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SPECULATIVE READ IN A CACHE
COHERENT MICROPROCESSOR

BACKGROUND OF THE INVENTION

[0001] The present invention relates to multiprocessor sys-
tems, and more particularly to performing a speculative
request in a cache coherent multi-core microprocessor sys-
tem.

[0002] Advances in semiconductor fabrication technology
have given rise to considerable increases in microprocessor
clock speeds. Although the same advances have also resulted
in improvements in memory density and access times, the
disparity between microprocessor clock speeds and memory
access times continues to persist. To reduce latency, often one
or more levels of high-speed cache memory are used to hold
a subset of the data or instructions that are stored in the main
memory. A number of techniques have been developed to
increase the likelihood that the data/instructions held in the
cache are repeatedly used by the microprocessor.

[0003] To improve performance at any given operating fre-
quency, microprocessors with a multitude of cores that
execute instructions in parallel have been developed. The
cores may be integrated within the same semiconductor die,
or may be formed on different semiconductor dies coupled to
one another within a package, or a combination of the two.
Each core typically includes its own level-1 cache and an
optional level-2 cache.

[0004] A cache coherency protocol governs the traffic flow
between the memory and the caches associated with the cores
to ensure coherency between them. For example, the cache
coherency protocol ensures that if a copy of a data item is
modified in one of the caches, copies of the same data item
stored in other caches and in the main memory are invalidated
or updated in accordance with the modification.

[0005] In order to reduce the average latency associated
with a coherent read request, a technique commonly referred
to as speculative read may be used. In accordance with this
technique, concurrently with searching for the requested data
in the caches, a speculative read request is also issued to the
memory. If the requested data is stored in any of the caches,
the speculative read is cancelled. If the requested data is not
stored in any of the caches, the speculative read is confirmed
and the data identified by the confirmed request is transferred
from the memory to the requesting core.

BRIEF SUMMARY OF THE INVENTION

[0006] In accordance with one embodiment of the present
invention, a multi-core microprocessor includes, in part, a
cache coherence manager that maintains cache coherence
among the multitude of cores and also minimizes latency
associated with performing coherent requests. The cache
coherence manager includes, in part, a request unit, an inter-
vention unit, a response unit, and a memory interface unit.
The request unit is configured to selectively issue a specula-
tive request in response to a coherent request received from
one of'the cores. The intervention unit is configured to send an
intervention message associated with the coherent request to
the cores. The memory interface unit is configured to receive
the speculative request and to selectively cancel or forward
the speculative request to a memory.

[0007] In one embodiment, the memory interface unit
includes at least three tables. An entry in the first table is an
index to the second table. The entry in the second table is an
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index to the third table. The entry in the first table is allocated
when a response to the intervention message is stored in the
first table before the speculative request is stored in the
memory interface unit. The entry in the second table is allo-
cated when the request is stored in the memory interface unit.
The entry in the third table is allocated when the speculative
request is issued to the memory.

[0008] In one embodiment, the request unit includes, in
part, a fourth table storing a multitude of addresses, and a
logic block configured to compare an address associated with
the request to the multitude of addresses stored in the fourth
table. Each address stored in the fourth table is associated
with a pending coherent request. If an address match is not
detected, the logic block issues the speculative request and
assigns an identifier thereto. The identifier is used as an index
to the first entry in the first table. In another embodiment, the
logic block issues the speculative request first, assigns a cor-
responding identifier, and subsequently compares the
requested address to the addresses stored in the fourth table. If
an address match is detected, the logic block cancels the
speculative request. In one embodiment, the request unit does
not issue a speculative request unless the number of unre-
solved speculative requests is less than the total number of
entries of the third table.

[0009] In accordance with one embodiment of the present
invention, a method of operating a multi-core microprocessor
having disposed therein a cache coherence manager includes,
in part, receiving a coherent request from one of the cores,
selectively issuing a speculative request in response, sending
an intervention message associated with the coherent request
to the cores, and selectively sending the issued speculative
request to a memory.

[0010] In one embodiment, the memory interface unit
includes at least three tables. An entry in the first table is an
index to the second table. The entry in the second table is an
index to the third table. The entry in the first table is allocated
when a response to the intervention message arrives at the first
table before the corresponding request is stored the memory
interface unit. The entry in the second table is allocated when
the speculative request is stored in the memory interface unit.
The entry in the third table is allocated when the speculative
request is issued to the memory.

[0011] Inoneembodiment, the address associated with the
coherent request is compared to a multitude of addresses
stored in a fourth table. Each address stored in the fourth table
is associated with a pending coherent request. If an address
match is not detected, the request is speculatively issued and
an identifier is assigned to this request. The identifier is used
as an index to the first entry in the first table. In another
embodiment, the speculative request is first issued and a
corresponding identifier is assigned. If a match is thereafter
detected between the address associated with the request and
any one of the addresses stored in the fourth table, the specu-
lative request is canceled. In one embodiment, the coherent
request is not speculatively issued unless the number of unre-
solved speculative requests is less than the total number of
entries of the third table.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1 shows a multi-core microprocessor, in com-
munication with a number of I/O devices and a system
memory, in accordance with one embodiment of the present
invention.
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[0013] FIG. 2 is a block diagram of the cache coherence
manger disposed in the microprocessor of FIG. 1, in accor-
dance with one embodiment of the present invention.

[0014] FIG. 3 is amore detailed block diagram of the cache
coherence manager of FIG. 2, in accordance with one
embodiment of the present invention.

[0015] FIGS. 4A, 4B and 4C form a flowchart showing a
speculative request, in accordance with one embodiment of
the present invention.

[0016] FIG. 5 shows the flow of indices and data between a
number of tables disposed in the cache coherence manager of
in FIG. 3.

[0017] FIG. 6 shows the flow of speculative and non-specu-
lative requests that may lead to a deadlock condition and
which the present invention is adapted to inhibit.

[0018] FIG. 7 shows an exemplary computer system in
which the present invention may be embodied.

DETAILED DESCRIPTION OF THE INVENTION

[0019] In accordance with one embodiment of the present
invention, a multi-core microprocessor includes, in part, a
cache coherence manager that maintains coherence among
the multitude of microprocessor cores, and further minimizes
the latency associated with coherent read requests. The cache
coherence manager includes, in part a request unit, an inter-
vention unit, a memory interface unit and a response unit. The
cache coherence manager supports speculative reads and
includes an indexing scheme that efficiently manages the
processing of the speculative requests and the corresponding
intervention messages forwarded to and received from the
cores.

