
PRIMITIVES TO ENHANCE THREAD-LEVEL SPECULATION
Background Technical Field [0001] The present
disclosure relates generally to information processing
systems and, more specifically, to support for
thread-level speculation. Background Art [0002]
Increasingly, multithreading is supported in hardware.
For instance, in one approach, processors in a
multi-processor system, such as a chip multiprocessor
("CMP") system, may each act on one of the multiple
software threads concurrently. In another approach,
referred to as simultaneous multithreading ("SMT"), a
single physical processor is made to appear as
multiple logical processors to operating systems and
user programs. For SMT, multiple software threads can
be active and execute simultaneously on a single
processor without switching. That is, each logical
processor maintains a complete set of the architecture
state, but many other resources of the physical
processor, such as caches, execution units, branch
predictors, control logic and buses are shared. For
SMT, the instructions from multiple software threads
thus execute concurrently on each logical processor.
[0003] For a system that supports concurrent execution
of software threads, such as SMT and/or CMP systems,
an application may be parallelized into multi-threaded
code to exploit the system's concurrent-execution
potential. The threads of a multi-threaded application
may need to communicate and synchronize, and this is
often done through shared memory. Otherwise
single-threaded program may also be parallelized into
multi threaded code by organizing the program into
multiple threads and then concurrently running the
threads, each thread on a separate thread unit. When
certain assumptions regarding dependencies are made
during the parallelization process for an otherwise
single-threaded program, the technique is sometimes
referred to as speculative multithreading. [0004] To
increase the performance of, and/or to make it easier
to write, multi 



threaded programs thread-level speculation can be
used. Thread-level speculation refers to a thread's
performance of a block of instructions speculatively.
That is, the thread executesthe instructions but other
threads are not allowed to see the result of the
instructions until the thread makes a decision to
commit or discard (also known as abort) the work done
speculatively. [0005] Processors can make thread-level
speculation more efficient by providing the ability to
buffer and contain memory updates done as part of a
speculative block of instructions. The memory updates
may be buffered until directed to perform or discard
the speculative memory updates. [0006] One of the
things that a program may want to speculate on is
whether a block of code is dependent on other code
running concurrently on other threads. Processors can
make this more efficient by providing support for
detecting dependencies. For example, a processor may
provide support to detect whether a speculative block
of code reads any memory locations that is
subsequently modified by another concurrent thread.
Brief Description of the Drawings [0007] Embodiments
of the present invention may be understood with
reference to the following drawings in which like
elements are indicated by like numbers. These drawings
are not intended to be limiting but are instead
provided to illustrate selected embodiments of a
systems, methods and mechanisms to provide speculative
multithreading with transactional execution support.
[0008] Fig. 1 is a block diagram presenting a graphic
representation of a general parallel programming
approach. [0009] Fig. 2 is a block diagram
illustrating selected features of a processor
according to at least one embodiment of the present
invention. [00010] Figs. 3, 4 and 5 are flowcharts
illustrating data and control flow for at least one
embodiment of a method for performing speculative
multithreading with transactional execution support.
[00011] Fig. 6 is a data flow diagram illustrating at
least one embodiment of a mechanism to determine that
execution of a transactional block has failed. 



[00012] Fig. 7 is a block diagram illustrating at
least one embodiment of a system capable of performing
disclosed techniques.[00013] Fig. 8 is a block diagram
illustrating at least one embodiment of processor that
includes an address monitor table and an atomic update
table to support transactional execution. Detailed
Description [00014] The following discussion describes
selected embodiments of methods, systems and
mechanisms to provide hardware support for
thread-level speculation. The apparatus, system and
method embodiments described herein may be utilized
with singlecore or multi-core multithreading systems.
In the following description, numerous specific
details such as processor types, multithreading
environments, system configurations, data structures,
and instruction mnemonics and semantics have been set
forth to provide a more thorough understanding of
embodiments of the present invention. It will be
appreciated, however, by one skilled in the art that
the invention may be practiced without such specific
details. Additionally, some well known structures,
circuits, and the like have not been shown in detail
to avoid unnecessarily obscuring the present
invention. [00015] For multi-threaded workloads that
exploit thread-level speculation, at least some, if
not all, of the concurrently executing threads may
share the same memory space. As used herein, the term
"cooperative threads" describes a group of threads
that share the same memory space. Because the
cooperative threads share memory space, they may read
and/or write to the same memory items. Accordingly,
concurrently-executed cooperative threads should be
synchronized with each other in order to do correct,
meaningful work. [00016] Fig. 1 is a block diagram
illustrating, in graphical form, two cooperative
threads 125, 126 that share a common logical view of
memory. Such a shared-memory multiprocessing paradigm
may be used in an approach referred to as parallel
programming. According to this approach, an
application programmer may split a software program,
sometimes referred to as an "application" or
"process," into multiple threads to be run
concurrently in order to express parallelism for the
software program. 



That is, an otherwise single-threaded program, or
"process" 120, may be broken up into two threads 126,
125 that may execute concurrently. [00017] Fig. 1
illustrates that each thread 125, 126 has its own
application and system state 202a, 202b, respectively.
A particular logical view 204 of memory is shared by
thecooperative threads 125, 126 associated with a
particular process 120. Accordingly, for at least one
embodiment, the cooperative threads 125, 126 may each
share the same view of virtual memory that is
constructed by the operating system for the process
120 and may have visibility to each others' virtual
address space. [00018] Fig. 1 illustrates, for
simplicity of discussion, only two threads 125, 126
for a process 120. However, such example illustration
should not be taken to be limiting. The number of
cooperative threads associated with a process 120 may
be more than two. The upper bound on the number of
threads associated with a process 120 may be limited
by an OS program (not shown). [00019] Various
approaches have been devised to deal with
synchronization of memory accesses for cooperative
threads. A common approach for dealing with the
synchronization of cooperative threads is the use of
memory locks. Memory locks may be used to guarantee
that a particular thread has exclusive access to
shared data for a particular section of code. In
traditional multi-threaded algorithms, locks may be
used around any critical section of code that may ever
cause incorrect behavior if multiple threads execute
critical sections concurrently. For such approach, a
thread may acquire the lock, execute its critical
section, and then release the lock. Performance can be
degraded by locks because they can inhibit multiple
threads from running concurrently. Performance can be
further degraded if, "just to be safe", locks are held
more than necessary. That is, locks may often be used
rather pessimistically. [00020] To minimize the
performance impact of locks, multiple different locks
can be used by an application so that locking is done
at a fine level of granularity associated with either
different sections of code or with different blocks of
code. Fine-grain locking may be cumbersome to
implement in code, and may be prone to deadlock when a
single thread must acquire ownership of multiple
locks. 



[00021] For a variety of reasons, concurrent accesses
to a set of shared data structures by multiple threads
within critical sections may, in fact, not conflict
for any specific occurrence. For such cases, the
serialization provided by locks is not necessary in
order to ensure correct execution. Pessimistic use of
locks in such cases may prohibit full realization of
the benefits of parallelism because one thread will
wait for a free lock, and then acquire the lock in a
serialized manner, even if such serialization is not
required to maintain accurate memory values.[00022]
Accordingly, one approach to avoiding unnecessary
serialization is known as Speculative Lock Elision
("SPE"). The SPE approach may reduce the cost of
locks. Such approach is described in "Speculative Lock
Elision: Enabling Highly Concurrent Multithreaded
Execution," Rajwar et al, Proc. 30th ACM/IEEE Int'l.
Symp. on Microarchitecture, 2001. For such approach,
it is recognized that some synchronization
instructions have been used pessimistically and are
not necessary. For SPE, some synchronization
instructions are predicted as unnecessary and are
elided. In cases where two concurrently-executing
critical sections do not touch any of the same memory
locations, then the artificial serialization of locks
is avoided. [00023] As an alternative approach to the
locking and SPE schemes discussed above, transactional
execution has emerged. Under a transactional execution
approach, a block of instructions may be demarcated as
an atomic block and may be executed atomically without
the need for a lock. (As used herein, the terms
"atomic block" and "transactional block" may be used
interchangeably.) Semantics may be provided such that
either the net effects of the each of demarcated
instructions are all seen and committed to the
processor state, or else none of the effects of any of
the demarcated instructions are seen or committed.
This provides an alternative form of synchronization
for accessing shared memory, with a number of benefits
in terms of concurrency and also in the reasoning that
needs to be done by the program writer. [00024]
Speculative Lock Elision and Transaction Execution can
both be achieved with thread-level speculation
support. In both cases, the semantics require a block
of code to be executed speculatively while monitoring
for data dependencies. The required support 



