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(57) ABSTRACT 

Methods and apparatuses for thread management for multi 
threading are described herein. In one embodiment, exem 
plary process includes selecting, during a compilation of 
code having one or more threads executable in a data 
processing system, a current thread having a most bottom 
order, determining resources allocated to one or more child 
threads spawned from the current thread, and allocating 
resources for the current thread in consideration of the 
resources allocated to the current thread’s one or more child 

threads to avoid resource con?icts betWeen the current 
thread and its one or more child threads. Other methods and 
apparatuses are also described. 

E 

Create an internal thread pool to maintain a list oi logical thread 
contexts which may be used by one or more speculative threads 

(e.g., helper threads) 

l 

Create a new thread team associated with a non-speculative thread 
(e.g., a main thread) before the non-speculative thread enters a 

preoomputation region (egt, delinquent load region), the new thread 
team initially containing only the calling thread 

7 

Spawn one or more speculative threads lrom the thread pool once 
the non-speculative thread enters the precomputation region, the one 
or more speculative threads performing one or more preoomputations 

(e.g., pretetching) tor the non-speculative thread 
503 

Execute at least a portion of code in the non-speculative thread, 
using in part at least a portion of data provided (e.g., preletched or 
preoomputed) by the one or more speculative threads (e.g., helper 

threads) 
w 

l 

Terminate the one or more speculative threads associated with the 
non-speculative thread and release the logical thread contexts 

associated with the terminated speculative threads back to the thread 
pool for future use 
E 
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E 

Create an internal thread pool to maintain a list of logical thread 
contexts which may be used by one or more speculative threads 

(e.g., helper threads) 

Create a new thread team associated with a non-speculative thread 
(e.g., a main thread) before the non-speculative thread enters a 

precomputation region (e.g., delinquent load region), the new thread 
team initially containing only the calling thread 

502 

Spawn one or more speculative threads from the thread pool once 
the non-speculative thread enters the precomputation region, the one 
or more speculative threads performing one or more precomputations 

(e.g., preletching) for the non-speculative thread 
503 

Execute at least a portion of code in the non-speculative thread, 
using in part at least a portion of data provided (e.g., prefetched or 
precomputed) by the one or more speculative threads (e.g., helper 

threads) 
% 

Tenninate the one or more speculative threads associated with the 
non-speculative thread and release the logical thread contexts 

associated with the terminated speculative threads back to the thread 
pool for future use 
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E 

Identifying delinquent load on a main thread (e.g., non 
speculative thread) including, for example, generating 

profiles and analyzing profiles 
m 

Performing parallelization analysis for helper threads (e.g., 
speculative threads) including, for example, generating 

dependent graph, slicing, scheduling, communication, and 
synchronization 
M 

Perform code generation for helper threads including, for 
example, generating thread graph, communication, and 

synchronization 
' E 

Allocate resources, such as hardware registers or 
memory, for each helper threads and the main thread to 

avoid resource con?icts 

191 
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METHODS AND APPARATUSES FOR THREAD 
MANAGEMENT OF MULT-THREADING 

FIELD 

[0001] Embodiments of the invention relate to information 
processing system; and more speci?cally, to thread manage 
ment for multi-threading. 

BACKGROUND 

[0002] Memory latency has become the critical bottleneck 
to achieving high performance on modern processors. Many 
large applications today are memory intensive, because their 
memory access patterns are dif?cult to predict and their 
Working sets are becoming quite large. Despite continued 
advances in cache design and neW developments in prefetch 
ing techniques, the memory bottleneck problem still persists. 
This problem Worsens When executing pointer-intensive 
applications, Which tend to defy conventional stride-based 
prefetching techniques. 
[0003] One solution is to overlap memory stalls in one 
program With the execution of useful instructions from 
another program, thus effectively improving system perfor 
mance in terms of overall throughput. Improving throughput 
of multitasking Workloads on a single processor has been the 
primary motivation behind the emerging simultaneous mul 
tithreading (SMT) techniques. An SMT processor can issue 
instructions from multiple hardWare contexts, or logical 
processors (also referred to as hardWare threads), to the 
functional units of a super-scalar processor in the same 
cycle. SMT achieves higher overall throughput by increas 
ing overall instruction-level parallelism available to the 
architecture via the exploitation of the natural parallelism 
betWeen independent threads during each cycle. 