[0020] FIG. 1 is a block diagram of a microprocessor 100,
in accordance with one exemplary embodiment of the present
invention, that is in communication with system memory 600
and I/O units 610, 620 via system bus 630. Microprocessor
(hereinafter alternatively referred to as processor) 100 is
shown as including, in part, four cores 105,, 105,, 105, and
105, a cache coherency manger 200, and an optional level-2
(L2) cache 605. Each core 105,, where i is an integer ranging
from 1 to N, where in this embodiment N=4, is shown as
including, in part, a processing core 110, an L1 cache 115,
and a cache control logic 120,. Although exemplary embodi-
ment of processor 100 is shown as including four cores, it is
understood that other embodiments of processor 100 may
include more or fewer than four cores.

[0021] Each processing core 110, is adapted to perform a
multitude of fixed or flexible sequence of operations in
response to program instructions. Each processing core 110,
may conform to either CISC and/or RISC architectures to
process scalar or vector data types using SISD or SIMD
instructions. Each processing core 110, may include general
purpose and specialized register files and execution units
configured to perform logic, arithmetic, and any other type of
data processing functions. The processing cores 110,, 110,,
110, and 110,, which are collectively referred to as either
processing cores 110, or processing cores 110, may be con-
figured to perform identical functions, or may alternatively be
configured to perform different functions adapted to different
applications. Processing cores 110 may be single-threaded or
multi-threaded, i.e., capable of executing multiple sequences
of program instructions in parallel.

[0022] Each core 105, is shown as including a level-1 (L1)
cache. In other embodiments, each core 110, may include
more levels of cache, e.g., level 2, level 3, etc. Each cache 115,
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may include instructions and/or data. Each cache 115, is typi-
cally organized to include a multitude of cache lines, with
each line adapted to store a copy of the data corresponding
with one or more virtual or physical memory addresses. Each
cache line also stores additional information used to manage
that cache line. Such additional information includes, for
example, tag information used to identify the main memory
address associated with the cache line, and cache coherency
information used to synchronize the data in the cache line
with other caches and/or with the main system memory. The
cache tag may be formed from all or a portion of the memory
address associated with the cache line.

[0023] Each L1 cache 115, is coupled to its associated pro-
cessing core 110, via a bus 125,. Each bus 125, includes a
multitude of signal lines for carrying data and/or instructions.
Each core 105, is also shown as including a cache control
logic 120, to facilitate data transfer to and from its associated
cache 115,. Each cache 115; may be fully associative, set
associative with two or more ways, or direct mapped. For
clarity, each cache 115, is shown as a single cache memory for
storing data and instructions required by core 105,. Although
not shown, it is understood that each core 105, may include an
L1 cache for storing data, and an .1 cache for storing instruc-
tions.

[0024] Each cache 115, is partitioned into a number of
cache lines, with each cache line corresponding to a range of
adjacent locations in shared system memory 300. In one
embodiment, each line of each cache, for example cache
115,, includes data to facilitate coherency between, e.g.,
cache 151,, main memory 600 and any other caches 115,
115, 115,, intended to remain coherent with cache 115, as
described further below. For example, in accordance with the
MESI cache coherency protocol, each cache line is marked as
being modified “M”, exclusive “E”, Shared “S”, or Invalid
“I”, as is well known. Other cache coherency protocols, such
as MSI, MOSI, and MOESI coherency protocols, are also
supported by the embodiments of the present invention.
[0025] Each core 105, is coupled to a cache coherency
manager 200 via an associated bus 135,. Cache coherency
manager 200 facilitates transfer of instructions and/or data
between cores 105,, system memory 600, I/O units 310, 320
and optional shared [.2 cache 605. Cache coherency manager
200 establishes the global ordering of requests, sends inter-
vention requests, collects the responses to such requests, and
sends the requested data back to the requesting core. Cache
coherency manager 200 orders the requests so as to optimize
memory accesses, load balance the requests, give priority to
one or more cores over the other cores, and/or give priority to
one or more types of requests over other requests. Although
not shown, in some embodiments, one or more of cores 105,
include a dedicated Level-2 (L.2) cache when optional shared
L2 cache 605 is not used.

[0026] FIG. 2 is a block diagram of cache coherency man-
ager 200, in accordance with one embodiment of the present
invention. Cache coherency manager 200 is shown as includ-
ing, in part, a request unit 220, an intervention unit 250, a
response unit 280, and a memory interface unit 300. Request
unit 220 includes input ports 202 adapted to receive, for
example, read requests, write requests, write-back requests
and any other cache memory related requests from cores 105,.
Request unit 220 serializes the requests it receives from cores
105, and sends non-coherent read/write requests, speculative
coherent read requests, as well as explicit and implicit write-
back requests of modified cache data to memory interface unit
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300 via port 204. Request unit 220 sends coherent requests to
intervention unit 250 via port 216. In order to avoid a read
after write hazard, the read address is compared against pend-
ing coherent requests that can generate write operations. If a
match is detected as a result of this comparison, the read
request is not started speculatively.

[0027] In response to the coherent intervention requests
received from request unit 220, intervention unit 250 issues
an intervention message via output ports 212. A hit will cause
the data to return to the intervention unit via input ports 245.
In another embodiment, the requested data is returned to the
intervention unit 208. Intervention unit 250 subsequently for-
wards this data to response unit 205 via output ports 218.
Response unit 280 forwards this data to the requesting (origi-
nating the request) core via output ports 212. If there is a
cache miss and the read request was not performed specula-
tively, intervention unit 250 requests access to this data by
sending a coherent read or write request to memory interface
unit 300 via output ports 206. A read request may proceed
without speculation when, for example, a request memory
buffer disposed in request unit 220 and adapted to store and
transfer the requests to memory interface unit 300 is full.
[0028] Memory interface unit 300 receives non-coherent
read/write requests from request unit 220, as well as specu-
lative requests and writeback requests from intervention unit
250. In response, memory interface unit 300 accesses system
memory 600 and/or higher level cache memories such as [.2
cache 605 via input/output ports 255 to complete these
requests. The data retrieved from memory 600 and/or higher
level cache memories in response to such memory requests is
forwarded to response unit 215 via output port 260. The
response unit 215 returns the data requested by the requesting
core via output ports 265. As is understood, the requested data
may have been retrieved from an .1 cache of another core,
from memory 600, or from optional higher level cache memo-
ries.

