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(57) Abstract: In an embodiment, a timer unit may be
provided that may be programmed to a selected time
interval, or wakeup interval. A processor may execute
a wait for event instruction, and enter a low power
state for the thread that includes the instruction. The
timer unit may signal a timer event at the expiration of
the wakeup interval, and the processor may exit the
low power state in response to the timer event. The
thread may continue executing with the instruction fol-
lowing the wait for event instruction. In an embodi-
ment, the processor/timer unit may be used to imple-
ment a power-managed lock acquisition mechanism, in
which the processor is awakened a number of times to
check the lock and execute the wait for event instruc-
tion if the lock is not free, after which the thread may
block until the lock is free.
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TITLE: POWER MANAGED LOCK OPTIMIZATION

BACKGROUND

Field of the Invention

[0001] This invention is related to the field of processors and systems that implement
processors, and more particularly to managing locks in systems that include processors.

Description of the Related Art

[0002] In systems in which multiple threads can be concurrently active, the threads can
access the same resource (such as a memory location, a data structure in memory, a device in the
system, etc.). To ensure that access to a shared resource is performed in a logically controlled
fashion, the shared resource can be protected by a lock. The locks can be used in multiprocessor
systems, for example, to prevent overlapping access to the resource by threads executing on
different processors. In a multi-threaded system, even if there is only one processor, overlapping
access can occur among the multiple active threads if one thread is scheduled while another
thread is in the process of accessing/updating the resource.

[0003] In order to access the resource or update the resource when a lock is protecting the
resource, an accessing thread can acquire the lock, perform the desired accesses/updates, and
release the lock. Other threads cannot acquire the lock while the current thread holds the lock.
For some locks (generally referred to as "spin locks"), the threads that cannot acquire the lock
enter a loop to continuously access the lock until a release is detected (often referred to as
"spinning on the lock™). The loop can be very tight, typically including just a few instructions to
read the lock and test it for the ability to be acquired. Accordingly, the loop and the
corresponding data accesses tend to hit in the caches of the processor. The processor may thus
burn significant power waiting for the spin lock to be released, while essentially not
accomplishing useful work. Another type of lock is referred to as a "mutex lock." With a mutex
lock, a thread attempts to acquire the lock and, if the attempt fails, the thread blocks so that the
processor can do other work while the thread waits for the lock to be released.

[0004] In many cases, particularly in multi-processor systems, a thread frequently holds a
mutex lock for a fairly short time period. The period of time can be less than the amount of time
needed to schedule another thread in place of the blocked thread that is attempting to acquire the
lock, for example. Accordingly, an optimization for mutex locks is to enter a spin loop on the

lock for an amount of time approximately equal to the typical holding period, or perhaps a little
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longer. If the lock is released while the thread is still in the spin loop, it may acquire the lock

and avoid the overhead of descheduling the thread and rescheduling the thread at a later point.
While the thread is in the spin loop, the processor may again consume significant power.
[0005] Another mechanism implemented in some systems includes the use of a wait for
event instruction and a send event instruction. The wait for event instruction can be used to
cause a processor executing a thread to enter a low power state. The processor waits in the low
power state for the execution of a send event instruction in another processor (e.g. the processor
that is holding the lock), which transmits a send event message. In response to receiving the
send event message, the processor returns to the higher power state to attempt to acquire the
lock.

SUMMARY

[0006] In an embodiment, a timer unit may be provided that may be programmed to a
selected time interval, or wakeup interval. A processor may execute a wait for event instruction,
and enter a low power state for the thread that includes the instruction. The timer unit may
signal a timer event at the expiration of the wakeup interval, and the processor may exit the low
power state in response to the timer event. The thread may continue executing with the
instruction following the wait for event instruction.

[0007] In an embodiment, the timer and the wait for event instruction may be used to
implement a power managed optimization for acquiring a mutex lock. The wakeup interval may
be determined based on the typical expected time that a thread will hold the lock. For example,
the typical lock hold time may be a multiple of the wakeup interval (or approximately a
multiple), such that a maximum number of iterations of attempting to acquire the lock, failing,
and executing the wait for event instruction may be determined. The maximum number of
iterations multiplied by the wakeup interval may be approximately the typical lock hold time (or
somewhat greater than the typical lock hold time). Thus, if the lock is released within the typical
lock hold time, the thread attempting to acquire the lock may not yet have blocked. If the lock is
not released within the typical lock hold time, the thread may block and the processor resources

assigned to the thread may be put to other productive use.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The following detailed description makes reference to the accompanying drawings,
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which are now briefly described.

