. Note 
that in the SCC scheme, for read cache misses that are 
clean everywhere, there are typically two network trans 
actions. 

In the case illustrated in FIG. 6A, the cache line is not 
present in the cache of tile 1. In this case the tile 1 sends 
a message to the memory controller responsible for that 
cache line asking for the line. If there is a common L3 
cache in the system near the memory controller shim, 
then the request can be satisfied by the L3, and if the L3 
does not exist, then the request is satisfied by the main 
memory (action B3). 
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The case illustrated in FIG. 6B is similar to the case illus 

trated in FIG. 6A, but shows additional levels in the 
cache hierarchy. The processor 600 in each of the tiles 
includes an L1 cache 610 that is accessed first. After a 
miss in the L1 cache 610, action B1 on tile 2 attempts to 
access the cache 602 on tile 2 as an L2 access. The access 
of action B2 to the home tile's cache 602 in tile 1 is the 
L3 access for tile 2 after a miss from the L2 access of 
action B1. The multicore processor can also include an 
optional L4 cache 612 in the shim 210 as shown, where 
the action B3 in this case checks the L4 cache 612 before 
going to main memory. Thus, the cache 602 can serve as 
both a local L2 cache for the local tile and as a shared L3 
cache for other tiles, as described in more detail below, 
Such that for an access to locationa from Tile 1, the cache 
602 on tile 1 will serve as the L2 cache for that access. 

The data comes back to tile 1 from the memory controller 
(or L4 cache) (action B4), and the directory controller 
then updates the directory storage 604 with tile 2's 
address (action B5). 

The directory then sends the data value to tile 2 cache 602 
(action B6), and the cache 602 sends the value to the 
processor 600 (action B7) and to an optional L1 cache. 
In this latter case, notice that there are two extra network 
transactions. 

If the directory protocol is being handled by the tile in 
Software, then the directory state can be stored in regular 
memory accessible to that tile. The tile can process the direc 
tory entries much like regular data, and can even cache the 
entries in its cache. In this way, it can make use oftechniques 
such as those used in Alewife for software directory manage 
ment. The protocol can also be handled using a partial hard 
ware, partial Software scheme as in Alewife. 

In the PCC or the SCC protocol a variant called linked 
pointers can be used. In this scheme, all the pointers are not 
stored in a centralized location in the home location. Rather, 
one pointer is stored which points to the first cache (or core) 
that contains the shared-read copy of the data. That one 
pointer also tracks the location of the exclusively owned dirty 
copy of the data. (It might also allow both shared dirty copies 
and shared readers in update protocols). In the case where the 
one pointer points to a cache that contains the shared copy of 
the data, a second pointer in the cache (or associated with the 
cache) can also be used which further points to the next copy 
of the data and so on. The final copy can indicate that that was 
the end, or it can point back to the home location. If any cache 
evicts a shared copy in this scheme, an invalidate sequence is 
sent around the chain. Alternatively, each cache can maintain 
forwards and backwards pointers to shared copies. In this 
case, eviction does not require invalidating all entries, rather 
it requires patching up the previous and next sharers together. 
The PCC protocol can also use all the mechanisms 

described in the SCC protocol. 
3 SCC and PCC Alternatives 

An alternative variant of the protocols described above is 
presented next. In the above SCC and PCC protocols, a data 
line can be cached by any cache and shared by any cache in 
the multicore chip or system. In the ensuing protocol, a cache 
line is allowed to be cached in a coherent manner only in a 
Small Subset of all the cores, e.g., 8. 
AS before, this protocol maintains cache coherence in a 

multicore (also referred to as a chip multiprocessor or CMP) 
processor, wherein the multiple processors each having pri 
vate caches are connected together in a mesh, ring, bus or 
other network (direct or indirect) network. The protocol is 
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architected to be both logically simple and easy to verify as 
well as inexpensive to support in hardware. The key features 
of the protocol are: 

Cache coherence is maintained among Small (for example, 
2, 4, 8) groups of cores. This addresses the well-known 
Snoop bandwidth issue, wherein Snoopy protocols oper 
ating on a large System (i.e., many processors) place 
unreasonably high demands on interconnection net 
works. On a chip with more than 8 cores, it is envisioned 
that system software would group the cores into mul 
tiple, distinct coherence domains of up to 8 cores each. 

The L2 cache tags of each processor are augmented with, 
for example, a 4 bit owner/shared field per cache block. 
(As discussed shortly, these bits will maintain the coher 
ence state for the associated cache block, if this proces 
sor is the home location for that block). These bits either 
encode the unique owner of the cache block (if any) or 
are used to indicate that the block is shared by more than 
one processor. In other words, one bit might indicate 
whether there is a unique writer or whether the block is 
read shared. The other 3 bits encode a unique writer. 
Other encodings and numbers of state bits are also pos 
sible. For example, pointers to the shared read locations 
can be stored. Thus the design as described here differ 
entiates only between one cacher/more than one cacher. 

The translation buffers/page table entries are used to define 
a unique home processor for each shared page and an 
optional coherence domain 'Snoop mask for a set of 
shared pages and processors. The Snoop mask indicates 
which other cores might be involved in sharing, and 
hence must be Snooped. The Snoop mask may be a list of 
core numbers that must be snooped. 

When a core C does a store to coherent page P. for cache 
block B, C sends the store to the home core H as indi 
cated by the TLB entry for page P. Thus this is a store 
through scheme. C also sends the 8 bit “Snoop mask' 
field from the TLB (if the Snoop mask is being imple 
mented), which indicates the list of processors in the 
coherence domain that may need to be Snooped. Home 
core H will perform the store, updating the cache block 
B in its L2 cache, and, if indicated by the owner/shared 
field for cache block B, will send invalidates to the 
sharers. Thus this protocol belongs to the family of 
write-through, invalidate-based family of cache coher 
ent protocols. The store-through techniques can be used 
with either the PCC or the SCC protocols. Data that is 
stored or otherwise modified is sent to a home location (a 
core or a shim) to maintain the latest update at the home 
location. 