includes some way to buffer memory updates performed
within the speculative region and then commit or
discard the updates. The required support also
includes some way to detect if a memory read within
the speculative region observed a value that was
modified by another thread during the period of
speculation. This requires some way to remember all
the memory addresses read within a speculative region
and monitor them for updates by other threads. [00025]
Speculative Multi-threading is another approach to
multi-threading a program and using thread-level
speculation. For Speculative multi-threading a
sequential program is partitioned into sequential
tasks, or blocks of code, that are then run in
parallel. The tasks are ensured to commit their
updates in order to preserve the original
sequentialsemantics. The tasks also monitor if any
updates by previous tasks change the values they
observed, in which case they need to discard their
speculative updates and redo the work. The hardware
support for this is fundamentally the same
thread-level speculation support discussed above.
[00026] There have been many different proposals on
how to build the hardware support for thread-level
speculation, as well as how to provide the software
interface. Most of these approaches have provided the
same basic functionality through varying interfaces.
Effectively they checkpoint some of the architected
state. Then they continue execution, buffering memory
updates and monitoring memory locations that are read
for foreign writes. [00027] During execution of an
atomic block of a cooperative thread, for at least one
known transactional execution approach, the memory
state created by the thread is speculative because it
is not known whether the atomic block of instructions
will successfully complete execution. That is, a
second cooperative thread might contend for the same
data, and then it is known that the first cooperative
thread cannot be performed atomically. That is, it is
known that there has been a misspeculation regarding
the first and/or second cooperative thread. To provide
for misspeculation, the processor state is not updated
during execution of the instructions of the atomic
block, according to at least some proposed
transactional execution approaches. Instead, processor
state is maintained 



as an undefined intermediate state until the atomic
block completes execution. [00028] For such
approaches, the state of the processor at each
instruction of the atomic block depends on whether or
not the state of the atomic block will ultimately be
committed. Thus, during execution of the atomic block
the intermediate state is 1) a first state if the
state is ultimately be committed (analogous to the
state that would be maintained in a speculative memory
buffer, discussed above) and 2) a second state if the
state is not ultimately committed. [00029]
Accordingly, for some common transactional execution
approaches, the intermediate state for an atomic block
is not defined. This makes certain operations, such as
precise trap-handling and single-step debugging,
infeasible for instructions inside an atomic block.
However, Fig. 2 illustrates at least one embodiment of
a thread execution unit that supports speculative
threading and transactional execution, and that also
providesa precise architected state at the boundary
(such as retirement) of every instruction in an atomic
block. [00030] Fig. 2 is a block diagram illustrating
a multi-threaded processor 200 that provides the
ability to implement transactional execution while
providing precise architected state at the boundary of
every instruction, including instructions within a
transactional block. The processor 200 supports
concurrent execution of more than one thread at a
time. As used herein, the term "thread" includes, at
least, the concept of independent execution of a
stream of instructions that may be executed
concurrently with other threads of a process. The
"thread" term encompasses the idea, therefore, of
execution of a software instruction stream along with
the associated processor state. [00031] For at least
on embodiment, the processor 200 may execute a portion
of an application's code that has been parallelized
through the use of cooperative threads. For example, a
speculative thread, referred to as the spawnee thread,
may run on the processor 200 to execute instructions
that are ahead, in program order, of the code being
executed, on the processor 200, by the thread that
performed the spawn. The thread that performed the
spawn is referred to as the spawner thread. [00032]
Fig. 2 illustrates at least one CMP embodiment, where
each of multiple thread 



units 104 is a processor core, with the multiple cores
104a-104n residing in a single chip package 103. Each
core 104 may be either a single-threaded or
multi-threaded processor. For at least one embodiment,
a CMP core (such as, e.g., 104a) separate from the
core executing the spawner thread (such as, e.g.,
104c) executes the spawnee thread. [00033] For at
least one alternative embodiment, the processor 200
may be a singlecore processor that supports concurrent
multithreading. For such embodiment, each thread unit
104 is a logical processor having its own
next-instruction pointer and fetch logic, although the
same processor core executes all thread instructions.
(The terms "thread unit" and "sequencer" may be used
interchangeably herein). For such embodiment, the
logical processor 104 maintains its own version of the
architecture state, although execution resources of
the single processor core are shared among all
threads. [00034] For such alternative embodiment, the
spawnee thread is executed in a singlecore
simultaneous multithreading system that supports
speculative multithreading. For such embodiment, the
spawnee thread is executed by a second SMT logical
processor(such as, e.g., 104a) on the same physical
processor 200 as the spawner thread, while the spawner
thread is executed by another SMT logical processor
(such as, e.g., 104n). One skilled in the art will
recognize that the transactional execution embodiments
discussed herein may be utilized in any multithreading
approach, including SMT, CMP multithreading or other
multiprocessor multithreading, or any other known
multithreading approach. [00035] While the CMP
embodiments of processor 200 discussed herein refer to
only a single thread per processor core 104, it should
not be assumed that the disclosures herein are limited
to single-threaded processors. The techniques
discussed herein may be employed in any CMP system,
including those that include multiple multi-threaded
processor cores in a single chip package 103. [00036]
Accordingly, Fig. 2 illustrates that the processor 200
includes two or more thread units 104a - 104n. For
purposes of discussion, the number of thread units is
referred to as "N." The optional nature of thread
units 104 in excess of two such thread units is
denoted by dotted lines and ellipses in Fig. 2. That
is, Fig. 2 illustrates N > 2. For 



simplicity of discussion, a CMP embodiment is
discussed in further detail herein. That is, each
thread unit 104 may be representative of 32-bit and/or
64-bit processors such as Pentium(r), Pentium(r) Pro,
Pentium(r) II, Pentium(r) III, Pentium(r) 4, and
Itanium(r) and Itanium(r) 2 microprocessors. Such
partial listing should not, however, be taken to be
limiting. [00037] The embodiment of a processor 200
illustrated in Fig. 2 is designed to provide certain
semantics in support of speculative multithreading.
(Each is discussed in further detail below). While
certain specific implementations of such features are
discussed below, it should be understood that such
implementation details are provided for purposes of
example only and should not be taken to be limiting.
[00038] First, the processor 200 provides some way to
demarcate the beginning and end of a set of
instructions (referred to interchangeably herein as an
"atomic block" or "transactional block" ) that
includes a memory operation for shared data. [00039]
Second, the processor 200 includes hardware that
monitors load (memory read) addresses in order to
detect contention among cooperative threads.[00040]
Third, the processor 200 includes hardware (a "store
buffer") to buffer store (memory write) operations.
[00041] Fourth, the processor 200 is designed to
perform atomic updates of memory from the store buffer
(if no contention is perceived during execution of the
atomic block). [00042] Finally, the processor 200 is
designed to discard the memory updates of the store
buffer and to signal a failure if contention is
detected during execution of the atomic block. Such
general capabilities are provided by at least one
embodiment of the processor 200. [00043] Regarding the
demarcation of an atomic block, the processor 200 may
provide such support in any of several manners. For at
least one embodiment, a programmer may indicate that a
read or write instruction is part of an atomic block
by setting particular bits in the instruction opcode
itself. For example, an "atomic" indicator may be part
of the instruction opcode, or may be indicated by a
particular prefix for the load or store instructions. 



[00044] For at least one other embodiment, an
instruction set supported by the processor 200 may
include explicit architectural demarcation
instructions. That is, the instruction set for the
processor 200 may include a "begin monitor"
instruction that may be placed by the programmer at
the beginning of the atomic block. Similarly, the
instruction set for the processor 200 may also include
a "stop monitor" instruction that may be placed by the
programmer after the last instruction of the atomic
block. For at least one embodiment, a single
instruction may be used to manipulate a control
register to perform both the "begin monitor" and "stop
monitor" instructions. Further discussion for at least
one embodiment of such instruction and control
register are set forth below in connection with Fig.
7. [00045] As is stated above, an embodiment of a
processor 200 that supports speculative multithreading
and transactional execution may provide hardware-based
monitoring of load (memory read) addresses in order to
detect contention among cooperative threads. Fig. 2
illustrates that each thread unit 104 may include a
table 106 to store one or more addresses to be
monitored for external updates. Such table 106 may be
referred to as an address monitor table ("AMT"). The
logical concept of the AMT 106may be architecturally
defined for the thread unit 104 but does necessarily
need to be implemented as a discrete hardware table
structure. [00046] The AMT 106 may be useful because,
as is stated above, the potential dependencies and/or
shared data contention within an atomic block may be
ambiguous. If the programmer had known that another
thread would try to write to an address used in the
atomic block, during execution of the atomic block,
the programmer would presumably not have tried to read
the location during concurrent execution. In other
words, if the programmer had known that the
contention/dependency existed in the original program,
an attempt to parallelize the code in this manner
would not have been made; the code would have been
permitted to execute the contentious instructions
sequentially, as originally written. The AMT 106 thus
may be useful in identifying misspeculations. [00047]
In addition, Fig. 2 illustrates that each thread unit
104 may also include a table 108 to buffer memory
updates that may be performed later, if it is
determined that 