[0009] Fig. 1 is a block diagram of one embodiment of a portion of a system including one
or more processors and a timer unit.

[0010] Fig. 2 is a block diagram of another embodiment of a portion of a system including
one or more processors and a timer unit.

[0011] Fig. 3 is a state machine illustrating operation of one embodiment of an execution
core shown in Figs. 1 or 2.

[0012] Fig. 4 is a flowchart illustrating operation of one embodiment of an event control unit
shown in Figs. 1 or 2.

[0013] Fig. 5 is a flowchart illustrating a portion of one embodiment of initialization code.
[0014] Fig. 6 is a flowchart illustrating one embodiment of lock code.

[0015] Fig. 7 is a flowchart illustrating operation of one embodiment of a thread scheduler.
[0016] Fig. 8 is a timing diagram illustrating a first example of the lock code.

[0017] Fig. 9 is a timing diagram illustrating a second example of the lock code.

[0018] Fig. 10 is a timing diagram illustrating a third example of the lock code.

[0019] Fig. 11 is a block diagram of one embodiment of a system.

[0020] Fig. 12 is a block diagram of one embodiment of a computer storage accessible
medium.

10021] Fig. 13 is a block diagram of another embodiment of a portion of a system including
one or more processors, an event control unit, and a timer unit.

[0022] While the invention is susceptible to various modifications and alternative forms,
specific embodiments thereof are shown by way of example in the drawings and will herein be
described in detail. It should be understood, however, that the drawings and detailed description
thereto are not intended to limit the invention to the particular form disclosed, but on the
contrary, the intention is to cover all modifications, equivalents and alternatives falling within
the spirit and scope of the present invention as defined by the appended claims. The headings
used herein are for organizational purposes only and are not meant to be used to limit the scope
of the description. As used throughout this application, the word "may" is used in a permissive
sense (i.e., meaning having the potential to), rather than the mandatory sense (i.e., meaning
must). Similarly, the words "include", "including", and "includes" mean including, but not
limited to.

[0023] Various units, circuits, or other components may be described as "configured to"

perform a task or tasks. In such contexts, "configured to" is a broad recitation of structure
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generally meaning "having circuitry that" performs the task or tasks during operation. As such,
the unit/circuit/component can be configured to perform the task even when the
unit/circuit/component is not currently on. In general, the circuitry that forms the structure
corresponding to "configured to" may include hardware circuits to implement the operation.
Similarly, various units/circuits/components may be described as performing a task or tasks, for
convenience in the description. Such descriptions should be interpreted as including the phrase
"configured to." Reciting a unit/circuit/component that is configured to perform one or more
tasks is expressly intended not to invoke 35 U.S.C. § 112, paragraph six interpretation for that

unit/circuit/component.

DETAILED DESCRIPTION OF EMBODIMENTS

[0024] Turning now to Fig. 1, a block diagram is shown of one embodiment of a processor
10A, an optional additional processor 10B, and a timer unit 12. The processors 10A-10B are
coupled to receive a timer event signal from the timer unit 12. In the illustrated embodiment, the
processor 10A includes an execution core 14A coupled to an event control unit 16A, which is
coupled to receive the timer event signal. The processor 10B may similarly include an execution
core 14B coupled to an event control unit 16B, which is coupled to receive the timer event
signal. The execution cores 14A-14B may also be configured to transmit send event messages,
which may be received by the event control units 16A-16B in the other processor 10A-10B, as
shown in Fig. 1. In the illustrated embodiment, the timer unit 12 includes a timer 18 and a timer
control unit 20 coupled to the timer 12.

[0025] The processors 10A-10B may be configured to execute instructions defined in an
instruction set architecture (ISA) that is implemented by the processors. Generally, the ISA may
specify the instructions, their operation, their coding, etc. Thus, a programmer or compiler may
provide instructions as specified in the ISA, and the processors 10A-10B may execute the
instructions and produce the specified operation as a result.