Multiple cores may simultaneously execute stores to the 
same cache block B at the same time. Because there is a 
unique home H for each cache block B and because the 
home serializes accesses to the same address, a consis 
tent view of memory is maintained. 

On the displacement of an L2 block, the block is either 
written back to memory (if dirty) or dropped (if clean). 
No back invalidate needs to be performed. Thus the L2 
cache is non-inclusive of the L1. This implies that on L2 
misses (for loads or stores), the L1 caches must be invali 
dated for the requested block. 

If data needs to be shared beyond the set of 8 processors, 
then various actions can be taken. A bit of state can be added 
called the broadcast bit, which is set when a processor outside 
of the 8 processors requests the data. In this case, a broadcast 
invalidate needs to be issued when anyone wants to write the 
data. This kind of protocol is denoted as Dir B in the paper 
“An Evaluation of Directory Schemes for Cache Coherence' 
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by Agarwal et al., in ISCA 1988. Dir stands for directory 
protocol, limited i stands for i entries in hardware, and B 
stands for broadcast invalidate beyondi. The broadcast can be 
implemented efficiently on tiled processors by using a hier 
archical tree broadcast or a static network. 

As another variant on the above, if more than the 8 proces 
sors defined in the sharing set are being shared (recall, 8 is 
simply an example, it could be 2, 4, 8, 16 or 32 or any other 
number which is a subset of all the cores), then pointers can be 
allocated to other processors or other coherence regions that 
request the data. Thus on an invalidate, a broadcast invalidate 
is issued to the initial sharing set of 8, and individual invali 
dates to the others. The assumption here is that broadcast 
invalidates among the 8 sharing set of cores is easy, perhaps 
because they are all close together. 

Another variant for either the PCC or SCC schemes is 
called Optimistic On-Demand Coherence (OODC). This 
scheme optimized for the case where read-only sharing of 
data is extremely common and we want to optimize for this in 
an optimistic manner. The approach works by allowing one or 
more caches to cache data (whether shared or private) in their 
caches for reading. (Cache requests to the home tile or home 
shim indicate whether it is a read request or a write request). 
In this scheme, when the home tile or home shim sees a read 
request, it simply returns the data value and does not keep 
track of any information. The requester caches the data in its 
caches and reads it. If a cache wants to write it then it must go 
through a protocol. The cache sends a request to write to the 
home tile/shim. The request to write can also come from a 
cache that does not yet have a read copy, rather its first request 
is to write the data. (The cache needs to do so only for shared 
data items that it wants to modify. Shared data items can be 
marked as Such in the TLB, in the cache state or can depend on 
the address used to access them). Then the home tile notices 
that it does not have a directory entry associated with this 
address. It then sends a broadcast invalidate to all the tiles in 
the system. All tiles (or cores) will perform a local check and 
possible invalidate of the read copies of the data and then send 
acknowledgements back to the home location. The home 
location can then allocate a directory entry for this cache line 
and send a copy that is writable to the tile that requested it. The 
benefit of this scheme is that for the majority of data that is 
only read and not written, there is no need to waste directory 
State. 

A broadcast invalidate can be implemented efficiently for 
the entire multicore chip or for a region of the chip using a tree 
broadcast algorithm. This can be done using a broadcast 
invalidate implemented using the static network with a pre 
viously coded up sequence on the multicore chip. Acknowl 
edgements can also be collected in a tree fashion. A static 
network based code sequence can also be used to accumulate 
all the acknowledgements from the system. This form of 
broadcast invalidate and collection of acknowledgements is 
similar to barrier synchronizations implemented using the 
dynamic or static networks in a multicore chip Such as the 
TILE processor of Tilera. 

In some multicore schemes, the directory can be limited 
only to those cache lines which are actually cache on the chip, 
therefore the total amount of directory state grows only in 
proportion to the total cache size in the system (and not that of 
main memory). 
When the directory protocol is being implemented by soft 

ware (or even if implemented inhardware), the directory state 
on other cores can be accessed in neighborhood caching or 
SNC mode. This way, an overloaded tile can use a neighbor's 
directory state memory to store its own directory state. 
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In either of the schemes PCC or SCC, other variants and 
optimizations of directory protocols discussed in the litera 
ture can be used in conjunction with the schemes described 
above. 

4 Private/Shared Cache Hierarchy 
The following features can be included in an approach for 

providing cache coherence. 
The physical address space is distributed among the tiles/ 

L2 caches Such that every physical address has a unique home 
tile. (Alternatively, this can be done on virtual addresses, 
without loss of generality. Generally, any scheme that distrib 
utes or interleaves cache lines among the cores at a cache line 
granularity or at a user choosable granularity can be used). 
This can be done by applying some function to the physical 
address (or virtual address) or through the TLB. For clarity, 
the rest of this discussion assumes that the home tile ID is 
PA-11:6>. In other words, bits 11 through 6 of the physical 
address. (Other bits can also be used). 

This example retains a two level cache hierarchy in the 
core, rather than add a third level of cache. (Alternatively, if 
there are more than 2 levels of cache in the core, then this 
scheme can be applied to the highest level of cache hierarchy 
in a core). The second level cache size can be, for example, 
128K. The tile count can be, for example, 64. 
The second level cache (or optionally the first level cache) 

is augmented with an optional coalescing write buffer 
(CWB). The coalescing write buffer has a 64 B (64 byte) data 
field, a physical address CAM, and a 64 B dirty mask. (The 
specific data sizes are used for clarity only. The sizes can be 
modified.) For example, the CWB can store the addresses 
written into, and the values written into them. When coalesc 
ing Subsequent writes to the same addresses, the tile overwrite 
the previous values in the CWB. 