[0029] FIG. 3 is a more detailed view of cache coherence
manager 200 disposed in a microprocessor having N cores, in
accordance with one embodiment of the present invention.
Referring to FIGS. 1 and 3 concurrently, in order to reduce
average latency of a coherent read request from any of the N
cores 105, where 1 is an integer varying from 1 to N, coher-
ence manager 200 issues speculative read requests to memory
600 via memory interface unit 300. The speculative read
assumes that the requested data will not be found in any of the
cores. If the requested data is found in response to the inter-
vention message, the speculative read is canceled if it has not
yet been issued by memory interface unit 300, or alternatively
the response is dropped when it returns from system memory
600.

[0030] The response to an intervention message may arrive
at the intervention unit 250 at different points in time relative
to the speculative request. The request may still be in the
request unit 220 when the response to the associated inter-
vention message is received by the intervention unit 250. The
request may be in the memory interface unit 300 when the
response to the associated intervention message is received
by intervention unit 250. The request may have been issued to
the memory by the time the response to the associated inter-
vention message arrives at the intervention unit 250. A num-
ber of data segments associated with the speculative read
request may have been received by the memory interface unit
300 before the response to the associated intervention mes-
sage is received by the intervention unit 250. Coherence
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manager 200 is configured to handle speculative requests for
all possible timing conditions described above, notwithstand-
ing the outcome of the intervention message, i.e., cancel or
confirm.

[0031] Incoming coherent requests are serialized by serial-
ized address register (SAR) 224 disposed in request unit 220.
In one embodiment, the cache line address associated with
each request is compared to the entries stored in the active
address table (AAT) 222. An address match indicates that a
coherent request is already pending for that address and hence
no speculative request is issued for that request. If no address
match is detected and a slot is available in request memory
queue (RMQ) 228, serialized request handler (SRH) 226
loads the request in RMQ 228. If a slot is not available in
RMQ 228, no speculative request is issued for that request
even if no speculation is detected as being in progress for that
address. Furthermore, if RQU 220 receives a coherent request
that was erroneously issued due, for example, to software
error, then RQU 220 will not issue a corresponding specula-
tive request. Similarly, if RQU 220 issues a speculative
request that bypasses the RMQ 228—via signal line 230—
and subsequently detects an error with this request, RQU 220
will cancel this request. AAT 222 performs two functions.
First, it keeps track of active coherent requests to inhibit
read-after-write hazards. An intervention response to a coher-
ent request may result in a read or write operation to the
memory. AAT 222 is used to ensure that a speculative read to
the same address does not occur before the updated data is
written to the memory, thereby to avoid read-after-write haz-
ards. Second, AAT 222 is used to tag the speculative requests
to enable their identification as they flow between the IVU
250, RQU 220 and MIU 300.

[0032] The AAT number associated with a speculative
request travels with that request to MIU 300. Accordingly,
RMQ 228 stores both the speculative request as well as the
AAT number associated with that request. In another embodi-
ment, SAR 224 issues the speculative request before it looks-
up the address in AAT 222. One clock cycle later, if the
look-up in AAT 222 indicates that an earlier issued specula-
tive request is still pending for that address, the newly issued
speculative request is canceled. A speculative request issued
before an AAT 222 look-up may get stored in memory request
queue (MRQ) 310 or get issued to the memory. Under both
conditions, the speculative request is canceled if the subse-
quent AAT 222 look-up results in an address match. The
cancellation of such a request results in deallocation of any
corresponding numbers that may have been assigned to that
request in speculative table 302 and/or request data buffer
table 306. The process of allocating and deallocating numbers
in various tables disposed in memory interface unit 300 are
described in detail below.

[0033] Coherent read requests are received from SRH 226
and stored in intervention queue (IQ) 252. Corresponding
intervention messages are issued after these requests are
stored in intervention output request queue 256. Intervention
messages that have been forwarded to the cores are stored in
pending intervention queue (PIQ) 262, and responses to these
intervention messages are stored in intervention response
queue 258. The AAT number associated with a request is
stored in PIQ 262.

[0034] Memory interface unit 300 includes, in part, a
speculative table (SPT) 302, an active address to speculation
table (A2ST) 304, and a read data buffer table (RDBT) 306.
As described further below, SPT 302 tracks the confirm/
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cancel results for speculative requests that have been received
by MIU 300. An entry (alternatively referred to herein as
number) in SPT 302 is allocated when a speculative request is
received by MIU 300 from RQU 220. The SPT entry is loaded
into memory request queue (MRQ) 310 together with the
request. Response data buffer table (RDBT) 306 tracks infor-
mation associated with the requests that have been issued to
the memory. An entry in RDBT 306 is allocated for every read
request that is issued to the memory. The response to a read
request is stored in the response data buffer (RDB) 316 at an
address defined by the corresponding entry in RDBT 306.
A2ST 304 performs two functions. First, for each AAT entry,
A2ST 304 supplies the corresponding SPT entry. Second,
A2ST temporarily stores the confirm/cancel result for any
speculative request that has not been received by MIU 300
and for which an SPT entry has not yet been allocated. In such
conditions, when the request is received by MIU 300, the
confirm/cancel result is copied from A2ST 304 to the associ-
ated SPT entry newly allocated. When a request stored in
RMQ 228 is delivered and stored in MRQ 310, the AAT
number associated with that request is also stored in the newly
allocated entry in SPT 302.

[0035] Confirm/cancel results returned in response to an
intervention message and the AAT entry associated with the
corresponding read request are delivered from Intervention
Response Handler (IRSH) 266 to speculative handler (SPH)
312. The confirm/cancel results are received in the same order
as they are transmitted. This ordering ensures that the AAT
number supplied by PIQ 262 and the confirm/cancel result
supplied by IRSQ 258 are associated with the same request as
they are delivered to IRSH 266. The confirm/cancel result,
and the associated AAT number are subsequently delivered
from IRSH 266 to speculative handler (SPH) 312.