[0004] SMT can also improve the performance of appli 
cations that are multithreaded. HoWever, SMT does not 
directly improve the performance, in terms of reducing 
latency, of single-threaded applications. Since the majority 
of desktop applications in the traditional PC environment are 
still single-threaded, it is important to investigate if and hoW 
SRI resources can be exploited to enhance single-threaded 
code performance by reducing its latency. In addition, the 
current compiler typically cannot automatically allocate 
resources for the threads it created. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0005] The invention may best be understood by referring 
to the folloWing description and accompanying draWings 
that are used to illustrate embodiments of the invention. In 
the draWings: 

[0006] FIG. 1 illustrates a computer system having multi 
threading capability according to one embodiment. 

[0007] FIG. 2 illustrates a computer system having multi 
threading capability according to an alternative embodi 
ment. 

[0008] FIG. 3 illustrates a computer system having a 
compiler capable of generating a helper thread according to 
one embodiment. 

[0009] FIG. 4A illustrates a typical symmetric multi 
threading process. 
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[0010] FIG. 4B illustrates an asymmetric multi-thread 
process according to one embodiment. 

[0011] FIG. 5 is How diagram illustrating an exemplary 
process for executing one or more helper threads according 
to one embodiment. 

[0012] FIG. 6 is a block diagram illustrating exemplary 
softWare architecture of a multi-threading system according 
to one embodiment. 

[0013] FIG. 7 is a How diagram illustrating an exemplary 
process for generating a helper thread according to one 
embodiment. 

[0014] FIG. 8 is a How diagram illustrating an exemplary 
process for paralleliZation analysis according to one embodi 
ment. 

[0015] FIGS. 9A-9C shoW pseudo code for an applica 
tion, a main thread, and a helper thread according to one 
embodiment. 

[0016] FIG. 10 is a block diagram illustrating an exem 
plary thread con?guration according to one embodiment. 

[0017] FIG. 11 is a block diagram illustrating an exem 
plary pseudo code for allocating resources for the threads 
according to one embodiment. 

[0018] FIG. 12 is a block diagram illustrating an exem 
plary resource data structure containing resource informa 
tion for the threads according to one embodiment. 

[0019] FIG. 13 is a How diagram illustrating an exemplary 
process for allocating resources for threads according to one 
embodiment. 

[0020] FIGS. 14A-14D shoW results of a variety bench 
mark tests using embodiments of techniques. 

DETAILED DESCRIPTION 

[0021] Methods and apparatuses for compiler-creating 
helper threads for multi-threading systems are described. 
According to one embodiment, a compiler, also referred to 
as AutoHelper, that implements thread-based prefetching 
helper threads on a multi-threading system, such as, for 
example, the Intel PentiumTM 4 Hyper-Threading systems, 
available from Intel Corporation. In one embodiment, the 
compiler automates the generation of helper threads for 
Hyper-Threading processors. The techniques focus at iden 
tifying and generating helper threads of minimal siZes that 
can be executed to achieve timely and effective data 
prefetching, While incurring minimal communication over 
head. A runtime system is also implemented to ef?ciently 
manage the helper threads and the synchroniZation betWeen 
threads. Consequently, helper threads are able to issue 
timely prefetches for the sequential pointer-intensive appli 
cations. 

[0022] In addition, hardWare resources such as register 
contexts may be managed for helper threads Within a com 
piler. Speci?cally, the register set may be statically or 
dynamically partitioned betWeen main thread and helper 
threads, and betWeen multiple helper threads. As a result, the 
live-in/live-out register copies via memory for threads may 
be avoided and the threads may be destroyed at compile 
time, When the compiler runs out of resources, or at runtime 
When infrequent cases of certain main thread event occurs. 
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[0023] In the following description, numerous speci?c 
details are set forth. HoWever, it is understood that embodi 
ments of the invention may be practiced Without these 
speci?c details. In other instances, Well-knoWn circuits, 
structures and techniques have not been shoWn in detail in 
order not to obscure the understanding of this description. 