Keeping the stored values in the CWB without having them 
go to the memory system (e.g., the cache and/or the main 
memory) is useful because a write issued into the memory 
system causes the coherence protocol to potentially invalidate 
all the other copies. By storing the values locally in a CWB. 
the memory invalidate messages can be postponed to a later 
time. 

The first level (L1) cache within the processor 204 of a tile 
is a private cache. It maps the entire global PA (physical 
address) space. 
The cache 206 coupled to the processor 204 in the tile can 

be used as a combined shared/private cache. It can be config 
ured to cache data in two ways: (a) as part of a shared distrib 
uted cache (equivalent to a shared global/distributed L3 
cache), and (b) as a private cache for data requested by this tile 
but homed in a different tile (equivalent to a private local L2 
cache). For the shared distributed cache, each memory line 
has an assigned home location in the cache 206 of one of the 
tiles. For the private local cache, private copies of the memory 
lines homed in a different tile can be stored in the cache 206. 
The private local cache is “private” in the sense that it is for 
the private use of the locale tile, however it may store cache 
lines that contain copies of “shared data” that is shared among 
the tiles. When a processor in a tile accesses a memory line, if 
the memory line is not in the private L1 cache, and not in the 
private (L2) cache portion of the cache 206, the processor 
determines the home tile location (e.g., usingahash function) 
to access the data from the shared distributed cache (which 
may in some cases be on the same tile). 

Thus, there are two separate addressing functions into the 
cache 206. When probing the cache 206 for a local (L.2) 
request, the full PA is used. This indexing function is called 
the private local indexing function (or PLIF). When probing 
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the cache 206 for a global (L2) request, bits PA-11:6> are not 
used. The latter function used for shared addresses (that are 
homed on a particular tile) is called the shared home indexing 
function (or SHIF). In other words, the cache maps the entire 
PA space for the private cache, but maps only /64th (or 1/P of 
the address space, if there are Ptiles) of the PA space as part 
of the shared distributed cache. The benefit of indexing the 
cache after deleting the PA-11:6> addresses (or in general, 
the bits that are used to determine which tile that address is 
homed in) is that every cache set in a given cache can be used 
for homing shared addresses. If the bits are not deleted, then 
certain sets of the cache will never be used for shared refer 
ences. In other words, only addresses with a given PA-1 1:6- 
will arrive at this cache, and these will map, generally, to only 
/64th of all the cache sets (or in general, 1/Pth of all cache sets 
if there are P tiles). 

In some cases, a tile may determine whether to access a 
given memory location in the local cache or in a home loca 
tion in another tile, depending on what operation included in 
an instruction performed by the processor of the tile. For 
example, for certain synchronization operations issued by a 
processor, a tile does not access the local cache even if that 
value is stored in the local cache. Instead, a “requesting tile' 
sends the operation specification (e.g., test-and-set, incre 
ment-word, or some other atomic operation) and the address 
of the word to operate upon directly to the home location in 
another tile. The directory controller at the home location 
performs the operation there. The directory controller at the 
home location can also send the original value (for a test-and 
set operation) of the location to the requesting tile. The modi 
fication of the location is not reflected at the requesting loca 
tion. Thus, the directory controller treats the operation 
differently that a normal read or write operation. An advan 
tage of this is that synchronization variables are often widely 
read and written, so caching them locally and modifying them 
locally could incur excessive invalidation traffic. 

Write requests (or “stores') are buffered in the coalescing 
write buffer, and are sent to the home tile in a lazy fashion 
(e.g., when the CWB is full, or when an instruction is received 
to purge the CWB). The CWB can be purged on a memory 
fence (MF) retirement instruction. In other words, the CWB 
values are sent out to update memory upon events such as a 
memory fence instruction, or some other synchronization 
instruction such as a test-and-set. When the CWB is purged 
the memory lines stored in the buffer are updated to the home 
tile location. Any copies of the memory line in the private 
local caches can be invalidated or updated. 

Although they are described jointly in the previous 
example, the concepts of a CWB and two-pronged shared/ 
private cache accesses can be used separately. For example, 
instead of using a CWB, a write-through scheme can be used 
in which write requests go directly to the home location to 
update a value. Each write request can be associated with an 
expected acknowledgment message. On a memory fence 
instruction the processors can stall until all outstanding write 
requests have been acknowledged. 

In some implementations, the cache 206 uses a write 
through policy for writing copies of cache lines stored as 
private L2 cache lines that are assigned a home location in a 
different cache memory, and uses a no-write-allocate write 
miss policy for these cache lines. The cache 206 uses a write 
back policy for writing copies of cache lines stored as shared 
L3 cache lines, and uses a write-allocate write miss policy for 
these. 

Sharing information is kept at the shared distributed cache, 
with a single sharing field per cache block. The sharing infor 
mation can be stored by using 1 bit in the sharing field to 
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reflect more than one core processor. For example, the sharing 
field can use 1 bit per four processors, indicating if one or 
more processors in the group share the block. 
The shared distributed cache is inclusive: if block X is in a 

private cache, then a copy of it is in the home tile's cache. On 
a displacement of a block from the shared distributed cache, 
the same block in the private caches are invalidated. 
A network can be used to carry messages associated with 

the coherence protocol such as invalidate messages that is 
independent from (e.g., that uses an independent physical 
communication medium such as a separate set of wires) a 
network used to handle cache misses and return data. Invali 
date acknowledgements can flow over a third network. Alter 
natively, logical channels can be used to provide separate 
networks that are logically independent but share a common 
physical communication medium, and thus emulate multiple 
physical networks. For example, each separate logical net 
work can have independent dedicated buffer resources to 
avoid deadlock. 
On a write from a tile, the data is merged at the home 

location, and the sharers (if any) are invalidated. The home 
location does not expose the newly written data until the 
invalidate acknowledgment messages are received from all 
sharers. 
The coherence point for block X is the home location for 

block X. 