[0026] Specifically, in the embodiment of Fig. 1, the execution cores 14A-14B may be
configured to execute the instructions in the ISA. Thus, the execution cores 14A-14B may
include circuitry to fetch, decode, execute, and commit the result of each instruction. The
execution cores 14A-14B may implement any microarchitecture, including superscalar and/or
superpipelined microarchitectures, in-order execution or out-of-order execution; speculative

execution, single threaded or multi-threaded execution, etc. In various embodiments, the
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execution cores 14A-14B may implement microcoding techniques in addition to any of the
above implementations.

[0027] The ISA may include a wait for event instruction. Generally, the wait for event
instruction may be defined in the ISA to cause the processor 10A-10B to enter a low power state,
at least for the thread that includes the instruction. For example, the execution core 14A-14B as
a whole may enter the low power state, in processors that do not dynamically switch between
threads. Alternatively, in embodiments that support multiple threads, the resources that are
dedicated to the thread that includes the instruction may enter the low power state. Resources
dedicated to other threads may remain in a normal (not low) power state, and shared resources
may selectively enter the low power state (e.g. entering the low power state if they are not in use
by the other threads that are still active).

[0028] Generally, the low power state may be a state in which less power is expected to be
consumed than the normal state of the processor. Different implementations may define the low
power state in different ways. For example, clocks may be "turned off" (held in a steady state) to
the resources entering the low power state. Dynamic power consumption may be reduced since
the clocks are not toggling and thus state is not changing. Alternatively or in addition, the
resources (or a subset of the resources) may be powered off. In one embodiment, memory
devices such as arrays may remain powered to retain state while other circuitry is powered off.
Powering circuitry off may reduce static power consumption (e.g. leakage current).
Alternatively, or in addition, the processor may reduce its operating frequency and operating
voltage to enter a low power state. Performance may be exchanged for power savings in such
embodiments.

[0029] By providing the timer unit 12 and selecting the selected time interval for the timer
unit 12 based on the typical expected time that a thread will hold a lock, such as a mutex lock, a
relatively low power implementation of attempting to acquire the mutex lock for a period of time
approximately equal to the typical lock hold time before blocking the thread may be achieved.
For example, the selected time interval may be approximately the typical lock hold time divided
by a small integer. The integer may be the number of iterations of attempting to acquire the
lock, and executing the wait for event instruction in response to failing to acquire the lock, that
will be executed before blocking the thread. For example, in one embodiment, the selected time
interval may be about 1 microsecond, and the typical hold time may be about 10 microseconds
or less. So, the number of iterations may be about 10 in this example. Typical lock hold time,

selected time interval, and/or number of iterations may be higher or lower in other examples.
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[0030] The event control units 16A-16B may be provided to detect events that will cause the
processors 10A-10B to exit the low power state (or "wakeup"). Accordingly, the event control
units 16A-16B may remain in operation when the corresponding processor 10A-10B enters the
low power state. The event control units 16A-16B may be coupled to receive the timer event
signal from the timer unit 12, which may indicate when the selected time interval has expired.
The event control units 16A-16B may be configured to assert a wakeup signal to the execution
cores 14A-14B, respectively, in response to the timer event signal and other events that are
defined to cause the processor to exit the low power state. In response to waking up, the
processor may continue execution of the thread that includes the wait for event instruction, at the
instruction following the wait for event instruction. In some cases (e.g. if an interrupt is
signalled), the thread may vector to a different instruction, but wakeup due to expiration of the
selected time interval or the send event message (described below) may generally cause
execution to return to the instruction following the wait for event instruction.

[0031] In one embodiment, another instruction in the ISA may be a send event instruction.
The send event instruction may be defined to cause a send event message to be transmitted to
other processors in the system. A processor that receives the send event message may wakeup
from a previous wait for event instruction. Accordingly, the event control units 16A-16B are
coupled to receive send event messages from the processors 10B-10A, respectively, as illustrated
in Fig. 1. More particularly, the execution cores 14A-14B may transmit the send event
messages. The form of the send event messages and the mechanism for communicating the
messages is implementation dependent and may vary. For example, the processors 10A-10B
may be coupled to a bus structure, and the send event message may be a bus transaction.
Alternatively, the processors 10A-10B may be coupled to a packet-based interconnect, and the
send event message may be a packet broadcast on the packet interconnect. In another example,
the processors 10A-10B maybe cores implemented in a system-on-a-chip or multi-core chip, in
which case the send event message may be a signal or a private interface between cores. The
send event message may be any communication between processors that is defined to cause a
receiving processor to wakeup.