the thread performing the updates was not
misspeculated. Such table 108 may be referred to as an
atomic update table ("AUT"). (For an SMT embodiment, a
single AMT 106 and AUT 108 may be shared among logical
processors, with different portions of the tables
being allocated to each logical processor). The AUT
108 may buffer memory writes performed during an
atomic block. Such approach avoids making other
threads utilize the intermediate state of the atomic
block. [00048] When it is finally determined whether
or not the atomic block has been able to complete
execution without unresolved dependencies or
contention with another thread, then the memory
updates buffered in the AUT 108 may be performed
atomically. If, however, the transaction fails (that
is, if the atomic block is unable to complete
execution due to contention or unresolved data
dependence), then the AUT 108 may be cleared and the
buffered updates are not performed. In this manner,
already-performed memory writes need not be unrolled
responsive to a determination that a misspeculation
has occurred. [00049] At least one embodiment of the
processor 200 illustrated in Fig. 2 provides a precise
architected state at the boundary (such as retirement)
of every instruction in an atomic block in the
following manner. Certain user-controllable state in
the processor 200 may be set to indicate that a
transaction failure should not occur if a trap or
exception occurs during execution of the instructions
of an atomic block. Instead, the contents of the AMT
106 and AUT 108 are preserved while the exception/trap
is handled. After suchhandling, execution of the
atomic block may continue. In this manner, a precise
state is maintained so that execution of the atomic
block may be resumed after the trap or exception is
handled [00050] Although the AMT 106 and AUT 108 are
illustrated as discrete blocks in Fig. 2, such
illustration is meant to convey that such tables are
logically distinct structures. Although such tables
106, 108 may be architecturally explicit, their
specific organization and physical structure is a
matter of design choice and the exact manner of
physical implementation should not be taken to be
limited to any particular structure or organization.
Generally, the information of the AMT 106 and AUT 108
may be maintained in any storage area. For example,
the logical "tables" 106, 108 may be a 



collection of bits or may be extensions to other
existing hardware structures. [00051] Regarding of the
specific manner of implementing the AMT 106 and AUT
108, the tables 106, 108 may be generally implemented
in one or more physical storage area(s) as a finite
logical construct. The finite nature of the tables
106, 108 necessarily restricts the number of
instructions that can be successfully executed as a
transaction. Accordingly, one or more memory tables in
a backstore 160 may be used to extend the size of the
AMT 106 and/or AUT 108. [00052] Fig. 2 illustrates
that at least one embodiment of the processor 200 may
be coupled to a memory 150, where a portion of the
memory 150 may be utilized by software to maintain a
backstore 160 for the AMT 106 and/or the AUT 108.
Software may control spilling of overflow entries from
the tables 106, 108 to the backstore 160. [00053] For
at least one embodiment, the AMT 106 may be
implemented as a structure that is parallel to a load
buffer. Similarly, the AUT 108 may be implemented as a
structure that is parallel to a store buffer. One
possible configuration for such embodiment is
illustrated in Fig. 8. [00054] Fig. 8 is a block
diagram illustrating in further detail at least one
embodiment of a processor 1004 that includes an AMT
106 and AUT 108 as well as including load request
buffers 440 and store request buffers 450. One or more
of the AMT 106, AUT 108, store request buffers 440
and/or load request buffers 450 may be part of a
memory ordering buffer (MOB) 223. The processor 1004
may also include a decoder 1022, to receive and decode
instructions of an instruction set. The decoder 1022
may becapable of receiving and decoding instructions;
the instructions to be decoded by the decoder 1022 may
include one or more instructions to perform the
operations described below in connection with Table 1.
[00055] Fig. 8 illustrates a processor 1004 that
implements a non-blocking cache memory subsystem (the
cache memory subsystem will sometimes be referred to
herein by the shorthand terminology "cache system").
The cache system includes an LOcache 460 and an Ll
cache 410. For at least one embodiment, the LO cache
460 and Ll cache 410 are on-die caches. The processor
1004 may also retrieve data from a main memory 102. 



The main memory 102, Ll cache 410, and LO cache 460
together form a memory hierarchy 240. [00056] The
memory order buffer ("MOB") 223 may temporarily hold
the state of outstanding load and store instructions
from dispatch to completion. For at least one
embodiment, this state information for store
instructions may be maintained in store request
buffers 450 and this state information for load
instructions may be maintained in load request buffers
440. [00057] For at least one embodiment, tracking of
load instructions may optionally be handled via the
AMT 106, which may be utilized along with load request
buffers 440 during transactional execution. [00058]
For at least one embodiment, the state information for
outstanding store instructions may be maintained in
store request buffers 450 for normal operation or,
instead, may be maintained in the AUT 108 during
transactional execution. [00059] Fig. 8 illustrates
that each store buffer entry 450a - 45On may include a
control portion 515. Although logically associated
with each other as illustrated in Fig. 8, one skilled
in the art will recognize that the control portion 515
and the data portion 480 of a store request buffer
entry 450a-450n need not necessarily physically reside
in contiguous storage areas of a storage device, nor
even reside in the same storage device. For instance,
Fig. 8 illustrates that the control portion 515 of the
store buffers 450 may be included in the MOB 223 while
the data portion 480 may reside in an on-die cache
410. [00060] For at least one embodiment, the MOB 223
includes control logic 475. Control logic 475 includes
selection logic 236 to determine whether store data
should be buffered in store request buffers 450 or in
the AUT 108. For at least one embodiment, theselection
logic 236 may direct that a store should be recorded
in only one of the store request buffers 450 or the
AUT 108. That is, determination of where to hold store
data may be an "exclusive-OR" operation. The selection
logic 236 may indicate that, when atomic execution is
not being performed, store state may be buffered in
the store request buffers 450. However, during atomic
execution, the selection logic 236 may instead cause
the store state to be buffered in the AUT 108. 



[00061] For at least one embodiment, the selection
logic 236 is also to determine whether the memory
address for load data, which has been read from
memory, should be entered into the AMT 106. Such entry
may be made, during atomic execution, along with the
normal operation of pulling memory read data into the
load request buffers 440. That is, determination of
whether to monitor load addresses in the AMT 106 may
be a selective operation, such that monitoring is
performed in addition to normal load request buffer
440 operation. [00062] The use of the AMT 106 and AUT
108 allows speculative multithreading of code that
would otherwise be hard to parallelize because of
ambiguous data dependencies or data contention.
Through the use of the logical address monitor table
106 and the logical address update table 108, the
processor 200 may detect that certain potential data
dependencies or contention, which appear ambiguous
before execution, may indeed exist between threads
during execution. As is explained above, the tables
106, 108 thus support monitoring of load (memory read)
operations and buffering of store (memory write)
operations, respectively. [00063] Fig. 3 is a flow
diagram illustrating data and control flow for at
least one embodiment of a method 300 for performing
speculative multithreading with transactional
execution support using the AMT 106 and AUT 108.
Generally, the method 300 executes instructions of an
atomic block but buffers updates to memory. Also, the
method 300 generally provides for monitoring memory
addresses that are read during execution of the atomic
block, in order to determine if another thread
attempts to perform a write to the same address. If
so, there is contention for that memory address during
the execution of the atomic block, and transactional
execution of the block fails due to the contention for
the memory address. [00064] Fig. 3 illustrates that
the method 300 begins at block 302. It is assumed that
the method 300 is performed on a block that has been
demarcated as a transactional block.As is mentioned
above, it is therefore assumed for at least one
embodiment that a "begin monitor" instruction has been
executed prior to beginning the method 300. For such
embodiment, it is also assumed that execution of a
"stop monitor" instruction will cause 



the determination at block 314 to evaluate to a false
value. [00065] Alternatively, the demarcation may be
denoted by marking each load and store instruction
within the atomic block with a prefix, opcode field,
or other individualized indicator that the instruction
is to be performed as part of an atomic block. For
such embodiment, the optional blocks 308 and 312
(denoted as optional by the use of broken lines), are
performed to determine whether the instruction is part
of an atomic block. [00066] It is assumed that, for at
least one embodiment, the method 300 is performed by a
thread execution unit (see, e.g., 104 of Fig. 2) of a
processor that includes an AMT 106 and an AUT 108 (see
Fig. 2). Accordingly, it will be understood by one of
skill in the art that the determination of whether an
instruction is part of an atomic block is also an
indication that any memory writes performed during
normal execution of the demarcated instructions should
be buffered in the 108 and that the address for any
memory reads performed during normal execution of the
demarcated instructions should be maintained in the
AMT 106. [00067] Fig. 3 illustrates that, at any time
during execution of the atomic block according to the
method 300 shown, a trap, exception or interrupt may
be taken. If such event is taken, precise architected
state may be maintained. In other words, the contents
of the AMT 106 and AUT may be maintained during the
handling of the exception/interrupt/trap event. Such
event is not treated as a condition that causes a
failure. Instead, execution of the atomic block
according to the method 300 illustrated in Fig. 3 may
be resumed when after handling of the event. Fig. 3
illustrates at block 390 that such an event is not a
failure condition for at least one embodiment of the
method 300. [00068] Fig. 3 illustrates that processing
for the method 300 proceeds from block 302 to block
304. At block 304, the next instruction of a thread is
fetched and decoded. Processing then proceeds to block
306. At block 306, it is determined whether the
instruction fetched and decoded at bock 304 is a
memory read instruction (such as, forexample, a load
instruction). If so, then processing proceeds to
optional block 308. 