4.1 Simple Read Flow 
On a read, a tile first checks its private level 1 and level 2 

caches. The index function used is the PLIF. If hit, data is 
returned. If miss, based on PA-1 1:6, the tile sends a read 
request over the TDN to the home tile. The home tile is 
indicated by PA-11:6>. In some cases, the home tile might be 
the same tile, in which case the cache is reaccessed with the 
shared home index function SHIF. The home tile checks its 
cache for the requested block, and assuming hit, returns the 
data to the requesting tile. The home tile adds the requesting 
tile to the sharing list for the block. 
4.2 Simple Write Flow 
When a write is pushed out of a tile's coalescing write 

buffer, the masked write (i.e., which specific byte or word is 
to be updated) is sent to the home tile's cache. The home tile 
merges the write with the background data (i.e., the data 
previously contained in that cache line), invalidates any shar 
ers, and collects invalidate acknowledgements. 
4.3 Modifications 
The above scheme can be modified in several ways. 

4.3.1 Local Home Modification 
In the above Scheme with two indexing functions, a given 

memory line might be present in two different cache lines in 
the same cache in a given tile. While this is not a correctness 
issue, it may not be the best use of cache resources. Therefore, 
there is a modification in which if a tile requests a cache line 
and that cache line is also homed on that same tile (i.e., on the 
requesting tile), then the PA used to index the cache during the 
private indexing PLIF operation is modified on the fly to use 
the shared home indexing function SHIF on the first access. 

This modification of the indexing function can be accom 
plished in several ways. For example, it can be done by 
comparing the index bits for homing (PA-11:6>) against the 
index bits corresponding to this tile before accessing the 
cache. If the bits are the same, then the tile uses the SHIF 
rather than the PLIF. 

In a further modification, the tile can start indexing the 
cache with the usual set of bits (i.e., the PLIF) and in parallel 
compare PA-11:6> with a register containing the index bits 
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corresponding to this tile. If there is a match, then the tile 
aborts the cache read that has begun with the PLIF, and 
reissues the address according to the shared home indexing 
function SHIF to the cache. The cache access takes a 1 cycle 
hit in this case. The tile can also overlap the compare with the 
previous cache access. In other words, as the address is com 
ing into the cache, its home bits can be compared somewhere 
along the way and a bit can be set along with the address that 
says that this address can use the SHIF. 
The above modifications also have the advantage that they 

reduce the number of caches accesses from two to one. 
In another option, the indexing functions for local cache 

access and shared cache access can be the same. In other 
words, the PLIF and SHIF indexing functions can be the 
SaC. 

In some implementations, if a processor accesses its asso 
ciated cache using address A, and if that cache happens to also 
be the home location for the address A, then the access of that 
cache is treated like accessing a shared cache. 
4.3.2 Directory Victim Cache 
One possible performance issue with the previous scheme 

is the fact that evictions on home tiles induce evictions in tiles 
sharing the data. Because the directory information is not 
stored in memory, when a shared line is evicted from its home 
tile, all copies cached at tiles sharing the line are invalidated. 
If this is not done, it is possible that a tile might end up with 
stale data. This Subsection describes one possible approach to 
address this issue. The next subsection describes another 
approach. 
When a shared cache line is evicted from the home tile's 

cache, the directory information for the evicted line is placed 
in the Directory Victim Cache (DVC). The DVC contains 
directory information (not data), and is indexed via PA 
(physical address). When an incoming Snoop arrives at a 
home tile and misses in the cache, a request is sent to memory 
to fetch the data. Additionally, the DVC is accessed and if the 
PA hits in the DVC, the directory information is restored to 
the cache and removed from the DVC. When an address, a, 
must be evicted from the DVC, the tiles sharing address a are 
sent invalidate messages over the invalidate network. Basi 
cally, the DVC allows directory information for a shared line 
to be cached even when the data is not present in the home tile, 
delaying the global invalidation of shared data until eviction 
from the DVC. The DVC can be small and highly associative 
(for example, a content addressable memory). 
4.3.3 Directory Aware Cache Replacement Policy 

Another solution to the problem of evictions is to imple 
ment a cache replacement policy that is “Directory Aware.” 
The high level idea is to preferreplacing lines that are not very 
shared over lines that are heavily shared. For example, con 
sider the case where there is a 2-way associative cache. An 
incoming Snoop misses in the cache, sends a request to 
memory and must choose a line for eviction. Both ways have 
valid data, however, the directory information in way 1 says 
no tiles are sharing the data, while the directory information 
in way 0 says several tiles are sharing the data. The replace 
ment policy should choose way 1 as the way for eviction in 
this case, resulting in fewer cache line invalidations. 
The same technique can be easily generalized to any set 

associativity. In general, the design is as follows. The cache 
line replacement logic attempts to replace a cache line (from 
a set with many cache lines) which does not have any sharing 
state associated with it. In other words, when a cache line is 
evicted, the tile tries to evict a line that does not show any 
directory sharing pointers. 
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If all cache lines have sharing state, then the tile evicts the 
line with the smallest number of sharers. Further if there are 
cachelines with a written state of shared data versus only read 
data, then the tile preferably evicts a line with written data (or 
alternatively, evicts a line with read and shared data). 

In general, the scheme combines knowledge about the 
directory state in the cache, and the LRU or replacement state 
normally associated with caches, in order to make an eviction 
choice. 

4.3.4 Sharing Cache State 
The coherence scheme can be modified further by using the 

cache state that is used to store directory state for multiple 
purposes. For example, during an eviction or other situation 
in which invalidates are happening, the tile keeps track of the 
number of acknowledgements that have been returned from 
other tiles. This can be stored as a counter in the same set of 
bits that are used to store directory information. Each time an 
acknowledgement comes back, the counteris incremented (or 
decremented). 
The tile can also keep a small buffer that contains a list of 

outstanding transactions along with an acknowledgement 
counter associated with each. This information can also be 
stored in one of the memory storage locations normally used 
for cache and memory access, such as a memory retry FIFO. 
4.4 Spatial Hierarchy 

Constructing hierarchical shared caches in a tiled proces 
Sor can be based on spatial arrangement of the tiles. For 
example, in a 64 tile chip, each quadrant could serve as a 
shared L3 cache for the tiles in each quadrant, and all 64 tiles 
could serve as a shared L4 cache. This saves directory over 
head (16 bits for 64 tiles). In other words, when there is a need 
to find a home location for a cache line, a home location is 
found from only 16 tiles out of 64 by using one hash function. 
Then, if the cache line is not present in those 16 tiles, the hash 
function is applied again and the resulting cache is examined 
to see if the home location is there. 