[0032] The timer unit 12 may generally comprise circuitry that is configured to time a
selected time interval, and provide an output that indicates that the selected time interval has
expired. The timer unit 12 also begins timing the next interval upon expiration of the current

interval, and thus the output of the timer unit 12 may periodically indicate that another interval
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has expired. In one embodiment, the timer unit 12 may pulse the timer event signal in response
to the expiration. The pulse width may be one or more clock cycles, to ensure that it is properly
received at each processor 10A-10B.

[0033] As illustrated in Fig. 1, the timer unit 12 may include a timer 18, which may
increment or decrement in response to a clock input. For example, the timer 18 may be
initialized to a value and may decrement each clock cycle of the clock input until the value
reaches zero. The timer control unit 20 may detect the zero and signal the timer event.
Additionally, the timer control unit 20 may reinitialize the timer to the value. Alternatively, the
counter may be initialized to zero and may increment each clock cycle of the clock input. The
timer control unit 20 may compare the timer value to the desired value to signal the timer event
and to clear the timer 18 to zero.

[0034] Accordingly, the timer unit 12 may signal time intervals at the granularity of the input
clock. To time a selected time interval, the timer unit 12 may be set to a value which, when
multiplied by the clock period, equals or approximates the desired amount of time. The clock
for fhe timer unit 12 may have any period/frequency. For example, clocks having frequencies in
the range of tens of kilohertz may be used.

[0035] In one embodiment, the timer unit 12 may be programmable with the selected time
interval. The timer control unit 20 may be configured to receive a communication from the
processors 10A-10B to write the selected time interval to the timer unit 12 (or the value that
represents the selected time interval in terms of clock periods of the input clock to the timer 18),
and may be configured to update the timer 18 and/or another register with the value in response
to the communication.

[0036] The wait for event instruction may be defined in different fashions in various ISAs,
and may optionally include additional operation to that described above. For example, the wait
for event instruction may be similar to the WFE instruction in the ARM ISA. The WFE
instruction waits for the reception of a send event message from another processor to exit. In
one embodiment, the processors 10A-10B may also detect the expiration of a selected time
interval as an event to exit the low power state. The timer unit 12 may assert the timer event
signal at the expiration each selected time interval, and may begin timing the next iteration of the
selected time interval.

[0037] As another example, the wait for event instruction may be similar to the MWAIT
instruction in the x86 ISA from Intel Corporation (also known as Intel Architecture (IA)-32).
The MWAIT instruction is preceded by a MONITOR instruction that identifies a cache line to be
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monitored (e.g. a cache line containing the lock). The MWAIT instruction causes the processor

to enter a low power state, and is awakened by a coherency hit on the monitored cache line. The
wait for event instruction may be similar to the MWAIT instruction, but also exits the low power
state in response to the expiration of the selected time interval. Alternatively, a separate
instruction from the MWAIT instruction may be defined for the x86 ISA that may be used as the
wait for event instruction. Other ISAs may also implement the wait for event instruction.
Examples may include the Power ISA, the MIPS ISA, the SPARC ISA, etc.

[0038] For the remainder of this disclosure, the acronym WFE may be used to refer to the
wait for event instruction, in the text and/or in the drawings. This acronym is not intended to
limit the wait for event instruction to the WFE instruction defined in the ARM ISA, but rather
refers to any wait for event instruction in any ISA that has the properties described above.

[0039] It is noted that, while Fig. 1 illustrates two processors 10A-10B, there may be more
than two processors 10A-10B. Additionally, the processor 10B is optional and there may be
only one processor in other embodiments. In embodiments having more than two processors,
there may be more than one timer unit 12, and non-overlapping subsets of the processors may
share different ones of the timer units. Alternatively, each processor may have its own timer unit
12.