Otherwise, processing proceeds to block 310. [00069]
Optional block 308 determines whether the instruction
is part of an atomic block. The manner of such
determination may differ across various
implementations. For an implementation that does not
embed such information in the memory write instruction
itself, but instead uses a "begin monitor"
instruction, such determination 308 need not be
performed for each memory read instruction. Instead,
it is assumed that a "being monitor" instruction has
been executed prior to beginning execution of the
method 300 at block 302 and that the method 300 is
aware of this during execution. For at least one
embodiment, for example, such information may be
maintained in a control register, such as the
transaction control register ("TCR") discussed below.
For such embodiments, processing proceeds from block
306 to connector "A", and does not perform optional
block 308. The processing associated with connector
"A" is described in further detail in connection with
Fig. 4. [00070] At block 310, it is determined whether
the instruction fetched and decoded at bock 304 is a
memory write instruction (such as, for example, a
store instruction). If so, then processing proceeds to
optional block 312. Otherwise, processing proceeds to
block 3 11. [00071] Optional block 312 determines
whether a memory write instruction is part of an
atomic block. Again, the manner of such determination
may differ across various implementation embodiments.
For an implementation that does not embed such
information in the memory write instruction itself,
but instead uses a "begin monitor" instruction, such
determination 312 need not be performed for each
memory write instruction. Instead, as is explained
above, it is assumed that a "being monitor"
instruction has been executed prior to beginning
execution of the method 300. Again, such information
may be stored in a control register. For such
embodiments, processing proceeds from block 310 to
connector "B", and does not perform optional block
312. The processing associated with connector "B" is
described in further detail in connection with Fig. 5.



[00072] If the current instruction that has been
fetched at block 304 is neither a memory read
instruction nor a memory write instruction, processing
falls through to block 311. The instruction is
executed at block 311. Processing then proceeds to
block 314.[00073] Block 314 is performed for
embodiments that utilize a "begin monitor" and "stop
monitor" instruction. For such embodiments, the
determination at block 314 evaluates to "false" if no
"stop monitor" instruction has been encountered.
[00074] Block 314 is also performed for embodiments
that do not utilize a "begin monitor" demarcation
instruction and that instead associate an atomic block
indicator with individual memory instructions. For
such embodiments, the determination at block 314
determines whether some kind of termination indicator
has been reached. For at least one embodiment, the
termination indicator may be an instruction, or opcode
bits or prefix for an instruction, that indicate that
the buffered updates in the AUT (see 108, Fig. 2)
should be committed to memory. For such embodiment,
the determination at block 314 evaluates to "true" if
the termination indicator has not been encountered.
[00075] Processing loops back to block 304 in order to
fetch the next instruction if the determination at
block 314 evaluates to "true." Otherwise, processing
may end at block 318 or may optionally proceed to
block 316. [00076] If the method 300 reaches block 316
without suffering a transaction failure interrupt, the
atomic block has successfully completed execution
without contention. Accordingly, the memory updates
that have been buffered during execution of the atomic
block may be committed 316 to memory. At block 316,
the buffered memory updates from the AUT 108 are thus
committed to memory atomically. The entries of the AUT
108 may then be cleared. The atomic update that
commits the entries of the AUT 108 to memory at block
316 may be performed responsive to an instruction
(placed, for example, by the programmer after the last
instruction of the atomic block). An example
embodiment of such instruction, a speculative
execution commit instruction, is discussed in greater
detail below in connection with Table 1. [00077] For
at least one embodiment, other actions may also be
performed at block 316. For example, actions may be
taken to disable, now that the atomic block has 



completed execution, updating of the AMT 106 for
subsequent memory reads. Buffering of subsequent
memory writes in the AUT table 108 may also be
disabled at block 316. Processing for the method 300
then ends at block 318. [00078] Fig. 4 is a block
diagram illustrating at least one embodiment of
processing "A" that is performed if the determination
at block 306 (and optional block 308, whenappropriate)
of Fig. 3 indicates that the current instruction is a
memory read instruction of an atomic block. For such
case, processing proceeds to block 402. At block 402,
the instruction is executed in order to read the
indicated memory address. Processing then proceeds to
block 404. [00079] At block 404, the indicated memory
address is added to the address monitor table ("AMT")
106. Again, it should be noted that the AMT 106 is a
logical construct. For example, at block 404, instead
of actually modifying an entry of an AMT table to
include the designated memory address, the processing
of block 404 may be handled differently for different
embodiments. As just one example, a status bit
associated with an on-chip data cache may be toggled
to indicate that a memory address in the cache line is
to be monitored for foreign writes. After the AMT 106
is updated at block 404, processing returns to block
314 of Fig. 3. [00080] Fig. 5 is a block diagram
illustrating at least one embodiment of processing "B"
that is performed if the determination at block 310
(and optional block 312, when appropriate) of Fig. 3
indicates that the current instruction is a memory
write instruction of an atomic block. For such case,
processing proceeds to block 502. At block 502, the
memory write instruction is executed. However, the
memory write instruction updates an entry of the AUT
108 rather than updating memory. In this manner,
memory writes performed during an atomic block are
buffered in the AUT 108. [00081] Again, the AUT 108 is
a logical construct and may be implemented in hardware
in various manners. For at least one example
embodiment, for instance, the AUT 108 may be
implemented as a gated store queue. After the AUT 108
is updated at block 502, processing then proceeds to
block 3 14 of Fig. 3. [00082] The discussion above
illustrates that the use of the AMT 106 and AUT 108, 



along with some form of demarcation for atomic blocks,
supports hardware thread speculation. In addition,
certain instructions and state may also be integrated
into such a scheme. Together, such elements may allow
efficient execution of speculative threads to enable a
broad range of speculative threading models. [00083]
Fig. 7 is a block diagram illustrating at least one
embodiment of a thread unit 904 that includes the
logical AMT 106 and AUT 108 tables, as well as certain
transactional execution state 950. In addition, the
thread unit 904 may be capable ofexecuting certain
instructions such that transactional execution of an
atomic block may be supported in a manner that
provides precise state at the boundary of each
instruction of the atomic block. [00084] The
transaction state 950 illustrated in Fig. 7 is
optional, as denoted by broken lines. That is, the
state may be maintained in memory, via message-passing
through a specified memory address, rather than being
maintained as hardware state in the execution core
930. For at least one embodiment, however, the
transaction state 950 is maintained in one or more
hardware registers. [00085] For at least one
embodiment, registers to maintain the transaction
state 950 include a transaction control register 951
(referred to herein as "TCR") and a transaction status
register 952 (referred to herein as "TSR"). The
transaction control register controls updates to the
AMT 106 and AUT 108. The transaction status register
may report the state of the AMT and AUT and may also
indicate transaction failure. [00086] The transaction
control register 95 1may include various bits that,
when set, cause various types of behavior related to
the AMT and AUT tables 106, 108. The transaction
control register 951 may control whether memory
updates are buffered and whether memory references are
monitored for dependency checking. For example, the
transaction control register may include one or more
bits to denote each of the following behaviors:  Force
reset of the AUT  Force reset of the AMT  Direct
update of the AMT 



Direct buffering of memory writes (updates to the AUT)
For at least one embodiment, multiple behaviors may be
indicated by a single bit. For example, a single bit
in the transaction control register 951 may denote
that both the AUT and AMT should be reset. [00087] For
one specific embodiment, the transaction control
register 951 ("TCR") includes fields that may,
depending on the value stored in a field at any given
time, determine the behavior of the AMT and AUT and/or
may affect the execution of each instruction. Of
course, other embodiments may utilize more or less
bits. For anembodiment of the transaction control
register 951, the fields may be defined as follows.
Specific bit numbers are provided for illustrative
purposes only and should not be taken to be limiting.
For an embodiment that implements the bit fields
described below in a register that is of any arbitrary
length, additional fields not described below may be
"reserved". Such reserved bits may be implemented as
write ignore, read zero. [00088] TCR Reset Bits. Two
one-bit fields of the TCR 951may be write-only bits
that are used to reset and clear the AMT and the AUT:
[00089] AMT clear bit (TCR bit 0, write-only) :
controls the resetting of the AMT. If a ' 1' is
written to this bit position the AMT is cleared so
that there are no valid entries. The AMT clear bit
reads as zero. [00090] AUT clear bit (TRC bit 1,
write-only): controls the resetting of the AUT. If a '
1' is written to this bit position the buffered
speculative memory updates are discarded. The AUT
clear bit reads as zero. [00091] TCR Update Bits. Two
one-bit fields of the TCR 95 1may be used to control
the behavior of instruction execution with respect to
updating the AMT or AUT: [00092] AMT update bit (TRC
bit 2): controls the updating of the AMT. If the AMT
update bit is set (value of ' 1') then the AMT is
updated for every memory location read by an
instruction. If it is not set (value of '0') the AMT
is not updated when an instruction is executed.
Software can toggle the state of this bit to enable
mixing monitored and unmonitored memory references. If
the AMT update bit is set and the transaction has
failed (see status bits) the AMT 