[0024] Some portions of the detailed descriptions Which 
folloW are presented in terms of algorithms and symbolic 
representations of operations on data bits Within a computer 
memory. These algorithmic descriptions and representations 
are used by those skilled in the data processing arts to most 
effectively convey the substance of their Work to others 
skilled in the art. An algorithm is here, and generally, 
conceived to be a self-consistent sequence of operations 
leading to a desired result. The operations are those requir 
ing physical manipulations of physical quantities. Usually, 
though not necessarily, these quantities take the form of 
electrical or magnetic signals capable of being stored, trans 
ferred, combined, compared, and otherWise manipulated. It 
has proven convenient at times, principally for reasons of 
common usage, to refer to these signals as bits, values, 
elements, symbols, characters, terms, numbers, or the like. 

[0025] It should be borne in mind, hoWever, that all of 
these and similar terms are to be associated With the appro 
priate physical quantities and are merely convenient labels 
applied to these quantities. Unless speci?cally stated other 
Wise as apparent from the folloWing discussion, it is appre 
ciated that throughout the description, discussions utilizing 
terms such as “processing” or “computing” or “calculating” 
or “determining” or “displaying” or the like, refer to the 
action and processes of a computer system, or similar data 
processing device, that manipulates and transforms data 
represented as physical (e.g. electronic) quantities Within the 
computer system’s registers and memories into other data 
similarly represented as physical quantities Within the com 
puter system memories or registers or other such informa 
tion storage, transmission or display devices. 

[0026] Embodiments of the present invention also relate to 
apparatuses for performing the operations described herein. 
An apparatus may be specially constructed for the required 
purposes, or it may comprise a general purpose computer 
selectively activated or recon?gured by a computer program 
stored in the computer. Such a computer program may be 
stored in a computer readable storage medium, such as, but 
is not limited to, any type of disk including ?oppy disks, 
optical disks, CD-ROMs, and magnetic-optical disks, read 
only memories (ROMs), random access memories (RAMs) 
such as Dynamic RAM (DRAM), erasable programmable 
ROMs (EPROMs), electrically erasable programmable 
ROMs (EEPROMs), magnetic or optical cards, or any type 
of media suitable for storing electronic instructions, and 
each of the above storage components is coupled to a 
computer system bus. 

[0027] The algorithms and displays presented herein are 
not inherently related to any particular computer or other 
apparatus. Various general purpose systems may be used 
With programs in accordance With the teachings herein, or it 
may prove convenient to construct more specialiZed appa 
ratus to perform the methods. The structure for a variety of 
these systems Will appear from the description beloW. In 
addition, embodiments of the present invention are not 
described With reference to any particular programming 
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language. It Will be appreciated that a variety of program 
ming languages may be used to implement the teachings of 
the embodiments of the invention as described herein. 

[0028] A machine-readable medium includes any mecha 
nism for storing or transmitting information in a form 
readable by a machine (e.g., a computer). For example, a 
machine-readable medium includes read only memory 
(“ROM”); random access memory (“RAM”); magnetic disk 
storage media; optical storage media; ?ash memory devices; 
electrical, optical, acoustical or other form of propagated 
signals (e.g., carrier Waves, infrared signals, digital signals, 
etc.); etc. 

[0029] FIG. 1 is a block diagram of an exemplary com 
puter Which may be used With an embodiment. For example, 
exemplary system 100 shoWn in FIG. 1 may perform the 
processes shoWn in FIGS. 5-8. Exemplary system 100 may 
be a multi-threading system, such as an Intel PentiumTM 4 
Hyper-Threading system. Exemplary system 100 may be a 
simultaneous multithreading (SMT) or chip multiprocessing 
(CMP) enabled system. 

[0030] Note that While FIG. 1 illustrates various compo 
nents of a computer system, it is not intended to represent 
any particular architecture or manner of interconnecting the 
components, as such details are not germane to the present 
invention. It Will also be appreciated that netWork comput 
ers, handheld computers, cell phones, and other data pro 
cessing systems Which have feWer components or perhaps 
more components may also be used With the present inven 
tion. 