[0040] It is noted that, in various embodiments, the processors 10A-10B may be discrete
integrated circuits, or may be integrated as processor cores on a multicore integrated circuit or a
system on a chip (SOC) integrated circuit. The timer unit 12 may be integrated on the multicore
or SOC integrated circuit as well. Accordingly, as used herein, a processor may include a
discrete integrated circuit and a processor core on an integrated circuit with other components
and/or processor cores.

[0041] Fig. 2 is a block diagram another embodiment in which there is a timer unit 12A-12B
for each individual processor 10A-10B, and the timer unit 12A-12B may be integrated into the
processor 10A-10B. Some or all of the functionality of the timer control unit 20 may be
integrated into the event control units 16A-16B, as desired.

[0042] Turning now to Fig. 3, a state machine diagram is shown illustrating operation of one
embodiment of a processor (e.g. the processor 10A or 10B) and more particularly an execution
core (e.g. the execution core 14A or 14B) with regard to wait for event instructions.

[0043] If no wait for event instruction has been executed, the processor may be in the thread
executing state 30. The thread executing state 30 may be a normal operating state. For example,

a thread executing state may be a state in which the processor is executing at full
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power/performance or at a powet/performance level selected by software for reasons other than
the wait for event instruction. For example, based on the workload that the processor is
experiencing software may select a suitable power/performance level (using lower power when
lower performance is sufficient). In another example, software may select a power/performance
level based on remaining battery life. Any factors may be considered, in various embodiments.
[0044] In response to the execution of a wait for event instruction (arc 32), the
processor/execution core may enter a low power state for the thread, such as the thread sleeping
state 34. In the thread sleeping state 34, the resources assigned to the thread that includes the
wait for event instruction may be in a low power state (e.g. clocks off, power off, etc.). Ina
multithreaded embodiment of the processor, there may be multiple low power states for the
resources dedicated to each active thread in the processor. The processor/execution core may
remain in the thread sleeping state 34 until a wakeup is signalled by the event control unit 16A
or 16B (arc 36), in which case instruction execution for the thread may be resumed at the
instruction following the wait for event instruction.

[0045] Turning next to Fig. 4, a flowchart is shown illustrating operation of one embodiment
of an event control unit (e.g. the event control unit 16A or 16B). While the blocks are shown in
a particular order for ease of understanding, other orders may be used. Additionally, blocks may
be performed in parallel in combinatorial logic in the event control unit. Blocks, combinations
of blocks, and/or the flowchart as a whole may be pipelined over multiple clock cycles.

[0046] The event control unit may detect a timer event signal by the timer unit 12 (decision
block 40). If a timer event is detected (decision block 40, "yes" leg), the event control unit may
assert the wakeup signal to the execution core (block 42). Additionally, in embodiments that
implement the send event instruction described above, the event control unit may detect a send
event message (decision block 44). If a send event message is received (decision block 44, "yes"
leg), the event control unit may assert the wakeup signal (block 42). In some embodiments (e.g.
a single threaded processor that stops its clocks and/or is powered down in the low power state),
the receipt of an interrupt may cause a wakeup in order to service the interrupt in a timely
fashion. If an interrupt is received (decision block 46, "yes" leg), the event control unit may
assert the wakeup signal (block 42). In some embodiments, the system may include a system
timeout timer (not shown) which may cause a wakeup. The system timeout may be presented to
the processor in the form of an interrupt, and thus the system timeout may be a subset of the
interrupt. For example, the system timeout may occur when a thread's execution granule has

expired and a new thread is to be scheduled. If the system timeout interrupt occurs (decision
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block 48, "yes" leg), the event control unit may assert the wakeup signal (block 42).

[0047] In other embodiments, there may be additional events that cause the event control
unit to assert the wakeup signal. The additional events may be included with a subset of the
events shown in Fig. 4, in other embodiments. Any combination of events may be used. It is
noted that, in one embodiment, the decision blocks 40, 44, 46, and 48 may be independent and
thus may be performed in parallel or in any order.