need not be updated. [00093] AUT update bit (TRC bit
3): controls the buffering of memory updates at
ring-level 3 (user mode). If the AUT update bit is set
(value of ' 1') then memory updates done at ring-level
3 by instructions are buffered and not performed to
memory until a transaction commit operation. If the
bit is not set (value of O') then memory updates by
instructions are not buffered and are directly
performed to memory as usual. If the AUT updates bit
is set and the transaction has failed (see status
bits) the memory updates done at ring-level 3 need not
be buffered and can be simply discarded.[00094]
Optional TCR bits. Alternative implementations may
provide for one or more of the following fields to be
defined in the TCR: [00095] AUT No bypass bit (TCR bit
6): causes memory reads by instructions to see the
value of that memory location without checking the AUT
for read-afterwrite bypassing as would normally be
performed when the AUT is enabled. If the bit is not
supported in an implementation then an attempt to set
the bit (write the value ' 1') causes the mode not
supported bit to be set in the Transaction Status
Register; this forces the failure of the active
transaction. [00096] AUT update in handler (TCR bit
7): effects memory updates at ring-levels lower than
3. If the AUT enable bit and this bit are both set
(value of ' 1') then memory updates at any ring-level
will be buffered in the AUT. Updates to this bit at
ring-level 3 are ignored (value is unchanged). This
bit may be automatically cleared to zero on the
transition from ring-level 3 to a lower ring-level (on
a trap/exception/interrupt). If this bit is not
implemented then an attempt to update it at ring-level
less than 3 may cause the trap force failure bit to be
set in the Transaction Status Register; this may force
the failure of the active transaction. [00097] The
transaction status register 952 may include one or
more bits to reflect certain status states related to
execution of an atomic block. The contents of the
transaction status register 952 may indicate the
status of a transaction and may indicate a 



transaction failure. For example, the transaction
status register 952 may include one or more bits to
denote the following status states:  Whether a
transaction failure has occurred  Reason for a
transaction failure (if one has occurred). Values for
this field may include overflow, collision, etc.  AMT
state. Values for this field may include full, not
full, empty, not empty, or the like  AUT state. Values
for this field may include full, not full, empty, not
empty, or the like  Whether a trap has been taken
during execution of an atomic block Whether a trap has
caused a transaction failure [00098] For one specific
embodiment, the transaction status register 952
("TSR") is a read-only register that includes fields
that may, depending on the value stored in a field at
any given time, may provide status information about
the state of the AMT, AUT and the current transaction
in general. Of course, other embodiments may utilize
more or less bits. For an embodiment of the
transaction status register 952, the fields may be
defined as follows. Specific bit numbers are provided
for illustrative purposes only and should not be taken
to be limiting. For an embodiment that implements the
bit fields described below in a register that is of an
arbitrary size, additional fields not described below
may be "reserved". Such reserved bits may be
implemented as write ignore, read zero. [00099] For at
least one embodiment, the first bit of the TSR 952
indicates if the current transaction has failed. The
next 4 bits are informational bits about the state of
the AMT and AUT. The sixth bit indicates that a
trap/exception/interrupt occurred while there was an
active transaction (the AMT and/or the AUT is
non-empty). The final set of bits may be used to
indicate that the current transaction has failed and
provide information as to why. [000100] Each of the
bits of the TSR may be set by the hardware in specific
situations. Each bit can be affected by one or more
events. If multiple events occur simultaneously,
events that clear a bit may have precedence over
events that set bits. 



[000101] Transaction Fail Bit. The first bit of the
Transaction Status Register is set if the current
transaction has failed (any of the last eight status
bits, bits 6 through 13, are set). [000102]
Transaction Fail Bit (TSR bit 0): indicates that the
current transaction has failed. If this bit is set
then at least one of the bits 6 through 13 are also
set to indicate the cause of failure. [000103]
Information Bits. The next 4 bits of the TSR are
informational bits about the status of the AMT and
AUT. A transaction is considered active if either the
AUT or the AMT, or both, are non-empty; this is
indicated by the non-empty bits defined below. The
bits are: [000104] AMT non-empty bit (TSR bit 1):
indicates that the AMT has at least one valid
entry.[000105] AMT full bit (TSR bit 2): indicates
that the AMT is full or nearly full (the precise
definition is implementation dependent). This bit
indicates that subsequent updates to the AMT will
likely cause the structure to overflow (if it has not
already overflowed). [000106] AUT non-empty bit (TSR
bit 3): indicates that the AUT has at least one
buffered memory update. [000107] AUT full bit (TSR bit
4): indicates that the AUT is full or nearly full (the
precise definition is implementation dependent). This
bit indicates that subsequent updates to the AUT will
likely cause the structure to overflow (if it has not
already overflowed). [000108] Trap Bit. The 5th bit of
the TSR 952 may be used as a Trap bit to indicate that
a trap/exception/interrupt has occurred when the AMT
106 or AUT 108 is non-empty. This bit can be cleared
by a transaction clear trap bit instruction (see,
e.g., the TRNXOK instruction in Table 1, below). If
this bit is still set when a trap handler returns or
when a subsequent trap/exception/interrupt occurs, it
may result in the Trap Force Fail bit being set and
the transaction failing: [000109] Trap bit (TSR bit
5): may be automatically set by hardware on a 



trap/exception/interrupt if either the AMT or AUT is
non-empty. The bit may not be set for user-level
handlers. Transaction-aware handlers that know they
are transaction-safe may clear this bit on entry to
the handler with the transaction clear trap bit
instruction (see, e.g., the TRNXOK instruction in
Table 1, below). In this manner, a trap or exception
may be handled as a nonfailure condition, such that
execution of an atomic block that was being performed
when the trap/exception/interrupt was taken may be
resumed after handling the event. [000110] Transaction
Failure Bits. The next 8 bits of the TSR 108 may used
as fields to indicate that a transaction has failed.
If there is a transaction active (either or both AUT
106 and AMT 108 are non-empty) and any of the
following 8 bits become set, then a transaction is
considered to have failed: [000111] AMT overflow bit
(TSR bit 6): indicates that the AMT has overflowed and
at least one memory location read by the transaction
has not been logged in the AMT formonitoring. [000112]
AMT coherency collision bit (TSR bit 7): indicates
that the AMT has had a collision, or possible
collision (conservative approximations are allowed),
between an entry and a foreign update to memory.
[000113] AUT overflow bit (TSR bit 8) : indicates that
the AUT has overflowed and at least one memory update
that was supposed to be buffered has been dropped.
[000114] AUT coherency collision bit (TSR bit 9):
indicates that the AUT has observed a coherency event
that will not allow it to complete the buffered
updates. [000115] AUT buffer bypass not allowed bit
(TSR bit 10): this bit may be set by hardware if the
AUT update bit is cleared while the AUT is enabled and
non empty, if the processor does not support direct
memory updates bypassing buffered updates in the AUT.
[000116] AUT failed RAW bit (TSR bit 11): indicates
that a load performed may have seen an inconsistent
value because it failed to get a value bypassed from 



the AUT to provide correct read-after-write semantics
or there was ambiguity with respect to updates in the
AUT and the correct value of the load could not be
determined. If there is ambiguity the value returned
for the load will be the value from memory and not a
value from the AUT. [000117] Trap Force Failure bit
(TSR bit 12): indicates that a failure has been forced
by a trap/exception/interrupt while the AMT or the AUT
was non-empty. This indicates that some action by the
act of transitioning to a lower ring-level or by an
action within a lower ring-level caused the active
transaction to be failed. This bit can be set because
the AUT was not empty and the processor does not
support memory updates bypassing buffered updates.
This bit may also be set by hardware when a
trap/exception/interrupt occurs, or a return from
trap/exception/interrupt occurs, and the Trap bit (TSR
bit 5) is currently set. [000118] Unsupported Mode bit
(TSR bit 13): is automatically set by hardware if a
write to the Transaction Control Register attempts to
put the processor in a mode that is not
supported.[000119] All TSR 952 status bits associated
with the AMT 106 may be automatically cleared to zero
when the AMT 106 is cleared. Such clearing may occur,
for example, responsive to a write of 1' to the AMT
clear bit of the TCR 951 or by a transaction commit
instruction. [000120] Similarly, all TSR 952 status
bits associated with the AUT 108 may be automatically
cleared to zero when the AUT 108 is cleared. Such
clearing may occur, for example, responsive to a write
of ' 1' to the AUT clear bit of the TCR 951 or by a
transaction commit instruction. [000121] All the
remaining bits of the TSR 951 (i.e., those not
directly associated with the AMT 106 or AUT 108) may
be automatically cleared to zero when both the AMT 106
and AUT 108 are cleared simultaneously or when either
the AMT 106 or AUT 108 are cleared and the other
structure is empty. The clearing can be done by a
write to the AMT 106 clear bit and/or the AUT 108
clear bit of the TCR 951 or by a transaction commit 