[0036] Memory output register (MOR) 318 and memory
input data register (MIDR) 314 are the interfaces between
MIU 300 and memory 600. Outgoing requests are sent to
memory 600 via MOR 318, and data received form memory
600 is loaded in MDIR 314. An entry is allocated for a request
in RDBT 306 before that request is issued to memory 600.
The data loaded in MDIR 314 is stored in RDB 316 at an
address defined by the entry allocated in RDBT 306.

[0037] The response to an intervention message may arrive
at IVU 250 before the corresponding speculative request has
been issued to MIU 300. This condition may happen, for
example, when MRQ 310 is full and cannot receive the specu-
lative request at the time when the response to the correspond-
ing intervention message arrives at IVU 250. To handle such
conditions, the AAT entry and the intervention response, i.e.,
confirm/cancel result, associated with that request is deliv-
ered to SPH 312 by IRSH 266. The confirm/cancel result is
subsequently stored in A2ST 304. After the speculative
request is stored in MRQ 310, a corresponding entry in SPT
302 is allocated and the intervention response, i.e., confirm/
cancel result is copied from A2ST 304 to that entry in SPT
302. If the intervention response is a speculative confirm,
SPH 312 allocates an entry in RDBT 306 and deallocates the
corresponding SPT entry. Subsequently, a read request is
issued to the memory. If the intervention response is a specu-
lative cancel, the speculative request is canceled and the cor-
responding SPT entry is deallocated.

[0038] The response to an intervention message may arrive
at IVU 250 after the corresponding speculative request has
been received by MIU 300. Since the request is already stored
in MRQ 310, it has an assigned entry in SPT 302. When the
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request reaches the head of the queue in MRQ 310, the SPT
entry associated with that request is looked-up. If the received
intervention response is a speculative confirm, (i) an entry in
RDBT 306 is allocated and its confirmed bit is set, (ii) the
corresponding SPT entry is deallocated, and (iii) a read
request is issued to the memory. If the received intervention is
a speculative cancel, the speculative request is canceled and
the corresponding SPT entry is deallocated. If no intervention
response is received after the request reaches the head of the
queue in MRQ 310, the speculative request is issued to the
memory.

[0039] MIU arbitration logic 308 arbitrates access to MRQ
310 between IVU 250 and RQU 220. When no speculative
request is made because RMQ 228 is full and it is subse-
quently determined that the none of the caches contain the
requested data, a corresponding request is made to the
memory by IVU 250. This request is received by MIU arbi-
tration logic 308 and delivered to MRQ 310. This request is
thereafter delivered to MOR 318—via MOR arbitration logic
330—for later submission to the memory. MRQ 310 is
bypassed if it is empty, in turn, causing MIU arbitration logic
308 to transfer the request directly to MOR arbitration logic
308. SPH 312 transfers confirm/cancel results from SPT 302
to RDBT 306. MOR arbitration logic 308 gains access to SPT
302 and RDBT 306 via SPH 312.

[0040] The response to an intervention message may arrive
at IVU 250 after the corresponding speculative request has
been issued to the memory but before the requested data has
been received from the memory. The RDBT’s corresponding
confirmed and canceled bits are both cleared if the interven-
tion response is not known at the time the speculative request
is issued to the memory. When the intervention response is
received by SPH 312, A2ST 304 uses the AAT supplied by
PIQ 262 to find the corresponding SPT entry. The SPT entry
is then used to supply the corresponding RDBT entry. The
RDBT entry is then updated with the confirm/cancel result of
the intervention response. The corresponding entry in SPT
320 is then deallocated. Each speculative read request that is
sent to the memory is allocated a corresponding entry in
RDBT 306. The data supplied by the memory in response to
the read request is received by MIDR 314 and is subsequently
stored in RDB 316 at an address defined by the corresponding
entry in RDBT 306. Memory response handler (MRSH) 322
looks-up the status of the corresponding RDBT entry when
the data is returned and stored in RDB 306. If the speculative
request has been confirmed, the data is delivered to controller
324, which in turn, stores this data in memory read data queue
(MRDQ) 326. If the speculative request has been canceled,
the RDB/RDBT entries are deallocated after all the segments
of'the requested data are received from the memory. Control-
ler 324 may include a number of queues to accommodate the
transfer of the data to MRDQ 326. Data stored in MRDQ 326
is subsequently transferred to response output register
(RSOR) 282. RSOR 282 subsequently supplies this data to
the requesting core. MRSH 322 is triggered to perform the
look-up operation in RDBT 306 when the associated data is
stored in RDB 316.

[0041] Theresponse to an intervention message may arrive
at IVU 250 after part or the entire data corresponding to the
speculative request has been received from the memory. Ifthe
intervention response is not known by the time a segment,
such as a double-word, of the requested data is received, the
transaction is considered as a late completion. Late comple-
tions are handled by the late speculation completion handler
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(LCSH) 320. If a late completion is marked so as to cancel the
speculative request, LCSH 320 retires the RDBT/RDB entry
after the entire segments of the requested data are received
from the memory. If a late completion is marked so as to
confirm the speculative request, LCSH 320 waits for the
entire segments of the requested data to arrive. The received
data are thereafter delivered to controller 324, which in turn,
stores this data in MRDQ 336. The data present in MRDQ 336
is supplied to the requesting core after being stored in RSOR
282. LSCH 320 is triggered when it receives the late inter-
vention response. An AAT entry may be deallocated if the
coherent request does not result in a required memory opera-
tion, such as a memory write-back operation to the memory,
only if both the intervention response and the corresponding
speculative request are received by MIU 300. If a coherent
request results in a required memory access operation, the
AAT entry is not deallocated until after the intervention
response, the corresponding speculative request, and any
required memory access operation resulting from the inter-
vention are all received by MIU 300. This ensures that, for
example, when a write-back to the memory is required, the
memory write operation is in the MIU 300 ahead of the
speculative request before the AAT entry is deallocated.
[0042] FIGS. 4A, 4B and 4C are a flowchart 700 of steps
carried out to perform a speculative request, in accordance
with one embodiment of the present invention. Referring to
FIG. 4A, if the request is determined to be in the request unit
when the response to the intervention message is received
702, the confirm/cancel result is stored 704 in the A2ST. After
the request is stored 706 in the MRQ, the SPT is updated with
the confirm/cancel result 708. If the speculative response is a
confirm 710, an RDBT number is allocated and used as an
index to the RDBT to store the confirm result 712. The SPT
number is deallocated 714 and the request is thereafter sent to
the memory. If the speculative response is a cancel 710, the
request is canceled 718 and the SPT number is deallocated.
[0043] Referring to FIG. 4B, a request stored in the MRQ
has an allocated SPT number 750. If an intervention response
is available 754 after the request reaches 752 the top of the
queue in the MRQ, the process moves to decision block 710
(FIG. 4A). If the intervention response is not available 754
after the request reaches 752 the top of the queue in the MRQ,
an RDBT number is allocated to the request 758, and its
confirm/cancel bits are cleared. The request is thereafter sent
to the memory 760.