[0031] As shoWn in FIG. 1, the computer system 100, 
Which is a form of a data processing system, includes a bus 
102 Which is coupled to a microprocessor 103 and a ROM 
107, a volatile RAM 105, and a non-volatile memory 106. 
The microprocessor 103, Which may be a Pentium processor 
from Intel Corporation or a PoWerPC processor from 
Motorola, Inc., is coupled to cache memory 104 as shoWn in 
the example of FIG. 1. The bus 102 interconnects these 
various components together and also interconnects these 
components 103, 107, 105, and 106 to a display controller 
and display device 108, as Well as to input/output (I/O) 
devices 110, Which may be mice, keyboards, modems, 
netWork interfaces, printers, and other devices Which are 
Well-knoWn in the art. Typically, the input/output devices 
110 are coupled to the system through input/output control 
lers 109. The volatile RAM 105 is typically implemented as 
dynamic RAM (DRAM) Which requires poWer continuously 
in order to refresh or maintain the data in the memory. The 
non-volatile memory 106 is typically a magnetic hard drive, 
a magnetic optical drive, an optical drive, or a DVD RAM 
or other type of memory system Which maintains data even 
after poWer is removed from the system. Typically the 
non-volatile memory Will also be a random access memory, 
although this is not required. While FIG. 1 shoWs that the 
non-volatile memory is a local device coupled directly to the 
rest of the components in the data processing system, it Will 
be appreciated that the present invention may utiliZe a 
non-volatile memory Which is remote from the system, such 
as a netWork storage device Which is coupled to the data 
processing system through a netWork interface such as a 
modem or Ethernet interface. The bus 102 may include one 
or more buses connected to each other through various 
bridges, controllers, and/or adapters, as is Well-knoWn in the 
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art. In one embodiment, the I/O controller 109 includes a 
USB (Universal Serial Bus) adapter for controlling USB 
peripherals or a PCI controller for controlling PCI devices, 
Which may be included in IO devices 110. In a further 
embodiment, I/O controller 109 includes an IEEE-1394 
controller for controlling IEEE-1394 devices, also knoWn as 
FireWire devices. 

[0032] According to one embodiment, processor 103 may 
include one or more logical hardWare contexts, also referred 
to as logical processors, for handling multiple threads simul 
taneously, including a main thread, also referred to as a 
non-speculative thread, and one or more helper threads, also 
referred to as speculative threads, of an application. Proces 
sor 103 may be a Hyper Threading processor, such as a 
Pentium 4 or a Xeon processor capable of performing 
multithreading processes from Intel Corporation. During an 
execution of an application, the main thread and one or more 
helper threads are executed in parallel. The helper threads 
are speculatively executed associated With, but someWhat 
independent to, the main thread to perform some precom 
putations, such as speculative prefetches of addresses or 
data, for the main thread to reduce the memory latency 
incurred by the main thread. 

[0033] According to one embodiment, the code of the 
helper threads (e.g., the source code and the binary execut 
able code) are generated by a compiler, such as AutoHelper 
compiler available from Intel Corporation, loaded and 
executed in a memory, such as volatile RAM 105, by an 
operating system (OS) executed by a processor, such as 
processor 103. The operating system running Within the 
exemplary system 100 may be a WindoWs operating system 
from Microsoft Corporation or a Mac OS from Apple 
Computer. Alternatively, the operating system may be a 
Linux or Unix operating system. Other operating systems, 
such as embedded real-time operating systems, may be 
utiliZed. 

[0034] Current Hyper-Threading processors typically pro 
vide tWo hardWare contexts, or logical processors. To 
improve the performance of a single-threaded application, 
Hyper-Threading technology can utiliZe its second context 
to perform prefetching for the main thread. Having a sepa 
rate context alloWs the helper threads’ execution to be 
decoupled from the control How of the main thread, unlike 
softWare prefetching. By running far ahead of the main 
thread to perform long-range prefetches, the helper threads 
can trigger prefetches early, and eliminate or reduce the 
cache miss penalties experienced by the main thread. 

[0035] With AutoHelper, a compiler is able to automati 
cally generate prefetching helper threads for Hyper-Thread 
ing machines. The helper threads aim at bringing the 
latency-hiding bene?t of multithreading to sequential Work 
loads. Unlike threads produced by the conventional paral 
leliZing compilers, the helper threads only prefetch for the 
main thread, Which does not reuse the computed results from 
the helper threads. According to on embodiment, the pro 
gram correctness is still maintained by the main thread’s 
execution, While the helper threads do not affect program 
correctness and are used solely for performance improve 
ment. This attribute permits the use of more aggressive 
forms of optimiZation in generating helper threads. For 
example, When the main thread does not need help, certain 
optimiZations may be performed, Which are not possible 
With conventional throughput threading paradigm. 
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[0036] In one embodiment, if it is predicted that a helper 
is not needed for a certain period of time, the helper may 
terminate and release all the resources associate With the 
helper to main thread. According to another embodiment, if 
it is predicted that a helper may be needed shortly, the helper 
may be in a pause mode, Which still consumes some 
resources on Hyper-Threading hardWare. Exponential back 
off (via halting) Will be invoked if the helper stays in the 
pause mode too long (e.g., exceeding a programmable 
timeout period). According to a further embodiment, if the 
compiler cannot predict When the helper thread Will be 
needed, the helper may be in a snooZe mode and may 
relinquish the occupied processor resources to the main 
thread. 