instruction. [000122] Fig. 7 illustrates that a user
program 960 stored in a memory system 902 may include
instructions that are useful in implementing any of
several multithreading paradigms. Using such
instructions, for example, a programmer may implement
transactional execution, SPE, lock elision, and/or
other multi-threaded programming paradigms. [000123]
Fig. 7 illustrates, via broken lines, that the use of
any or all such instructions are optional. A thread
unit 904 according to at least one embodiment of the
present invention may decode and execute one or more
of the instructions, or "primitives", described below
in Table 1. Generally, the instructions may include
one or more of the following: an instruction to write
the transaction control register, an instruction to
trigger the committing of buffered memory updates, an
instruction to read the transaction status register,
and/or an instruction to clear one of the transaction
status register bits associated with
trap/exception/interrupt handling. Of course,
alternative embodiments may use more or fewer
instructions than those shown in Table 1, in order to
implement the functionality described. [000124] Table
1[000125] The TRNXSET instruction writes, for at least
one embodiment, values into the transaction control
register (TCR) 951. Execution of the TRNXSET
instruction may cause a transaction to start, or to
fail. The instruction may also be used to temporarily
disable monitoring of memory read (load) addresses.
[000126] The TRNXSET instruction can be used to
demarcate the beginning of transactions by setting
bits in the TCR 951 that will cause clearing the AMT
106 and AUT 108, and by setting bits in the TCR 951
that will cause updating and checking of the tables
106, 108 based on memory instructions in the atomic
block. The value written into the TCR 951 as a result
of execution of the TRNXSET instruction may be based
on a value in a source register. A portion of the bits
of the source register may be used as the value to be
written into the TCR. Another portion of the bits of
the source register may be used as a preserve mask
(inverse of an update mask). Each bit with a value of
zero in the preserve 



mask has the value in the TCR updated with the value
from the update value, while each bit with a value of
one in the preserve mask has the value in the TCR
preserved as its previous value. The TRNXSET
instruction can be executed at any privilege level
(but it is assumed it will commonly only be used at
CPL3 or in specific trap handlers that are
transaction-aware) . [000127] The TRNXSET instruction
can also be used to turn off address monitoring (turn
off AMT updating) within a transaction, and later to
turn back on monitoring, to allow specific memory
addresses to be accessed without having the AMT
monitor theaddress. This is important for implementing
speculative multi-threading (multiscalar) execution so
that the concept of the head token can be passed into
a speculative block without leading to the block's
failure. [000128] The TRNXSET instruction can also be
used to force the failure of a transaction by clearing
the AMT and AUT and setting the TCR 951 to "disabled"
and "no update". [000129] For at least one embodiment,
execution of the TRNXCMT instruction may cause the
processor 904 to check the value of the transaction
status register 952 (TSR). If the transaction fail bit
is not set, then execution of the TRNXCMT instruction
may cause the processor 904 to attempt to perform
buffered memory updates from the AUT 108 to memory 902
such that they appear to be performed atomically.
[000130] Execution of the TRNXCMT instruction may
cause the processor 904 to clear the AMT 106 and the
AUT 108. Such execution may also clear the Transaction
Control register TCR 951 to a value of all zeros. The
TRNXCMT instruction may return in the source register
a value to indicate if it successfully performed the
buffered updates from the AUT 108. If the updates
could not be performed, and the updates were instead
discarded, then the processor 904 may update the
source register with a value of zero. If the updates
were performed, then the processor 904 may update the
source register with a non-zero value. If the AUT 108
is empty, the commit may be considered successful, for
at least one embodiment, and a non-zero value may be
returned in the source register. [000131] Execution of
the TRNXRD instruction may cause the processor 904 to
read 



the value of the transaction control register (TCR)
951 and the transaction status register (TSR) 952 into
a destination register. For at least one embodiment,
the value of the transaction control register 951 is
shifted left by some fixed amount and ORed with the
value of the transaction status register 951 to
generate a value that is written into the destination
register. [000132] For at least one embodiment,
execution of the TRNXOK instruction causes the
processor 904 to write a value of zero to the
Transaction Trap Bit (bit 5) of the Transaction Status
Register. When the transaction trap bit is set, a trap
handler may avoid forcing an error if a trap is taken
during execution of an atomic block.[000133] That is,
a programmer may, by using the TRNXOK instruction and
by setting certain bits in the TCR 951, explicitly
control whether or not to update the AUT/AMT during
trap handling. By default, the processor 904 may be
designed such that taking a trap during turns off
updates to the AMT 106 and AUT 108 tables. For such
default operation, a trap taken during an atomic block
terminates the transaction and causes a rest of the
AMT 106 and AUT 108. When the trap returns, the
transaction will have failed, causing the intermediate
state to be discarded. However, such default operation
may be overridden by the TRNXOK instruction, which
allows a trap handler to avoid forcing a transaction
failure when a trap is taken during execution of an
atomic block and allows the state of the AMT 106 and
AUT 108 to be persistent through the handling of a
trap or exception that occurs during execution of the
atomic block. For such embodiment, the transaction
will not have failed when the trap returns, and
execution of the atomic block may be resumed with the
precise processor state that existed at the time the
trap or exception occurred. [000134] For at least one
embodiment, the operation of the TRNXOK instruction
allows a trap handler to perform work as part of the
transaction. The AMT 106 and AUT 108 tables may be
updated during trap handling, if so indicated by the
current value of the TCR 951. Thus, for at least one
embodiment, at least some classes of traps and
exceptions may be serviced from within an atomic
block. [000135] At least one embodiment of a processor
904 may allow single-stepping 



through an atomic block. This allows running a
single-step debugger from outside the atomic block,
while maintaining the value of the AMT 106 and AUT
108. The effect is that a programmer may, according to
at least one embodiment of the present invention,
single-step through an atomic block and see the
architected state at the end of each instruction. Such
approach allows for traditional approaches for
software debugging to be employed within an atomic
block. [000136] This feature is in contrast to other
schemes where the intermediate state is undefined
during execution of the instructions of an atomic
block. For such schemes, the intermediate state is
either committed or discarded before a trap may be
serviced or singlestepping may be performed. [000137]
For at least one other embodiment, the TRNXOK
instruction may allow a trap handler to perform work
as part of the transaction, but the trap handler, from
outside theatomic block, may read and write directly
from/to memory, bypassing the AMT 106 and AUT 108
tables. Whether or not the AMT 106 and AUT 108 are to
be bypassed may be indicated by the value of the TCR
95 1. Such approach allows the trap handler to execute
while outside the atomic block. [000138] In sum, the
instructions enumerated in Table 1 may be implemented
as a set of instruction set extensions that allows one
to demarcate a block of instructions in a speculative
thread as a transactional block and have hardware
execute them such that updates are buffered and are
either later discarded or are later performed
atomically. The extensions may also provide that
memory addresses read are monitored to detect foreign
updates to detect memory dependencies. These
extensions may thus allow software to attempt to
execute speculative threads. This hardware provides
support to allow efficient execution of speculative
threads to enable a broad range of speculative
threading models. [000139] A processor, such as
processor 904 shown in Fig. 7, which supports such
instructions, is not necessarily required to provide
any guarantee that speculative transactions will
succeed successfully. Instead, hardware may fail a
transaction as long as it correctly notifies software
of the failure. [000140] Fig. 6 is a data flow diagram
illustrating at least one embodiment of a 



mechanism to determine that execution of a
transactional block has failed. Fig. 6 illustrates two
cooperative threads, Thread A 125 and Thread B 126. Of
course, one of skill in the art will recognize that
the mechanism illustrated in Fig. 6 may be employed
for any number (Y) of cooperative threads, where Y >
2. [000141] Fig. 6 illustrates that a first time, time
tl, the first cooperative thread 125 begins execution
of an atomic block 602. During execution of the atomic
block 602, at time t2, the first thread 125 executes a
memory read instruction for a particular address. The
address, illustrated in Fig. 6 as memory address
"000A", is entered into the AMT 106 at the time the
instruction is executed (t2). [000142] Fig. 6
illustrates that, at time t3, a second thread, Thread
B 126, executes a write to the memory address that was
read by the first thread. The update by the second
thread occurs after the first thread has read the
memory address and before the first thread, Thread A
125, has completed execution. This attempt to write,
by a second cooperative thread, to an address that has
already been read by a first thread during execution
of anatomic block, is noted by the hardware because it
is recognized as a "foreign" write to one of the
addresses in the AMT 106. Such event may trigger an
asynchronous event to indicate that the execution of
atomic block 602 has failed. [000143] The data flow
diagram illustrated in Fig. 6 shows just one instance
of a failure during execution of an atomic block.
Other events besides a foreign write to a
previouslyread memory address may cause execution of
an atomic block to fail. One such event, for example,
is a "table full" or overflow of the AMT 106 or AUT
108. Another such event, for example, is a read-after-
write ("RAW") violation in the AUT 108. Other failure
conditions may also be implemented, such as coherency
collision, etc.. [000144] Various mechanisms may be
utilized to inform software that execution of an
atomic block has failed. For any of the events that
may cause a failure of an atomic block, such events
may be reported by the thread unit (such as, e.g.,
thread unit 104 of Fig. 2) as an asynchronous yield
event, such as an interrupt. For at least one
embodiment, the failure events may trigger a
user-level interrupt. [000145] One manner of
implementing a user-level interrupt to indicate
failure of 