[0044] Referring to FIG. 4C, after the confirm/cancel result
is received 770, the AAT number is used as an index to the
A2ST to find the SPT number 772. The SPT number is then
used to find the RDBT number 774. If the speculative
response is a confirm 776, the data received from the memory
is transferred to the requesting core 778, and the RDBT
number is deallocated 782. If the speculative response is a
cancel 776, the data received from the memory is discarded
780 and the RDBT number is deallocated.

[0045] FIG. 5 shows the flow of indices and entries associ-
ated with arequest between AAT 22, SPT 302, A2ST 304, and
RDBT 306 of coherence manager 200. For clarity, only a few
of the blocks disposed in coherence manager 200 are shown
in FIG. 4. The AAT number, allocated to each coherent
request and used to track the associated speculative request as
described above, is delivered to MIU 300 and IVU 250. An
SPT number is allocated by MIU arbitration logic 308 when
a slot become available in MRQ 310 for that request; MRQ
310 stores the SPT number. An RDBT number is allocated by
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MOR arbitration logic 330 when the request is issued to the
memory via MOR 318. The SPT number is used as an index
to store the AAT number in SPT 302, and the AAT number is
used as an index to store the SPT number in A2ST 304.

[0046] When the response to an intervention message
arrives at IVU 250 while the speculative read request is still in
RMQ 228, the confirm/cancel (CC) result is first stored in
A2ST table 340. The SPT number allocated after the request
is stored in MRQ 310, is used as an index to store the AAT
number in SPT 302. The AAT number stored in PIQ 262 is
used as anindex to A2ST 304 to look-up the CC. The retrieved
CC is copied to SPT 302 at the index defined by the SPT
number. If the CC is a speculative confirm, an RDBT 306
number is allocated. The SPT number is then used as an index
to SPT 302 to retrieve and copy the CC result to RDBT 306.
If'the intervention response is a speculative cancel, the specu-
lative request is canceled and the corresponding SPT entry is
deallocated.

[0047] An SPT number exists if the request is already
stored in MRQ 310. The allocated SPT number is used as an
index to SPT 302 to store the AAT number. When the CC is
received, the AAT number stored in PIQ 262 is used as an
index to A2ST 304 to look-up the SPT number. The SPT
number is then used as an index to SPT 302 to store the CC.
When the request reaches the head of the queue in MRQ 310,
the SPT number is interrogated. If the CC is a speculative
confirm, a corresponding number in RDBT 306 is allocated.
The RDBT number is used as an index to RDBT 306 to store
the CC. The corresponding SPT number is deallocated, and a
read request is issued to the memory. If the received interven-
tion is a speculative cancel, the speculative request is can-
celed and the corresponding SPT entry is deallocated.
[0048] The response to an intervention message may arrive
at IVU 250 after the corresponding speculative request has
been issued to the memory but before the response to the
request has been received from the memory. In such condi-
tions, the AAT and RDBT numbers are stored in the SPT 302
at the index defined by the SPT number. The SPT number is
stored in A2ST 304 at an index defined by the SPT number.
The AAT number corresponding to the received CC is used to
identify the corresponding SPT number in A2ST table 304.
The SPT number so identified is then used to find the corre-
sponding RDBT number. The RDBT number is subsequently
used as an index to RDBT 306 to store the CC result; the
corresponding SPT number is then deallocated. If the CCis a
confirm, the data supplied by the memory is delivered to RSU
280. If the CC is a cancel, the RDB/RDBT entries are deal-
located after all the segments of the requested data are
received from the memory.

[0049] Theresponse to an intervention message may arrive
at IVU 250 after part or the entire data corresponding to the
speculative request has been received from the memory. In
such conditions, the AAT and RDBT numbers are stored in
the SPT 302 at the index defined by the SPT number. The SPT
number is stored in A2ST 304 at an index defined by the SPT
number. The AAT number corresponding to the received CC
is used to identify the corresponding SPT number in A2ST
table 304. The SPT number so identified is then used to find
the corresponding RDBT number. The RDBT number is sub-
sequently used as an index to RDBT 306 to store the CC
result. If the CC is a confirm, the data supplied by the memory
is delivered to RSU 280 by LSCH 320. If the CC is a cancel,
the RDB/RDBT entries are deallocated after all the segments
of the requested data are received from the memory.
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[0050] As described above, in accordance with one
embodiment of the present invention, the queues, tables and
the ports in coherence manager 200 are configurable to sup-
port different sizes and optimize power consumption and
performance. A deadlock condition may thus occur when the
sum of the sizes of 1Q 252 and PIQ 262 is greater than the sum
of the sizes of RDBT 306 and MRQ 310. To prevent this
condition from occurring, in accordance with one embodi-
ment of the present invention, SAR 224 is adapted so as not
issue any speculative requests unless the number of unre-
solved speculative requests, i.e., speculative requests for
which the associated intervention responses have not yet been
completed, is less than the total number of entries in RDBT
306. For example, if RDBT 306 has a capacity to hold 16
entries, no more than 15 unresolved speculative requests may
be pending at any given time.

[0051] Referring to FIGS. 3 and 6 concurrently, assume
that a first stream of requests 400 followed by a second stream
ofrequests 402 are delivered to request unit 220. Assume that
RMQ 228 is full when the first stream of requests (RS) 400 is
received; therefore these requests are not stored in RMQ 228
and are not speculated. Assume that RMQ 228 is empty when
RS 402 is received; therefore these requests are stored in
RMQ 228 and are speculated. Intervention messages (IM)
500 and 502, corresponding respectively to request streams
400 and 402, are forwarded to IVU 250. Intervention
responses (IR) 600 and 602 are assumed to be respectively
associated with IMs 500 and 502.