[0048] Turning next to Fig. 5, a flowchart is shown illustrating a portion of one embodiment
of initialization code that may be executed by a processor 10A or 10B during initialization of a
system that includes the processor. While the blocks are shown in a particular order for ease of
understanding, other orders may be used. The initialization code may comprise instructions that
are executable by a processor to implement the operations shown.

[0049] The initialization code may initialize the timer unit or units (block 50) to signal the
timer event at the desired wakeup interval. That is, the desired wakeup interval may be the
selected time interval described above. The desired wakeup interval may be read from a non-
volatile storage (e.g. a read-only memory, a flash memory, disk storage, etc.) that is included in
the system. If the non-volatile storage is modifiable, the desired wakeup interval may be
changed over time to better reflect actual lock holding times in a given system.

[0050] The initialization code may generally include other operations to prepare a system for
use (e.g. to "boot" a system). In some cases, the desired wakeup interval may be
modified/programmed at other points in time. For example, the desired wakeup interval may
change depending on the workload of the system, the nature of the data protected by the locks,
etc. Accordingly, in some embodiments, the timer units may be programmed dynamically
during operation.

[0051] Turning now to Fig. 6, a flowchart is shown illustrating a portion of one embodiment
of lock code that may be executed by a processor 10A or 10B to manage a lock. While the
blocks are shown in a particular order for ease of understanding, other orders may be used. The
lock code may comprise instructions that are executable by a processor to implement the
operations shown. In an embodiment, the lock code may be included in an application/thread
that uses the lock. In another embodiment, the lock code may be part of an operating system and
may exposed as an application program interface (API) for use by an application. Alternatively,
portions of the flowchart may be implemented in the operating system and may be APIs.

[0052] The lock code may initialize an iteration count, which may be the maximum number

of unsuccessful iterations of attempting to acquire the lock before the thread blocks (block 52).
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The iteration count multiplied by the selected time interval may be approximateiy equal to the
typical lock hold time (e.g. within the granularity available to the timer unit 12), or somewhat
longer than the typical lock hold time.

[0053] The lock code may then attempt to acquire the lock (block 54). Generally, acquiring
the lock may refer to the operations performed to determine that the lock is in a state that permits
the code to take control of the lock, and the operations to change the state of the lock to exclude
other code from taking control. Code that has acquired a lock may subsequently release the lock,
which may include changing the state of the lock back to the state indicating that the lock is
available to be acquired. The states of the lock and their interpretation may vary based on the
type of lock. A simple lock may be a bit which is clear to indicate acquirable and set to indicate
not acquirable (or currently held), or vice versa. A lock may be zero to indicate acquirable, and
non-zero values may indicate currently held and may identify the holder (e.g. by thread
identifier, process identifier, etc.). Other locks may include different states of accessibility (e.g.
read-only versus read/write or no access).

[0054] If the lock is not successfully acquired (decision block 56, "no" leg), the lock code
may decrement the iteration count (block 58), and determine if the number of iterations have
expired (decision block 60). If not (decision block 60, "no" leg), the lock code may execute the
wait for event instruction (block 62). The thread may be stalled in the low power state until a
wakeup event is detected by the processor (e.g. the timer event - dotted line 63), at which time
the lock may be attempted again. For example, the lock code may include the wait for event
instruction followed by a branch instruction to the first instruction of one or more instructions
that attempt to acquire the lock (block 54). If the wakeup event is an interrupt, the next
instruction may be an interrupt handler. Whether or not the interrupt handler returns to the wait
for event instruction, the following instruction, or neither is implementation dependent. On the
other hand, if the number of iterations has expired (decision block 60, "yes" leg), the thread may
block (block 64). Blocking a thread may include, e.g., descheduling the thread and inhibiting
rescheduling of the thread until the reason for blocking is cleared. For example, in an
embodiment, a thread may call an API of the operating system to block itself, and may indicate
the reason for block (e.g. waiting on the lock that it is attempting to acquire, in this case).
Alternatively, the operating system may block the thread (e.g. if the lock code, or the portion that
includes checking the iteration count, is part of the operating system). The operating system may

support a variety of other reasons for a thread block.
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[0055] If the lock is successfully acquired (decision block 56, "yes" leg), the thread may

perform the desired processing that is permitted via acquiring the lock (block 66). The thread
may then release the lock (block 68). In embodiments that implement the send event instruction,
the thread may optionally include the send event instruction (block 70). The send event
instruction is optional because the waiting thread(s) will wakeup at the next timer event.