transactional execution is referred to herein as
user-level fly-weight interrupt handling. Such
mechanism may include a channel in which certain
triggering events may be indicated. The triggering
event may be referred to as a "scenario." The
triggering scenario may be an architecturally-defined
set of one or more events. Alternatively, the
triggering scenario may be a user-defined set of one
or more events. Upon detection of the triggering
scenario specified in the channel, control may be
transferred to a user-level handler routine. Further
description for at least one embodiment of such
user-level fly weight interrupt handling mechanism may
be found in co-pending patent application Ser. No.
(Atty Docket Number P14912X), entitled " A
Programmable Event Driven Yield Mechanism Which May
Activate Service Threads". [000146] For the processor
embodiment 904 illustrated in Fig. 7, one or more
scenarios may be defined to support one or more
embodiments of the transactional execution scheme
discussed herein. For at least one embodiment, a
scenario (referred to as a "statusupdate scenario")
may be defined such that an interrupt is generated
when the contents of the TSR 952 change. That is, when
the contents of the TSR 952 are updated in a
particular manner, an interrupt may be
generated.[000147] The status-update scenario may be
implemented by monitoring the transaction status
register (TSR) with a mask. The status-update scenario
thus may be associated with a mask that is applied to
the TSR. If the ANDing of the mask and the TSR results
in a non-zero value and the processor is in ring-level
3, then the scenario may trigger a user-level event
handler. The mask may be defined such that an
interrupt based on the status-update scenario may be
generated when the TCR 952 indicates that a
transaction has failed. [000148] Accordingly, the
discussion above indicates that a processor, such as
processor 904 illustrated in Fig. 7, may fail a
transaction as long as it correctly notifies software
of the failure. That is, a programmer is not
guaranteed, based on the hardware scheme discussed
above, that an atomic block will successfully execute.
For at least one embodiment, an additional capability
is provided by the processor 904 so that a programmer
may, when desired, employ one or more user-level
software instructions to be 



assured that an atomic block will complete execution
without contention from other cooperative threads.
Such additional capability is referred to here in as
"stop-the-world" capability. [000149] Stop-the-world
capability may be utilized to ensure atomic block
execution even if the atomic block includes a large
number of memory instructions (e.g., load and/or store
instructions). Stop-the-world capability may also be
utilized to ensure atomic block execution even if the
atomic block always collides with other transactions.
In general, stop-the-world may be utilized in software
when that software has attempted to execute a
speculative block of code using the instructions
discussed above (see Table 1) and has determined that
success is unlikely because of finite resource limits
or because of repetitive memory dependency violations.
The software may initiate a stop-the-world programming
abstraction without using the speculative threading
hardware [000150] Rather than relying on logical
structures such as the AMT 106 and AUT 108,
stop-the-world may be provided by a software layer
(such as a library or runtime routine) that utilizes
user-level interrupts to ensure atomicity by
suspending all other cooperative threads during
execution of an atomic block. Stop-the-world
capability may utilize two interrupt scenarios that
are supported by the processor 904. [000151] The first
scenario that may be utilized to implement
stop-the-world is a foreign update scenario. That is,
the scenario provides the ability to monitor a
certainmemory address for a foreign update, and to
generate an interrupt if such update occurs. A
"foreign" update may be understood to mean that the
value at a memory address has been written by another
cooperative thread. The foreign-update scenario may
thus provide a mechanism for one thread to interrupt
all other cooperative threads in order to synchronize
on implementing the underlying programming model. This
same scenario may also be used so that a speculative
task can be informed when all earlier speculative
tasks have completed and the speculative task can
transition to become non-speculative. [000152] The
second scenario that may be utilized to implement
stop-the-world is a return-from-privilege scenario.
The second scenario is to invoke a user-handler when
control returns to user code from a
trap/exception/interrupt handler. The scenario detects



when a transition to ring-level 3 occurs and invokes a
user-level handler. Such scenario basically allows for
a user-level handler to be invoked whenever control
returns to ringlevel 3 from a trap/exception/interrupt
handler. This scenario allows a thread to check if its
cooperative threads are currently running software
that this thread should be synchronized with. This
could happen if the cooperative threads had
synchronized while a thread was in a handler or was
not actively scheduled. [000153] Utilizing these two
scenarios, a programmer may suspend all other
cooperative threads so that a particular cooperative
thread may execute an atomic block without contention
from the suspended cooperative threads. [000154] It
will be noted that stop-the-world is an alternative
manner of implementing transactional execution without
the additional hardware structures 106, 108, state
951, 952 and instructions (see Table 1) discussed
above (referred to herein as the "hardware"
embodiment). Both approaches may be used together. It
may be a very desirable programming model to let
software program to the concept that there is a block
of code that executes with the semantics that it is
atomic. Stop-the-world may be used to preserve the
programming semantics when transactional execution
fails according to an embodiment of the hardware
scheme described above. [000155] The foreign update
and return-from-handler scenarios discussed above can
be used to implement stop-the-world behavior. To do
so, the thread wishing to execute an atomic block may
perform a swap to an agreed memory location used for
synchronization. The swap may write a "busy" value to
the memory location, and may check that theprevious
value was an "idle" value. If the previous value was
not "idle," the thread may repeat until an "idle"
value is detected. [000156] All cooperative threads
may have a scheme to monitor this synchronization
location. For at least one embodiment, each
cooperative thread may have a "foreign update"
scenario active in a channel, so that an interrupt
will be generated responsive to the conditions of the
scenario being me. For at least one embodiment, if the
"busy" value is written to the synchronization
location, then the scenario has been satisfied, and a
userlevel interrupt is generated for all the other
cooperative threads accordingly. (It should be 



noted that, for an alternative embodiment, similar
functionality could be implemented via message passing
through a memory interface, rather than via a
user-level interrupt mechanism.) The associated event
handlers for each of the cooperative threads may cause
the cooperative threads to go into a spin lock, or
other waiting mode, until the value at the
synchronization location is set back to "idle" value.
[000157] All cooperative threads may also have a
"return-to ring-level 3" scenario active in a channel.
The cooperative threads may thus be disrupted, and an
interrupt handler invoked, when control returns to a
user-privilege level from a trap/exception/interrupt
handler. Upon satisfaction of the scenario, an
interrupt may be generated. The associated interrupt
handler may cause cooperative threads to check the
synchronization location and spin-lock, or wait with
other waiting mode, if it the value at the
synchronization location is not "idle". [000158] After
waiting a bounded time, to allow time for all other
cooperative threads to observe the synchronization
event and stall execution, the thread that initiated
the stopthe- world can then execute the atomic block.
At the end of the atomic block, the thread may write
the idle value to the synchronization location so that
all cooperative threads can continue execution.
[000159] Embodiments of the mechanisms disclosed
herein may be implemented in hardware, software,
firmware, or a combination of such implementation
approaches. Embodiments of the invention may be
implemented as computer programs executing on
programmable systems comprising at least one
processor, a data storage system (including volatile
and non-volatile memory and/or storage elements), at
least one input device, and at least one output
device. Program code may be applied to input data to
perform the functions described herein and generate
output information. The output information maybe
applied to one or more output devices, in known
fashion. For purposes of this application, a
processing system includes any system that has a
processor, such as, for example; a digital signal
processor (DSP), a microcontroller, an application
specific integrated circuit (ASIC), or a
microprocessor. [000160] The programs may be
implemented in a high level procedural or object 



oriented programming language to communicate with a
processing system. The programs may also be
implemented in assembly or machine language, if
desired. In fact, the mechanisms described herein are
not limited in scope to any particular programming
language. In any case, the language may be a compiled
or interpreted language [000161] The programs may be
stored on a storage media or device (e.g., hard disk
drive, floppy disk drive, read only memory (ROM),
CD-ROM device, flash memory device, digital versatile
disk (DVD), or other storage device) readable by a
general or special purpose programmable processing
system. The instructions, accessible to a processor in
a processing system, provide for configuring and
operating the processing system when the storage media
or device is read by the processing system to perform
the procedures described herein. Embodiments of the
invention may also be considered to be implemented as
a machine-readable storage medium, configured for use
with a processing system, where the storage medium so
configured causes the processing system to operate in
a specific and predefined manner to perform the
functions described herein. [000162] An example of one
such type of processing system is shown in Fig. 7.
System 900 is representative of processing systems
based on the Pentium(r), Pentium(r) Pro, Pentium(r)
II, Pentium(r) III, Pentium(r) 4 , and Itanium(r) and
Itanium(r) II microprocessors available from Intel
Corporation, although other systems (including
personal computers (PCs) having other microprocessors,
engineering workstations, set-top boxes and the like)
may also be used. In one embodiment, sample system 900
may be executing a version of the WINDOWS(r) operating
system available from Microsoft Corporation, although
other operating systems and graphical user interfaces,
for example, may also be used. [000163] Fig. 7
illustrates that a processing system 900 capable of
performing disclosed techniques may include a memory
system 940 and a processor 904. Memory system 940 may
include a memory 902 as well as one or more on- or
off-chip caches. Forexample, memory system 940 may
include a data cache 942 and/or an instruction cache
944. [000164] Memory system 940 may store instructions
910 and/or data 912 for 