5 I/O Coherence 
Some modules on a multicore processor other than the 

processor cores may have access to memory. An example of 
Such a module is an I/O module. Maintaining memory coher 
ence in the presence of such modules can be part of an overall 
coherence protocol. As an extension to the proxy cache coher 
ence approach, a technique for ensuring I/O coherence is 
called “Proxy IO coherence.” As a review of proxy cache 
coherence, FIG. 9A shows a multicore processor 900 in 
which a processor 902 in Tile 1 is writing a shared cache 
location having address A (e.g., a cache line, or a data word 
within a cache line, or a region extending over multiple cache 
lines) using circuitry 904 implementing a hash function and 
address mapping table (AMT) 906 to deliver a write transac 
tion to the home location in the cache 906 of Tile 2 using an 
on-chip interconnect (e.g., a dynamic network). The home tile 
Tile 2 accepts the write transaction from Tile 1. The home tile 
performs the normal coherence processing, and sends a write 
acknowledgement message back to Tile 1 when the write 
transaction is complete. Normal coherence processing at Tile 
2 (home tile) can include the following actions as needed: (1) 
updating the location A in Tile 2's cache 906; (2) if A was not 
in Tile 2's cache, then fetching the cache line (or at least the 
background data from the cache line) from main memory 
910, storing the background data from that line in its cache 
906, and optionally recording Tile 1 as a sharer in the direc 
tory entry on Tile 2 associated with location A if the cache 906 
of Tile 1 is updated with the written location A (including any 
background data of the cache line). A similar set of actions 
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happen at Tile 2 if Tile 1 makes a read request of data at 
location A. Tile 1 is recorded as a sharer in Tile 2's directory 
for a read request from Tile 1 since Tile 1 stores the latest 
value of location A in its cache on a read request, and option 
ally recorded as a sharer (depending on the specific protocol 
being used—e.g., write-allocate or no-write-allocate) for 
write requests from Tile 1, since Tile 1 does not necessarily 
need to store the latest value of location A in its cache. 

5.1 I/O Coherence Examples 
An I/O module 912 includes an I/O interface 913 such as a 

network port (e.g., a XAUI interface or a PCI-e interface) and 
circuitry 915 to enable the module 912 to process direct 
memory access (DMA) transactions initiated from a tile, for 
example, or to otherwise handle a transaction to write data 
into off-chip main memory via a memory interface 914 (for 
example, into main memory location A). In this situation, if 
Some tile has the same data location (A) cached in its cache, 
a coherence protocol ensures that these caches are managed 
appropriately (e.g., invalidated or updated). This situation is 
shown in FIG. 9B. This situation is case 1: the “memory 
coherence case.” 

An I/O module is also able to process a DMA transaction or 
otherwise store data directly into the cache of a given tile, for 
example, into some other memory location B. In this case, a 
coherence protocol handles the situation that the main 
memory location B will have different data from the cache 
location B written by the I/O module. Further, if one or more 
other tiles have the same data location (B) cached in their 
cache, there is another potential coherence situation to be 
dealt with. The situation that occurs when the I/O module 912 
writes directly into a tile is case 2: the “cache coherence case.” 

Various approaches can be used to maintain coherence for 
case 1 and/or case 2. One approach to maintaining coherence 
for case 1 relies on software. To do so, as illustrated in FIG. 
9B, the I/O module 912 writes the memory location (for 
example, A) to main memory 910 via the memory interface 
914. Now, suppose Tile 2 needs to consume the data that has 
just been written to main memory 910 by the I/O module 912. 
Further, assume that Tile 2 potentially has the location A in its 
cache as shown. To ensure that Tile 2 does not read Stale data, 
the location A is invalidated in association with the write 
transaction from the I/O module 912. 

For example, in some coherence protocols Tile 2 pre-in 
validates the copy of the memory location in its cache 903 that 
is being written by the I/O module 912 (in this example 
location A) prior to reading the location. Tile 2 can be asked 
to do so by the operating system through an instruction issued 
by the processor 902 to invalidate location A, or by the I/O 
module 912 directly, for example, using a message sent over 
the interconnection network. The message can be sent just to 
Tile 2, where Tile 2 is the home location for A. Tile 2 can then 
invalidate the location in its cache that may be storing a copy 
of the location A (e.g., as determined by a directory entry 
associated with location A). If software is invalidating the 
locations, further invalidations do not necessarily need to be 
sent to other possible sharers. An exemplary order of opera 
tions would be: 1. Invalidate memory region (e.g., cache line) 
containing. A from Tile 2's cache. 2. Initiate DMA transfer of 
data into main memory. This ensures that the consuming tile 
doesn’t pick up stale data. Since the location gets invalidated 
in the cache, a subsequent read of the location will obtain the 
up to date version from main memory. This part of the pro 
tocol addresses case 1. 
The protocol can be extended to address case 2 by invali 

dating all possible sharers as follows: Tile 2 (the home tile) 
gets the message to pre-invalidate the cache line(s) related to 
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location A. Tile 2 would then flush the locations from its 
cache, which would send a message to the other tiles that are 
indicated as caching the data to cause them to invalidate the 
location (e.g., assuming the PCC scheme is running). 
FIG.9C illustrates an example in which a Proxy IO coher 

ence protocol is used for situations in which an I/O module 
912 writes or reads data to or from a tile's cache. 
As part of the provide I/O coherence protocol, the I/O 

module 912 includes a second mode of operation, as follows. 
In this mode, the I/O module912 is configured to deliver write 
transactions directly to home tiles in a coherent fashion, over 
the on-chip interconnect (e.g., a dynamic network). This 
mode of operation is in addition to the first mode described 
above in which the I/O module 912 writes main memory and 
software maintains coherence with explicit invalidation of the 
location in a tile's cache. 