[0052] RS 402 is subsequently transferred to and stored in
MRQ 310. Assume that a first portion 402a of RS 402 is
issued to the memory and their associated entries allocated in
RDBT 306 fill all the slots in RDBT 306. Assume that MRQ
310 is filled with the remaining portion 4025 of RS 402, as
well as with non-coherent stream of request 404 that subse-
quently arrive.

[0053] Assume that one or more of the responses in IR 600
contain cache misses. Because no speculative requests were
issued for the associated RS 400, these requests must be
supplied to the memory and thus must first be written in MRQ
310. However, MRQ 310 is full and cannot accept any new
requests unless there is an entry available in RDBT 306. The
entries in RDBT 306 cannot be cleared since the confirm/
cancel results needed to clear these requests are present in IR
602, which is stuck behind IR 600. Accordingly, a deadlock is
created where no entry can be cleared and no movement of
requests can flow through the coherence manager 200. To
prevent such deadlocks, in accordance with one embodiment
of the present invention, SAR 224 is adapted so as not issue
any speculative requests unless the number of unresolved
speculative requests is at least one less than the total number
of entries in RDBT 306.

[0054] In accordance with one embodiment of the present
invention, the cache coherence manager includes, in part, a
multitude of configurable ports, a multitude of configurable
tables, and a multitude of configurable queues. The config-
urability of the ports enables a user to select the number of
desired ports. For example, assume that the coherence man-
ager has 16 configurable ports. A user may, however, need
only four such ports to adapt the coherence manager to a
microprocessor having four cores. The user accordingly con-
figures the coherence manager so as to use only four ofthe 16
ports. The configurability of the tables and queues enable a
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user to define their respective sizes to balance the competing
goals of achieving optimum processor performance and mini-
mizing the die size.

[0055] FIG. 7 illustrates an exemplary computer system
1000 in which the present invention may be embodied. Com-
puter system 1000 typically includes one or more output
devices 1100, including display devices such as a CRT, LCD,
OLED, LED, gas plasma, electronic ink, or other types of
displays, speakers and other audio output devices; and haptic
output devices such as vibrating actuators; computer 1200; a
keyboard 1300; input devices 1400; and a network interface
1500. Input devices 1400 may include a computer mouse, a
trackball, joystick, track pad, graphics tablet, touch screen,
microphone, various sensors, and/or other wired or wireless
input devices that allow a user or the environment to interact
with computer system 1000. Network interface 1500 typi-
cally provides wired or wireless communication with an elec-
tronic communications network, such as alocal area network,
a wide area network, for example the Internet, and/or virtual
networks, for example a virtual private network (VPN). Net-
work interface 1500 can implement one or more wired or
wireless networking technologies, including Ethernet, one or
more of the 802.11 standards, Bluetooth, and ultra-wideband
networking technologies.

[0056] Computer 1200 typically includes components such
as one or more general purpose processors 1600, and memory
storage devices, such as a random access memory (RAM)
1700 and non-volatile memory 1800. Non-volatile memory
1800 can include floppy disks; fixed or removable hard disks;
optical storage media such as DVD-ROM, CD-ROM, and bar
codes; non-volatile semiconductor memory devices such as
flash memories; read-only-memories (ROMS); battery-
backed volatile memories; paper or other printing mediums;
and networked storage devices. System bus 1900 intercon-
nects the above components. Processors 1600 may be a multi-
processor system such as multi-processor 100 described
above.

[0057] RAM 1700 and non-volatile memory 1800 are
examples of tangible media for storage of data, audio/video
files, computer programs, applet interpreters or compilers,
virtual machines, and embodiments of the present invention
described above. For example, the above described embodi-
ments of the processors of the present invention may be
represented as human-readable or computer-usable programs
and data files that enable the design, description, modeling,
simulation, testing, integration, and/or fabrication of inte-
grated circuits and/or computer systems. Such programs and
data files may be used to implement embodiments of the
invention as separate integrated circuits or used to integrate
embodiments of the invention with other components to form
combined integrated circuits, such as microprocessors,
microcontrollers, system on a chip (SoC), digital signal pro-
cessors, embedded processors, or application specific inte-
grated circuits (ASICs).

[0058] Programs and data files expressing embodiments of
the present invention may use general-purpose programming
or scripting languages, such as C or C++; hardware descrip-
tion languages, such as VHDL or Verilog; microcode imple-
mented in RAM, ROM, or hard-wired and adapted to control
and coordinate the operation of components within a proces-
sor or other integrated circuit; and/or standard or proprietary
format data files suitable for use with electronic design auto-
mation software applications known in the art. Programs and
data files can express embodiments of the invention at various
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levels of abstraction, including as a functional description, as
a synthesized netlist of logic gates and other circuit compo-
nents, and as an integrated circuit layout or set of masks
suitable for use with semiconductor fabrication processes.
These programs and data files can be processed by electronic
design automation software executed by a computer to design
a processor and generate masks for its fabrication.

[0059] Further embodiments of computer 1200 can include
specialized input, output, and communications subsystems
for configuring, operating, simulating, testing, and commu-
nicating with specialized hardware and software used in the
design, testing, and fabrication of integrated circuits.

[0060] Although some exemplary embodiments of the
present invention are made with reference to a processor
having four cores, it is understood that the processor may
have more or fewer than four cores. The arrangement and the
number of the various devices shown in the block diagrams
are for clarity and ease of understanding. It is understood that
combinations of blocks, additions of new blocks, re-arrange-
ment of blocks, and the like fall within alternative embodi-
ments of the present invention. For example, any number of
1/Os, coherent multi-core processors, system memories, [.2
and L3 caches, and non-coherent cached or cacheless pro-
cessing cores may also be used.

[0061] It is understood that the apparatus and methods
described herein may be included in a semiconductor intel-
lectual property core, such as a microprocessor core (e.g.
expressed as a hardware description language descriptionor a
synthesized netlist) and transformed to hardware in the pro-
duction of integrated circuits. Additionally, the embodiments
of the present invention may be implemented using combi-
nations of hardware and software, including micro-code suit-
able for execution within a processor.

[0062] Theabove embodiments of the present invention are
illustrative and not limitative. Various alternatives and
equivalents are possible. The invention is not limited by the
type of integrated circuit in which the present disclosure may
be disposed. Nor is the invention limited to any specific type
of process technology, e.g., CMOS, Bipolar, BICMOS, or
otherwise, that may be used to manufacture the various
embodiments of the present invention. Other additions, sub-
tractions or modifications are obvious in view of the present
invention and are intended to fall within the scope of the
appended claims.