Sending the event may simply speed the procesé.

[0056] It is noted that, in some embodiments, successfully acquiring the lock may cause the
lock code to return to an application with an indication that the lock has been acquired. Blocks
66, 68, and 70 may not be part of the lock code in such an embodiment. Blocks 68 and 70 may
be part of a release lock API, in some embodiments. It is further noted that other embodiments
may eliminate the iteration count and may instead use a timer service provided by the operating
system to read the time at the start of the lock code (e.g. in place of block 52) and which may
read the time again after each failure to acquire the lock. The difference between the current
time and the initial time may be compared to the typical lock hold time to determine if execution
of the wait for event instruction or thread block is the response to the failure to acquire the lock.
[0057] Turning now to Fig. 7, a flowchart is shown illustrating operation of one embodiment
of a thread scheduler that may schedule threads for execution on processors such as the
processors 10A-10B. While the blocks are shown in a particular order for ease of understanding,
other orders may be used. The thread scheduler may comprise instructions that are executable by
a processor to implement the operations shown. The thread scheduler may be part of the
operating system, for example.

[0058] The thread scheduler may examine each thread. If a thread is blocked (decision block
80, "yes" leg), the thread scheduler may check the reason for the block. If the block is for a
paﬁicular lock (decision block 82, "yes" leg), the thread scheduler may determine if the lock has
been released (decision block 84). For example, the thread scheduler may read the state of the
lock and examine the state to determine if it has been released. If so (decision block 84, "yes"
leg), the thread scheduler may mark the thread as eligible for scheduling (block 86). Otherwise
(decision block 84, "no" leg), the thread may remain unavailable. If the thread is blocked for a
reason other than waiting on a lock (decision block 82, "no" leg), the thread scheduler may
process the other block reasons and mark the thread available or not available based on the
results (block 88).

[0059] The thread scheduler may then examine the threads that are available for scheduling,
and schedule the threads for execution (block 90).
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[0060] Turning now to Figs. 8-10, timing diagrams of various examples of threads acquiring
locks are shown. Two threads are shown, labeled T1 and T2 at the top of the figure. Time
increases in the downward direction in the figures. In each figure, three timer events are shown
at arrows 100, 102, and 104. Solid lines between activities indicate thread execution, and dotted
lines indicate a low power state for the thread.

[0061] Fig. 8 illustrates a first example of a thread acquiring a lock. In the example, the
thread T2 acquires the lock (reference numeral 106), and the thread T1 attempts to acquire the
lock after the thread T2 acquires it (reference numeral 108). Since thread T2 has the lock, the
thread T1 fails in its attempt to acquire the lock and executes the wait for event instruction
(reference numeral 110). The processor remains in the low power state for the thread T1 until
the first timer event (arrow 100) occurs. It is noted that the execution of the wait for event
instruction is not synchronized to the timer unit 12, and thus the amount of time spent in the low
power state may vary within the limit of the selected time interval.

[0062] In response to the timer event (arrow 100), the processor wakes up for the thread T1
and the thread T1 attempts to acquire the lock again (reference numeral 112). The thread T2 is
still processing as permitted by the lock, and has not yet released it. Accordingly, the thread T1
fails to obtain the lock, and executes the wait for event instruction again (reference numeral
114). While the thread T1 is in the low power state, the thread T2 completes its processing and
releases the lock (reference numeral 116).

[0063] In response to the second timer event (arrow 102), the thread T1 wakes up and
successfully acquires the recently released lock (reference numeral 118). In this example, the
thread T2 includes the send event instruction and transmits the send event message (reference
numeral 120). However, in this case, the thread T2 has acquired the lock prior to the send event
message arriving (arrow 122). Other embodiments may not implement the send event message.
[0064] Fig. 9 illustrates a second example of a thread acquiring a lock. Similar to the first
example, the thread T2 acquires the lock (reference numeral 106) and the thread T1 subsequently
attempts to acquire the lock and executes the wait for event instruction in response to failing to
acquire the lock (reference numerals 108 and 110). The thread T1 is in the low power state until
the first timer event (arrow 100), after which the thread T1 wakes up, attempts to acquire the
lock (reference numeral 112), and executes the wait for event instruction (reference numeral