controlling the operation of the processor 904. The
instructions 910 and/or data 912 may include code for
performing any or all of the techniques discussed
herein. Memory system 940 is intended as a generalized
representation of memory and may include a variety of
forms of memory, such as a hard drive, CD-ROM, random
access memory (RAM), dynamic random access memory
(DRAM), static random access memory (SRAM), etc, as
well as related circuitry. [000165] Fig. 7 illustrates
that the processor 904 may include a front end 920.
The front end 920 may include fetch and decode logic.
For instance, the front end 920 may include logically
independent next-instruction-pointer and fetch logic
320 to fetch instructions for each thread context,
even though the multiple logical sequencers may be
implemented in a single physical fetch/decode unit
322. The fetch/decode unit 322 may include decoder
logic to decode instructions, such as the TRNXSET,
TRNXCMT, TRNXRD and/or TRNXOK instructions described
above. Responsive to receiving one of the
instructions, the decode logic may send one or more
signals to an execution core 930 that causes the
execution core 930 to perform the desired operation.
(Operations associated with at least one embodiment of
each such instruction are set forth above in
connection with the discussion of Table 1). [000166]
For an SMT embodiment of the multi-sequencer system
900 illustrated in Fig. 7, the term "sequencer"
encompasses at least the next-instruction-pointer and
fetch logic 320 for a thread context, along with at
least some of the associated architecture state for
that thread context. It should be noted that the
sequencers of an SMT system 900 need not be symmetric.
For example, two SMT sequencers for the same physical
core 904 may differ in the amount of architectural
state information that they each maintain. [000167]
Thus, for at least one embodiment, the multi-sequencer
system 900 is a single-core processor 904 that
supports concurrent multithreading. For such
embodiment, each sequencer is a logical processor
having its own instruction next-instruction-pointer
and fetch logic 320 and its own architectural state
information, although the same physical processor core
304 executes all thread instructions. For such
embodiment, the logicalprocessor maintains its own
version of the architecture state, although execution
resources 



of the single processor core may be shared among
concurrently-executing threads. [000168] At least one
alternative embodiment of the system 900 illustrated
in Fig. 7 be based on a multi-core processor (see,
.e.g., processor 200 illustrated in Fig. 2). Such a
system may include two or more separate physical
processors (see, e.g., 104 - 104n of Fig. 2) that is
each capable of executing a different thread such that
execution of at least portions of the different
threads may be ongoing at the same time. Each
processor includes a physically independent fetch unit
322 to fetch instruction information for its
respective thread. In an embodiment where each
processor executes a single thread, the fetch/decode
unit 322 implements a single next-instruction-pointer
and fetch logic 320. However, in an embodiment where
each processor supports multiple thread contexts, the
fetch/decode unit 322 implements distinct
next-instruction-pointer and fetch logic 320 for each
supported thread context. The optional nature of
additional next-instruction-pointer and fetch logic
320 in a processor 904 is denoted by dotted lines in
Fig. 7. [000169] While particular embodiments of the
present invention have been shown and described, it
will be obvious to those skilled in the art that
changes and modifications can be made without
departing from the scope of the appended claims.
Accordingly, one of skill in the art will recognize
that changes and modifications can be made without
departing from the present invention in its broader
aspects. The appended claims are to encompass within
their scope all such changes and modifications that
fall within the true scope of the present
invention.What is claimed is: 1. An apparatus,
comprising: a plurality of thread units to
concurrently execute a plurality of threads; and a
memory buffer storage area to store data for a memory
write instruction encountered during execution of an
atomic block of instructions for a particular one of
the plurality of threads; wherein the memory buffer
storage area is part of a persistent state such that
precise architected state is defined at the retirement
boundary of each instruction of the atomic block. 



2. The apparatus of Claim 1, further comprising: a
control storage area whose contents may be updated
responsive to a user-level programming instruction in
the particular thread. 3. The apparatus of Claim 2,
wherein: the contents of the control storage area are
to control whether the memory-write data is to be
stored in the memory address storage area. 4. The
apparatus of Claim 2, wherein: said control storage
area is a register that includes one or more fields to
hold a state value; said state value to indicate one
or more of the following states: (a) whether to store
the memory-write data in the memory buffer storage
area, (b) whether to reset the memory buffer storage
area, and (c) whether to bypass the memory buffer
storage area and instead write directly to a memory.
5. The apparatus of Claim 1, further comprising: a
memory address storage area to maintain the address of
a memory read instruction encountered during execution
of the atomic block. 6. The apparatus of Claim 1,
further comprising:logic to perform an atomic update
from the memory buffer storage area to a memory. 7.
The apparatus of Claim 6, wherein said logic to
perform an atomic update is further to: perform an
atomic update only if the atomic block has completed
execution successfully. 8. The apparatus of Claim 1,
further comprising: a user-visible status storage area
whose contents reflects whether the atomic block has
failed to be successfully executed. 9. A method,
comprising: executing a selected instruction during
execution by a processor of a transactional block of
instructions in a speculative thread; and 



maintaining precise architected state of the processor
at the execution boundary of the selected instruction.
10. The method of claim 9, further comprising:
servicing a trap or exception while maintaining
precise architected state for the transactional block.
11. The method of claim 9, further comprising:
performing single-stepping of the transactional block
instructions while maintaining precise architected
state for the transactional block. 12. A method,
comprising: buffering local memory writes during
execution of an atomic block, where said buffering is
performed responsive to a first user-level programming
instruction; monitoring for a failure during execution
of the atomic block;taking, as a non-failure
condition, a trap or exception during execution of the
atomic block; maintaining the buffered local memory
writes as persistent state during handling of the trap
or exception; resuming execution of the atomic block
after handling the exception or interrupt; and
selectively performing an atomic memory update of the
buffered memory writes, based on whether the failure
has occurred. 13. The method of Claim 12, wherein:
said monitoring is performed responsive to a
user-level programming instruction that indicates a
trigger scenario and a handler address for an
interrupt. 14. The method of Claim 13, wherein:
wherein said trigger scenario further comprises a
change in the value of one or more status bits. 15.
The method of Claim 14, wherein: wherein said one or
more status bits are specified by a mask associated
with the user-level programming instruction. 



16. A method, comprising: concurrently executing a
plurality of cooperative threads; suspending execution
of all but a first one of the cooperative threads in
order to allow the first thread to execute a block of
instructions atomically; wherein said suspending is
triggered by action of the first thread to invoke a
hardware mechanism; andresuming the other cooperative
threads after the first thread has completed atomic
execution of the block of instructions. 17. The method
of Claim 16, wherein: said action of a first thread to
invoke a hardware mechanism further comprises writing
a pre-defined value to a specified memory location.
18. The method of Claim 17, wherein: said suspending
is further triggered by an interrupt generated as a
result of said action of the first thread, such that
said suspending is achieved without polling, by the
other cooperative threads, of the specified memory
location. 19. The method of Claim 16, wherein: said
method is performed by a multi-threaded processor that
includes hardware to support transactional execution.
20. The method of Claim 19, wherein: said hardware
includes a storage area to buffer memory writes of an
atomic block. 21. The method of Claim 19, wherein:
said hardware includes a storage area to maintain
addresses of memory reads of an atomic block. 22. The
apparatus of Claim 1, wherein: each said thread unit
further comprises decode logic to receive and decode a
userlevel transactional execution instruction. 23. The
apparatus of Claim 22, wherein:said decode logic is
further to receive and decode a user-level atomic
demarcation instruction. 24. The apparatus of Claim
22, wherein: 



said decode logic is further to receive and decode a
user-level instruction to read a transaction status.
25. The apparatus of Claim 22, wherein: said decode
logic is further to receive and decode a user-level
instruction to enable traps during transactional
execution. 26. The apparatus of Claim 22, wherein:
said decode logic is further to receive and decode a
user-level instruction to perform an atomic memory
update. 27. The apparatus of Claim 5, further
comprising: logic to determine whether another of the
plurality of threads has written to the address of the
memory read instruction during the particular thread's
execution of the atomic block. 28. The apparatus of
Claim 5, further comprising: a user- visible mechanism
to control whether the memory-read address is to be
stored in the second storage area. 29. The apparatus
of Claim 28, wherein said user- visible mechanism
further comprises: a storage area whose contents may
be updated responsive to a user-level programming
instruction.30. The apparatus of Claim 1, wherein said
plurality of thread units further comprise: a
plurality of processor cores. 31. The apparatus of
Claim 1, wherein said plurality of thread units
further comprise: a plurality of logical processors
associated with a single processor core. 32. The
method of Claim 16, wherein: said suspending is
initiated in response to a user-level software
instruction. 33. An system, comprising: a memory to
store software instructions for a plurality of
threads; 



a plurality of thread units to concurrently execute
the plurality of threads; and a memory buffer storage
area to store data for a memory write instruction
encountered during execution of an atomic block of
instructions for a particular one of the plurality of
threads; wherein the memory buffer storage area is
part of a persistent state such that precise
architected state is defined at the retirement
boundary of each instruction of the atomic block. 34.
The system of Claim 33, wherein: said memory is a
DRAM. 35. The system of Claim 33, further comprising:a
memory address storage area to maintain the address of
a memory read instruction encountered during execution
of the atomic block. 36. The system of Claim 33,
further comprising: a control storage area whose
contents may be updated responsive to a user-level
programming instruction in the particular thread. 37.
The system of Claim 33, wherein: the contents of the
control storage area are to control whether a trap may
be taken as a non-failure condition during execution
of the atomic block. 38. The system of Claim 33,
wherein: each said thread unit further comprises
decode logic to receive and decode a userlevel
transactional execution instruction. 