What is claimed is:

1. A microprocessor comprising:

a plurality of processing cores; and

a cache coherence manager adapted to maintain coherence
between the plurality of processing cores and minimize
latency in performing coherent requests, said cache
coherence manager comprising:

a request unit configured to receive a coherent request
from a first one of the plurality of cores and to selec-
tively issue a speculative request in response;

an intervention unit configured to send an intervention
message associated with the coherent request to the
plurality of cores;

amemory interface unit configured to receive the specu-
lative request and to selectively forward the specula-
tive request to a memory; and

aresponse unit configured to supply data associated with
the coherent request to the first one of the plurality of
cores.
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2. The microprocessor of claim 1 wherein said memory

interface unit comprises first, second and third tables

3. The microprocessor of claim 2 wherein an entry in said

first table represents an index to said second table and wherein
an entry in said second table represents an index to said third
table.

4. The microprocessor of claim 3 wherein an index to said

first table is allocated before a response to the intervention
message is stored in the first table and before the speculative
request is received by the memory interface unit.

5. The microprocessor of claim 4 wherein an index to said

second table is allocated when the speculative request is
stored in the memory interface unit.

6. The microprocessor of claim 5 wherein an index to said

third table is allocated when the speculative request is issued
to the memory.

7. The microprocessor of claim 3 wherein said request unit

comprises:

a fourth table storing a plurality of entries each associated
with a different one of a plurality of pending coherent
requests; and

a logic block configured to compare an address associated
with the received coherent request to the plurality of
addresses stored in the fourth table to determine if there
is an address match, said logic block configured to issue
the speculative request if an address match is not
detected, said request unit further configured to assign
an identifier to the received coherent request, said iden-
tifier representing the index to the first entry in the first
table.

8. The microprocessor of claim 3 wherein said request unit

comprises:

a fourth table storing a plurality of entries each associated
with a different one of a plurality of pending coherent
requests; and

a logic block configured to issue the speculative request
and to subsequently compare an address associated with
the received coherent request to the plurality of
addresses stored in the fourth table to determine if there
is an address match, said logic block configured to can-
cel the speculative request if an address match is
detected, said request unit further configured to assign
an identifier to the received coherent request, said iden-
tifier representing the index to the first entry in the first
table.

9. The microprocessor of claim 2 wherein said request unit

is configured not to issue the speculative request unless a
number of pending speculative requests not having interven-
tion responses is less than a number of possible entries in the
third table.

10. A method of operating a microprocessor, said micro-

processor comprising a plurality of processing cores and a
cache coherence manager configured to maintain coherence
between the plurality of processing cores and minimize
latency in performing coherent requests, the method compris-
ing:

receiving a coherent request from a first one of the plurality
of cores;

selectively issuing a speculative request in response to the
received coherent request;

sending an intervention message associated with the coher-
ent request to the plurality of cores; and

selectively forwarding the speculative request to a
memory.
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11. The method of claim 10 further comprising:
defining an entry in a first table for use as an index to said
second table; and
defining an entry in a second table for use as an index to a
third table; said first, second and third tables being dis-
posed in the cache coherence manager.
12. The method of claim 11 further comprising:
allocating an index to said first table before a response to
the intervention message is stored in the first table and
before the speculative request is stored in a first queue.
13. The method of claim 12 further comprising:
allocating an index to said second table when the specula-
tive request is stored in a second queue.
14. The method of claim 13 further comprising:
allocating an index to said third table when the speculative
request is issued to the memory.
15. The method of claim 14 further comprising:
comparing an address associated with the coherent request
to a plurality of stored addresses to detect if there is an
address match, each stored address being associated
with a different one of a plurality of pending coherent
requests;
issuing the speculative request if an address match is not
detected;
assigning an identifier to the issued speculative request;
and
using said identifier as an index to the first entry stored in
the first table.
16. The method of claim 14 further comprising:
issuing the speculative request;
comparing an address associated with the issued specula-
tive request to a plurality of stored addresses to detect if
there is an address match, each stored address being
associated with a different one of a plurality of pending
coherent requests;
canceling the speculative request if an address match is
detected;
assigning an identifier to the issued speculative request;
and
using said identifier as an index to the first entry stored in
the first table.
17. The method of claim 14 further comprising:
issuing the speculative request only if a number of pending
speculative requests not having intervention responses is
less than a number of possible entries in the third table.
18. A computer readable storage medium including
instructions defining logic blocks of a microprocessor com-
prising a plurality of processing cores and a cache coherence
manager adapted to maintain coherence between the plurality
of processing cores and minimize latency in performing
coherent requests, the computer readable storage medium
adapted for use by an electronic design automation applica-
tion executed by a computer, wherein the logic blocks are
configured to perform an operation comprising:
receiving a coherent request from a first one of the plurality
of cores;
selectively issuing a speculative request in response to the
request received from the first one of the plurality of
cores;
sending an intervention message associated with the coher-
ent request to the plurality of cores; and
selectively forwarding the speculative request to a
memory.
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19. The computer readable storage medium of claim 18
wherein the logic blocks are configured to perform an opera-
tion comprising:

defining an entry in a first table for use as an index to a

second table; and

defining an entry in the second table for use as an index to

a third table, said first, second and third tables being
disposed in the cache coherence manager.
20. The computer readable storage medium of claim 19
wherein the logic blocks are configured to perform an opera-
tion comprising:
allocating an index to said first table before a response to
the intervention message is stored in the first table and
before the speculative request is stored in a first queue;

allocating an index to said second table when the specula-
tive request is stored in a second queue; and

allocating an index to said third table when the speculative

request is issued to the memory.

21. The computer readable storage medium of claim 20
wherein the logic blocks are configured to perform an opera-
tion comprising:

comparing an address associated with the coherent request

to a plurality of stored addresses to detect if there is an
address match, each stored address being associated
with a different one of a plurality of pending coherent
requests;

issuing the speculative request if an address match is not

detected;

assigning an identifier to the issued speculative request;

and

using said identifier as an index to the first entry stored in

the first table.

22. The computer readable storage medium of claim 20
wherein the logic blocks are configured to perform an opera-
tion comprising:

issuing the speculative request;

comparing an address associated with the issued specula-

tive request to a plurality of stored addresses to detect if
there is an address match, each stored address being
associated with a different one of a plurality of pending
coherent requests;

canceling the speculative request if an address match is

detected;

assigning an identifier to the issued speculative request;

and

using said identifier as an index to the first entry stored in

the first table.