In the second mode, the I/O module 912 includes circuitry 
904 implementing a hash function and address mapping table 
906 to deliver write transactions to the home tile (Tile 2 in this 
example). Instead of a hash function and address mapping 
table, the I/O module 912 can use other techniques that use, 
for example, one or more bits in the address to find the home 
location. The home tile accepts the write transactions from 
the I/O module 912 just as it would write transactions from a 
tile. The home tile performs the normal coherence process 
ing, with some differences as noted below, and sends a write 
acknowledgement message back to the I/O module 912 when 
the write transaction is complete. 

Coherence processing at the home tile for memory access 
requests from the I/O module 912 (“I/O coherence') includes 
a set of actions that are similar to those for PCC. However, 
there are some alternative coherence processing that can 
occur at the home tile for handling requests from the I/O 
module 912, as described below: 

(1) In normal processing for requests from other tiles, 
coherence transactions write the modified byte or word in the 
home tile's cache. If that cache line was not present in the 
home tile, then the background data in that cache line are 
fetched from main memory and written into the cache line as 
well. With I/O coherence, the whole cache line is typically 
written in one action, because I/O writes generally involve 
blocks of data that are typically bigger than a single byte or 
word. Thus, in the case of a request from an I/O module 912, 
the home tile does not need to fetch background data from 
main memory. 

(2) For processing read transactions, the I/O module 912 
sends read requests to the home tile, again, over the intercon 
nection network (e.g., over a first dynamic network). The 
home tile will check its cache, and if the requested cache line 
exists, it will deliver the requested cache line back to the I/O 
module 912 over the interconnection network (e.g., over a 
second dynamic network different from the first dynamic 
network). If the requested line is not present in the home tile's 
cache, the home tile will get the cache line from main memory 
and deliver it to the I/O module 912, with or without allocat 
ing the line into the cache, depending on the protocol being 
used. In some cases, the tile does not allocate the line in the 
cache to avoid polluting that tile's cache since, if the line was 
not present in the cache, it is likely that the line is not needed 
by the tile. If the cache line exists in the home tile's cache, 
then the home tile delivers it to the I/O module 912, and cache 
line continues to be stored in the home tile's cache. 

(3) Whether it is a read or write transaction initiated by an 
I/O module 912, the I/O module 912 is not recorded as a 
sharer of the cache the line in the home tile's coherence 
directory. The directory does not need to keep a record of the 
I/O module 912 in the directory entry since the I/O module 
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912 does not cache the data, rather it just passes the data in or 
out over an I/O interface. Thus, there is no need for a directory 
entry since there is no need to invalidate the data at the I/O 
module 912 at a later point. 

Various alternative can be implemented in the coherence 
protocol. For example, the I/O module 912 does not need to 
maintain the AMT and hash function if a DMA command 
from a tile to the I/O module 912 includes an indication of 
which tile to send the writes/reads to. Though, in some cases, 
it is useful to use the AMT and hash function to enable a 
fine-grain data Smearing feature. 

Also, in Some cases if a write transaction is occurring in a 
region in which the previously stored data is no longer 
needed, the home tile does not have to fetchbackground data 
for incomplete line writes that occur, for example at the 
beginning or end of a multi-line write. The I/O module 912 
can simply specify the start byte of the write request and/or 
the end byte of the write request. In some cases, the bytes in 
the line that are not written can be filled with Zeros, for 
example, to avoid a potential security hole in which the old 
data belongs to a different process and other processes should 
not be able to see the old data. Abenefit of not needing to fetch 
the background data is reduced bandwidth demand on the 
memory interface. In cases in which the previously stored 
data is needed, the tile can fetch the background data from 
main memory in the case of a partial line write. 

It is to be understood that the foregoing description is 
intended to illustrate and not to limit the scope of the inven 
tion, which is defined by the scope of the appended claims. 
Other embodiments are within the scope of the following 
claims. 
What is claimed is: 
1. A multicore processor comprising: 
a plurality of cache memories; 
a plurality of processor cores, each associated with one of 

the cache memories; and 
a plurality of memory interfaces providing memory access 

paths from the cache memories to a main memory, at 
least some of the memory interfaces providing access 
paths to the main memory for multiple of the cache 
memories; 

with each of the memory interfaces being associated with a 
corresponding portion of the main memory, and includ 
ing a directory controller for the portion of the main 
memory. 

2. The processor of claim 1 embodied on a single integrated 
circuit. 

3. The processor of claim 1 wherein the main memory is 
external to the multicore processor. 

4. The processor of claim 1 wherein each of the memory 
interfaces includes storage for directory state. 

5. The processor of claim 4 wherein the storage for the 
directory state includes a cache storage for the directory state. 

6. The processor of claim 5 wherein maintaining the direc 
tory state includes processing memory access requests from 
the cache memories. 

7. The processor of claim 5 wherein the cache storage for 
the directory state is associated with the main memory Such 
that the directory state and data corresponding to the memory 
state are accessed by the memory interface from the main 
memory. 

8. The processor of claim 1 wherein the directory control 
lers are configured to maintain directory state associated with 
the corresponding portion of main memory. 

9. The processor of claim 1 wherein at least some of the 
directory controllers are associated with a processor core for 
processing a directory control process. 
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10. The processor of claim 1 wherein the processor cores 
are interconnected over a network that includes at least one 
of a bus, a ring, a mesh, a torus, a 3D cube, or a hypercube. 

11. The processor of claim 1 further comprising one or 
more input/output modules configured to couple data 
between a cache memory and an input/output interface. 