[0037] Furthermore, according to one embodiment, per 
formance monitoring and on-the-?y adjustments are made 
possible under helper-threading paradigm, because the 
helper thread does not contribute to the semantics of the 
main program. When a main thread needs a helper, it Will 
Wake up the main thread. For example, With respect to a 
run-aWay helper or a run-behind thread, one of the processes 
described above may be invoked to adjust the run-aWay 
helper thread. 

[0038] FIG. 2 is a block diagram illustrating one embodi 
ment of a computing system 200 capable of performing the 
disclosed techniques. In one embodiment, the computing 
system 200 includes a processor 204 and a memory 202. 
Memory 202 may store instructions 210 and data 212 for 
controlling the operation of the processor 204. The processor 
204 may include a front end 221 that supplies instruction 
information to an execution core 230. The front end 221 may 
supply the instruction information to the processor core 204 
in program order. 

[0039] For at least one embodiment, the front end 221 
includes a fetch/decode unit 222 that includes logically 
independent sequencers 220 for each of a plurality of thread 
contexts. The logically independent sequencer(s) 220 may 
include marking logic 280 to mark the instruction informa 
tion for speculative threads as being “speculative.” One 
skilled in the art Will recogniZe that, for an embodiment 
implemented in a multiple processor multithreading envi 
ronment, only one sequencer 220 may be included in the 
fetch/decode unit 222. 

[0040] As used herein, the term “instruction information” 
is meant to refer to instructions that can be understood and 
executed by the execution core 230. Instruction information 
may be stored in a cache 225. The cache 225 may be 
implemented as an execution instruction cache or an execu 
tion trace cache. For embodiments that utiliZe an execution 
instruction cache, “instruction information” includes 
instructions that have been fetched from an instruction cache 
and decoded. For embodiments that utiliZe a trace cache, the 
term “instruction information” includes traces of decoded 
micro-operations. For embodiments that utiliZe neither an 
execution instruction cache nor trace cache, “instruction 
information” also includes raW bytes for instructions that 
may store in an instruction cache such as I cache 244. 

[0041] FIG. 3 is a block diagram illustrating an exemplary 
system containing a compiler to generate one or more helper 
threads according to one embodiment. Referring to FIG. 3, 
exemplary processing system 300 includes a memory sys 
tem 302 and a processor 304. Memory system 302 may store 
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instructions 310 and data 312 for controlling the operation of 
the processor 304. For example, instructions 310 may 
include a compiler program 308 that, When executed, causes 
the processor 304 to compile a program that resides in the 
memory system 302. Memory 302 holds the program to be 
compiled, intermediate forms of the program, and a resulting 
compiled program. For at least one embodiment, the com 
piler program 308 includes instructions to generate code for 
one or more helper threads With respect to a main thread. 

[0042] Memory system 302 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) and 
related circuitry. Memory system 302 may store instructions 
310 and/or data 312 represented by data signals that may be 
executed by processor 304. The instructions 310 and/or data 
312 may include code for performing any or all of the 
techniques discussed herein. 

[0043] Speci?cally, compiler 308 may include a delin 
quent load identi?er 320 that, When executed by the pro 
cessor 304, identi?es one or more delinquent load regions of 
a main thread. The compiler 308 may also include a paral 
leliZation analyZer 324 that, When executed by the processor 
304, performs one or more paralleliZation analysis for the 
helper threads. Also, the compiler 308 may include a slicer 
322 that identi?es one or more slices to be executed by a 
helper thread in order to perform speculative precomputa 
tion. The compiler 308 may further include a code generator 
328 that, When executed by the processor 304, generates the 
code (e.g., source and executable code) for the helper 
threads. 