23. A microprocessor comprising:

a plurality of processing cores; and

a cache coherence manager adapted to maintain coherence

between the plurality of processing cores and minimize
latency in performing coherent requests, said cache
coherence manager comprising:

a plurality of configurable ports;

a plurality of configurable tables; and

a plurality of configurable queues.

24. The microprocessor of claim 23 wherein said cache
coherence manager is further adapted to selectively issue a
speculative request to a memory and to further issue an inter-
vention message to the plurality of cores in response to a
coherent request, wherein a first one of the plurality of con-
figurable table stores a response to the intervention message
using an index defined by an identifier allocated to the coher-
ent request if the selectively issued speculative request is in a
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first one of the plurality of configurable queues when the
response to the intervention message is received.

25. The microprocessor of claim 24 wherein an entry is
allocated to the coherent request in a second one of the plu-
rality of configurable tables when the selectively issued
speculative request is delivered from the first one of the plu-
rality of configurable queues to a second one of the plurality
of configurable queues, wherein after the allocation of the
entry in the second one of the plurality of configurable tables,
the response to the intervention message is transferred to the
second one of the plurality of configurable tables from the
first one of the plurality of configurable tables.

26. The microprocessor of claim 24 wherein an entry is
allocated in a second one of the plurality of configurable
tables when the selectively issued speculative request is deliv-
ered from the first the one of the plurality of configurable
queues to a second one of the plurality of configurable
queues, wherein the second one of the plurality of config-
urable tables stores the response to the intervention message
if the selectively issued speculative request is in the second
one of the plurality of queues when the response to the inter-
vention message is received.

27. The microprocessor of claim 26 wherein an entry is
allocated in a third one of the plurality of configurable tables
when the selectively issued speculative request is issued to the
memory, wherein the intervention message is copied from the
second one of the plurality of configurable tables to the third
one of the plurality of configurable tables.

28. A method of operating a microprocessor, said micro-
processor comprising a plurality of processing cores and a
cache coherence manager configured to maintain coherence
between the plurality of processing cores and minimize
latency in performing coherent requests, the method compris-
ing:

enabling one or more of a plurality of configurable ports

disposed in the cache coherence manager to be selected
for transferring information to and from the cache coher-
ence manager;

enabling sizes of a plurality of configurable tables disposed

in the cache coherence manager to be defined; and
enabling sizes of a plurality of configurable queues dis-
posed in the cache coherence manager to be defined.

29. The method of claim 28 further comprising:

selectively issuing a speculative request to a memory in
response to a coherent request;

allocating an identifier to the coherent request;

issuing an intervention message to the plurality of cores in
response to the coherent request;

storing a response to the intervention message in a first one
of'the plurality of configurable tables at an index defined
by the identifier if the selectively issued speculative
request is in a first one of the plurality of queues when
the response to the intervention message is received.

30. The method of claim 29 further comprising:

allocating an entry to the coherent request in a second one
of the plurality of configurable tables when the selec-
tively issued speculative request is delivered from the
first the one of the plurality of configurable queues to a
second one of the plurality of configurable queues; and

transferring the response to the intervention message to the
second one of the plurality of configurable tables from
the first one of the plurality of configurable tables.
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31. The method of claim 29 further comprising:

allocating an entry in a second one of the plurality of

configurable tables when the selectively issued specula-
tive request is delivered from the first the one of the
plurality of configurable queues to a second one of the
plurality of configurable queues; and

storing the response to the intervention message in the

second one of the plurality of configurable tables if the
selectively issued speculative request is in the second
one of the plurality of queues when the response to the
intervention message is received.

32. The method of claim 31 further comprising:

allocating an entry in a third one of the plurality of config-

urable tables when the selectively issued speculative
request is issued to the memory; and

copying the intervention message from the second one of

the plurality of configurable tables to the third one of the
plurality of configurable tables.

33. A computer readable storage medium including
instructions defining logic blocks of a microprocessor com-
prising a plurality of processing cores and a cache coherence
manager adapted to maintain coherence between the plurality
of processing cores and minimize latency in performing
coherent requests, the computer readable storage medium
adapted for use by an electronic design automation applica-
tion executed by a computer, wherein the logic blocks are
configured to perform an operation comprising:

enabling one or more of a plurality of configurable ports

disposed in the cache coherence manager to be selected
for transferring information to and from the cache coher-
ence manager;

enabling sizes of a plurality of configurable tables disposed

in the cache coherence manager to be defined; and
enabling sizes of a plurality of configurable queues dis-
posed in the cache coherence manager to be defined.

34. The computer readable storage medium of claim 33
wherein the logic blocks are configured to perform an opera-
tion comprising:

selectively issuing a speculative request to a memory in

response to a coherent request;

allocating an identifier to the coherent request;

issuing an intervention message to the plurality of cores in

response to the coherent request;
storing a response to the intervention message in a first one
of the plurality of configurable tables at an index defined
by the identifier if the selectively issued speculative
request is in a first one of the plurality of queues when
the response to the intervention message is received.
35. The computer readable storage medium of claim 34
wherein the logic blocks are configured to perform an opera-
tion comprising:
allocating an entry to the coherent request in a second one
of the plurality of configurable tables when the selec-
tively issued speculative request is delivered from the
first the one of the plurality of configurable queues to a
second one of the plurality of configurable queues; and

transferring the response to the intervention message to the
second one of the plurality of configurable tables from
the first one of the plurality of configurable tables.

36. The computer readable storage medium of claim 34
wherein the logic blocks are configured to perform an opera-
tion comprising:

allocating an entry in a second one of the plurality of

configurable tables when the selectively issued specula-
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tive request is delivered from the first the one of the
plurality of configurable queues to a second one of the
plurality of configurable queues; and

storing the response to the intervention message in the
second one of the plurality of configurable tables if the
selectively issued speculative request is in the second
one of the plurality of queues when the response to the
intervention message is received.
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37. The method of claim 36 further comprising:

allocating an entry in a third one of the plurality of config-
urable tables when the selectively issued speculative
request is issued to the memory; and

copying the intervention message from the second one of
the plurality of configurable tables to the third one of the
plurality of configurable tables.
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