12. A method for managing cache memories associated 
with respective processor cores in a multicore processor that 
includes a plurality of memory interfaces providing memory 
access paths from the cache memories to a main memory, the 
method comprising: 

providing access paths over at least some of the memory 
interfaces to the main memory for multiple of the cache 
memories; and 

associating each of the memory interfaces with a corre 
sponding portion of the main memory, and operating a 
directory controller in each memory interface for the 
portion of the main memory. 

13. A multicore processor comprising: 
a plurality of cache memories; 
a plurality of processor cores, each associated with one of 

the cache memories; one or more memory interfaces 
providing memory access paths from the cache memo 
ries to a main memory that is external to the multicore 
processor, and 

one or more directory controllers for respective portions of 
the main memory, each associated with corresponding 
storage for directory state, and wherein each directory 
controller and corresponding storage for directory state 
are included in the processor cores or the memory inter 
faces and are separate from the main memory. 

14. The processor of claim 13 wherein each of at least some 
of the processor cores includes a directory controller coupled 
to the associated cache memory. 

15. The processor of claim 14 wherein each directory con 
troller coupled to the associated cache memory is configured 
to maintain directory state associated with the corresponding 
portion of the main memory that is cached in the associated 
cache memory. 

16. The processor of claim 15 wherein the portion of the 
main memory that is cached in the associated cache memory 
comprises a set of memory lines having non-contiguous 
addresses. 

17. The processor of claim 16 wherein the addresses of the 
set of memory lines have one or more bits at specified posi 
tions in common. 

18. The processor of claim 17 wherein the bits at the speci 
fied positions comprise low order bits. 

19. The processor of claim 15 wherein each directory con 
troller coupled to the associated cache memory is configured 
to maintain state to indicate whether a given portion of data 
stored in the cache memory is shared by more than one cache 
memory. 

20. The processor of claim 15 wherein each directory con 
troller coupled to the associated cache memory is configured 
to maintain a read-only state in which a request of the direc 
tory controller is made if the processor core attempts to write 
into the cache memory. 

21. The processor of claim 15 wherein the processor core 
associated with the cache memory is coupled to a first net 
work interconnecting the processor cores for handling a 
directory protocol and to a second network interconnecting 
the processor cores for handling cache misses from the pro 
CSSO CO. 
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22. The processor of claim 21 wherein the processor core is 

coupled to a third network interconnecting the processor 
cores for sending acknowledgements associated with the 
directory protocol. 

23. The processor of claim 21 wherein the first and second 
networks each have an independent physical communication 
medium. 

24. The processor of claim 21 wherein the first and second 
networks share a common physical communication medium, 
and each has independent buffer resources. 

25. The processor of claim 14 wherein each of at least some 
of the cache memories is assigned as a home location for 
caching a corresponding portion of the main memory and the 
processor core associated with the cache memory is config 
ured to handle memory requests from other processor cores 
requesting access to the corresponding portion of the main 
memory. 

26. The processor of claim 25, wherein the processor core 
associated with the cache memory is configured to manage 
the cache memory according to a level in a cache hierarchy. 

27. The processor of claim 25 wherein the processor cores 
associated with the cache memory is configured to provide 
data requested in the memory request from the cache memory 
if the data is present in the cache memory or from the main 
memory if the data is not present in the cache memory. 

28. The processor of claim 25 wherein the directory con 
troller coupled to the cache memory is configured to imple 
ment a directory coherence protocol for the corresponding 
portion of the main memory. 

29. The processor of claim 28 wherein the directory coher 
ence protocol implements a full map directory, a limited 
directory, a limitless directory, a coarse vector directory, or a 
limited directory with coarse vectors. 

30. The processor of claim 25 wherein the processor cores 
associated with respective cache memories are configured to 
reapportion directory state and related cache lines among the 
cache memories serving as home locations for load balanc 
ing. 

31. The processor of claim 25 wherein the cache memory 
assigned as a home location is the same for memory lines 
corresponding to the same memory page in main memory. 

32. The processor of claim 31 wherein each memory page 
is assigned a unique cache memory as a home location. 

33. The processor of claim 32 wherein each memory page 
is assigned a coherence domain indicating which other cache 
memories are allowed to share the memory page. 

34. The processor of claim 25 wherein each processor core 
storing a memory line in its associated cache memory that is 
not assigned as the home location for the memory line is 
configured to send the memory line being stored to the pro 
cessor core whose associated cache memory is assigned as 
the home location of the memory line. 

35. The processor of claim 34 wherein the processor core 
whose associated cache memory is assigned as the home 
location of a given memory line is configured to serialize 
concurrent access to the memory line by multiple processor 
cores to maintain a consistent view of the memory line. 

36. The processor of claim 25 wherein the cache memory 
assigned as a home location is assigned according to entries in 
a translation lookaside buffer. 

37. The processor of claim 25 wherein the cache memory 
assigned as a home location is the same for memory lines 
whose addresses have one or more bits at specified positions 
in common. 

38. The processor of claim 37 wherein the bits at the speci 
fied positions comprise low order bits. 
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39. The processor of claim 14 wherein the directory con 
troller coupled to the cache memory is implemented at least 
partially in Software by interrupting a processor within the 
processor core to perform protocol actions. 

40. The processor of claim 14 wherein the processor core 
includes a first processor and a second processor configured 
to run protocol Software to perform protocol actions. 

41. The processor of claim 14 wherein the directory con 
troller coupled to the cache memory is configured to send an 
invalidate request to one or more processor cores in response 
to writing data in the cache memory. 

42. The processor of claim 41 wherein the directory con 
troller is further configured to maintain a count of outstanding 
acknowledgements to be received from processor cores in 
response to the invalidate request. 

43. The processor of claim 41 wherein the directory con 
troller is further configured to send the invalidate request in 
response to writing data in the cache memory into a cache line 
previously marked clean. 