[0044] Executing helper threads in an SMT machine is a 
form of asymmetric multithreading, as shoWn in FIG. 4B 
according to one embodiment. Traditional parallel program 
ming models provide symmetric multithreading, as shoWn in 
FIG. 4A. In contrast, the helper threads, such as helper 
threads 451-454 in FIG. 4B execute as user-level threads 
(?bers) With lightWeight thread invocation and sWitching. 
Furthermore, symmetric multithreading requires Well-tuned 
data decomposition across symmetric threads, such as 
threads 401-404 in FIG. 4A. In the helper thread model, 
according to one embodiment, the main thread runs the 
sequential code that operates on the entire data set, Without 
incurring data decomposition overhead. Without decompos 
ing the data, the compiler instead focuses on providing 
multiple helpers for timely prefetches for the main thread’s 
data. 

[0045] FIG. 5 is a How diagram illustrating an exemplary 
process for executing a helper thread according to one 
embodiment. Exemplary process 500 may be performed by 
a processing logic that may comprise hardWare (circuitry, 
dedicated logic, etc.), softWare (such as is run on a general 
purpose computer system or a dedicated machine), or a 
combination of both. In one embodiment, exemplary process 
500 includes executing a main thread of an application in a 
multi-threading system, and spaWning one or more helper 
threads from the main thread to perform one or more 
computations for the main thread When the main thread 
enters a region having one or more delinquent loads, code of 
the one or more helper thread being created during a 
compilation of the main thread. 
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[0046] Referring to FIG. 5, at block 501, the processing 
logic creates an internal thread pool to maintain a list of 
logical thread contexts Which may be used by one or more 
helper threads. At block 502, a neW thread team may be 
created before a main thread enters a delinquent load region 
(e.g., precomputation region) Which may be identi?ed by a 
compiler. In one embodiment, the neW thread team initially 
contains only the calling thread. According to one embodi 
ment, the compiler may insert a statement, such as 
start_helper statement, before the main thread enters the 
region to activate one or more helper threads. At block 503, 
When the main thread enters the region, the main thread 
spaWns (via a function call, such as invoke_helper) one or 
more helper threads Which are created using the resources 
from the thread pool to perform one or more precomputa 
tions, such as prefetching addresses and data, for the main 
thread. According to one embodiment, if no logical proces 
sor is available for executing the spaWned helper threads, the 
helper threads may be created and placed in a run queue for 
the thread team for subsequent execution. In one embodi 
ment, the run queue may be associated With a time-out. The 
request to invoke a helper is simply dropped (e.g., termi 
nated) after the time-out period expires, assuming that the 
prefetch Will no longer be timely. This is different from 
traditional task-queue model for parallel programming, 
Where each task needs to be executed. 

[0047] At block 504, at least a portion of the code Within 
the region of the main thread is executed using in part the 
data (e.g., prefetched or precomputed) provided by the one 
or more helper threads. According to one embodiment, the 
results computed by a helper thread are not integrated into 
the main thread. The bene?t of a helper thread lies in its side 
effects of prefetching, not in reusing its computation results. 
This alloWs the compiler to aggressively optimiZe the code 
generation for helper threads. The main thread handles the 
correctness issue, While the helper threads target the perfor 
mance of a program. This also alloWs the helper thread 
invoking statement, such as invoke_helper, to drop requests 
Whenever deemed appropriate. Finally, non-faulting instruc 
tions, such as the prefetch instructions, may be used to avoid 
disruptions to the main thread if exceptions are signaled in 
a helper thread. 

[0048] At block 505, the one or more helper threads 
associated With the main thread are terminated (via a func 
tion call, such as ?nish_helper) When the main thread is 
about to exit the delinquent load region and the resources, 
such as logical thread contexts, associated With the termi 
nated helper threads are released back to the thread pool. 
This enables future requests to immediately recycle the 
logical thread contexts from the thread pool. Other opera 
tions apparent to those With ordinary skill in the art may be 
included. 

[0049] Hyper-Threading technology is Well suited for sup 
porting the execution of one or more helper threads. Accord 
ing to one embodiment, in each processor cycle, instructions 
from either of the logical processors can be scheduled and 
executed simultaneously on shared execution resources. 
This alloWs helper threads to issue timely prefetches. In 
addition, the entire on-chip cache hierarchy is shared 
betWeen the logical processors, Which is useful for helper 
threads to effectively prefetch for the main thread at all 
levels of the cache hierarchy. Furthermore, although the 
physical execution resources are shared betWeen the logical 
