44. The processor of claim 41 wherein the directory con 
troller is further configured to send the invalidate request if a 
corresponding directory entry indicates that the data is being 
written into a cache line that is shared by one or more other 
cache memories. 

45. The processor of claim 44 wherein the invalidate 
request is sent to processor cores that share the cache line 
according to the directory entry. 

46. The processor of claim 41 wherein the invalidate 
request in included in a message that is broadcast to multiple 
processor cores. 

47. The processor of claim 14 wherein the directory con 
troller coupled to the cache memory is configured to send an 
update request to one or more processor cores in response to 
writing data in the cache memory. 

48. The processor of claim 14 wherein the directory con 
troller coupled to the cache memory is configured to invali 
date one or more cache lines in response to a message 
received over a network interconnecting the processor cores. 

49. The processor of claim 48 wherein the directory con 
troller is further configured to respond to the message with an 
acknowledgement message sent over the network. 

50. The processor of claim 13 wherein each of at least some 
of the cache memories includes at least some of the storage 
for the directory state. 

51. The processor of claim 50 wherein a directory entry 
stored in the storage for the directory state is associated with 
a cache line in the cache memory. 

52. The processor of claim 51 wherein a directory entry is 
operated upon when a corresponding cache line is operated 
upon. 

53. The processor of claim 52 wherein a directory entry is 
flushed when a corresponding cache line is flushed. 

54. The processor of claim 53 wherein, when a directory 
entry stored on a given processor core is flushed, cached 
copies of data that are stored in cache memories of other 
processor cores according to the directory entry are invali 
dated. 

55. The processor of claim 51 wherein each of at least some 
of the directory controllers is configured to switch a directory 
protocol mode during execution based at least in part on a 
number of references to a given cache line. 

56. The processor of claim 55 wherein switching the direc 
tory protocol mode comprises Switching between a mode in 
which copies of the cache line are invalidated using a prede 
termined number of pointers and a mode in which copies of 
the cache line are invalidated using a broadcast invalidate 
request. 
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57. The processor of claim 55 wherein switching the direc 

tory protocol mode comprises Switching between a mode in 
which pointers associated with the cache line are managed in 
hardware, and a mode in which the processor core associated 
with the cache memory handles access to the cache line in 
software. 

58. The processor of claim 51 wherein the directory entry 
associated with the cache line includes state that indicates 
whether pointers associated with the cache line are managed 
in hardware, or the processor core associated with the cache 
memory handles access to the cache line in Software. 

59. The processor of claim 50 wherein the directory con 
trollers are configured to store each of a linked sequence of 
pointers in multiple respective cache memories that point to 
locations of copies of a given memory line. 

60. The processor of claim 13 wherein each of at least some 
of the memory interfaces includes a directory controller. 

61. The processor of claim 60 wherein the directory con 
troller is configured to handle a message including a memory 
access request received over a network interconnecting the 
processor cores based on state information stored in the direc 
tory controller. 

62. The processor of claim 61 wherein the state informa 
tion indicates whether cache coherence associated with the 
memory access request is handled by the directory controller, 
or whether the message is redirected to a processor core for 
cache coherence associated with the memory access request 
to be handled in software. 

63. The processor of claim 62 wherein each of at least some 
of the processor cores include at least some of the storage for 
directory state. 

64. The processor of claim 13 wherein each of at least some 
of the memory interfaces includes at least some of the storage 
for directory state. 

65. The processor of claim 64 wherein the storage for the 
directory state comprises a cache coupled to the memory 
interface. 

66. The processor of claim 65 wherein each of at least some 
of the memory interfaces is configured to maintain a count of 
outstanding transactions associated with a cache line. 

67. The processor of claim 65 wherein the cache is a direct 
mapped cache, a fully associative cache, or a set associative 
cache. 

68. The processor of claim 65 wherein the directory con 
trollers are configured to handle a cache miss for a directory 
entry by fetching the directory entry from the main memory. 

69. The processor of claim 65 wherein the cache stores 
directory state and data associated with a cache line address. 

70. The processor of claim 13 wherein each of at least some 
of the memory interfaces includes a memory controller that 
controls a portion of the main memory. 

71. The processor of claim 70 wherein each memory con 
troller is coupled to a port on the periphery of a network 
interconnecting the processor cores. 

72. The processor of claim 71 wherein the memory inter 
faces are configured to translate network messages into a 
format that the memory controllers can use to access the main 
memory. 

73. The processor of claim 13 wherein each of at least some 
of the processor cores includes a translation lookaside buffer 
to direct memory references to a memory interface that pro 
vides a memory access path to the portion of main memory 
being referenced. 
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74. The processor of claim 13 wherein each portion of main 
memory is limited to being coherently cached in a respective 
set of one or more of the cache memories that includes fewer 
than all of the cache memories. 

75. The processor of claim 74 wherein a directory control 
ler associated with one of the cache memories in a given set is 
configured to maintain state to indicate whether a given por 
tion of data stored in the cache memory is shared by a cache 
memory that is not in the set. 

76. The processor of claim 75 wherein the directory con 
troller is further configured to include an invalidate request in 
a message broadcast to multiple processor cores in response 
to writing data that the maintained state indicates is shared by 
a cache memory that is not in the set. 

77. The processor of claim 76, wherein the message is 
broadcast to the multiple processor cores using a tree pattern. 
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78. The processor of claim 76, wherein each of the multiple 

processor cores is configured to send an acknowledgement 
message in response to the message that includes the invali 
date request. 

79. The processor of claim 76, wherein the directory con 
troller and each of the multiple processor cores are configured 
to communicate over a static network that Switches data 
among the processor cores according to Switch instructions. 

80. The processor of claim 13 wherein the processor cores 
are interconnected over a network that includes at least one 
of a bus, a ring, a mesh, a torus, a 3D cube, or a hypercube. 

81. The processor of claim 13 further comprising one or 
more input/output modules configured to couple data 
between a cache memory and an input/output interface. 
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