114).
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[0065] In this example, the thread T2 releases the lock shortly after the thread T1 attempts

and fails to acquire the lock (reference numeral 124) and transmits the send event message
(block 126). The thread T1 wakes up in response to the send event message, and the thread T1
acquires the lock prior to the second timer event at arrow 102 (reference numeral 128). The
example of Fig. 9 illustrates how the use of the optional send event message may reduce latency
in the lock handoff. Within the send event message in this example, the thread T1 would not
acquire the lock until after the timer event at arrow 102.

[0066] Fig. 10 illustrates a third example of a thread acquiring a lock. Similar to the first
example, the thread T2 acquires the lock (reference numeral 106) and the thread T1 subsequently
attempts to acquire the lock and executes the wait for event instruction in response to failing to
acquire the lock (reference numerals 108 and 110). The thread T1 is in the low power state until
the first timer event (arrow 100), after which the thread T1 wakes up, attempts to acquire the
lock (reference numeral 112), and executes the wait for event instruction (reference numeral
114).

[0067] In this example, the thread T2 holds the lock for longer than the typical lock hold
time. Accordingly, at the second timer event (arrow 102), the thread T1 again attempts to
acquire the lock and fails, executing the wait for event instruction (reference numerals 130 and
132). At the third timer event (arrow 104), the thread T1 attempts to acquire the lock and fails
(reference numeral 134). However, at this point in the example, the number of iterations has
been exceeded and the thread blocks (reference numeral 136). The processor resources that were
dedicated to the thread may be assigned to another thread.

[0068] At some point, the thread T2 completes its processing and releases the lock (reference
numeral 138). The thread scheduler may detect that the lock is free, make thread T1 eligible for
scheduling, and schedules the thread T1 (reference numeral 140). The thread T1 may then
successfully acquire the lock (reference numeral 142). Accordingly, between the time that the
last iteration was attempted (and the thread blocked) and the time that the thread is scheduled
again, the processor resources assigned to the thread may be put to productive use doing other
work (or may be put into a reduced power mode indefinitely). Any power expended during the
time period may be more wisely used than if the thread T1 were continuing to wake up but fail to
acquire the lock.

[0069] It is noted that, while the thread T2 is shown as transmitting the send event message
(reference numeral 144). However, in this example, the send event message has no effect. Even

if the send event message arrive at the processor to which the thread T1 is ultimately scheduled
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and acquires the lock (reference numerals 140 and 142), the send event message would not have
any acceleration effect on the thread T1 acquiring the lock because the thread T1 is not in the
low power state from the wait for event instruction and that point.

[0070] Turning next to Fig. 11, a block diagram of one embodiment of a system 150 is
shown. In the illustrated embodiment, the system 150 includes at least one instance of and
integrated circuit 158 coupled to one or more peripherals 124 and an external memory 122. A
power supply 156 is also provided which supplies the supply voltages to the integrated circuit
158 as well as one or more supply voltages to the memory 112 and/or the peripherals 114. In
some embodiments, more than one instance of the integrated circuit 158 may be included.
[0071] The integrated circuit 158 may include one or more processors such as processors
10A-10B, and one or more timer units such as timer unit 12 (or timer units 12A-12B integrated
into the processors).

[0072] The external memory 152 may be any desired memory. For example, the memory
may include dynamic random access memory (DRAM), static RAM (SRAM), flash memory, or
combinations thereof. The DRAM may include synchronous DRAM (SDRAM), double data
rate (DDR) SDRAM, DDR2 SDRAM, DDR3 SDRAM, etc.

[0073] The peripherals 154 may include any desired circuitry, depending on the type of
system 150. For example, in one embodiment, the system 150 may be a mobile device and the
peripherals 154 may include devices for various types of wireless communication, such as wifi,
Bluetooth, cellular, global position system, etc. The peripherals 154 may also include additional
storage, including RAM storage, solid state storage, or disk storage. The peripherals 154 may
include user interface devices such as a display screen, including touch display screens or
multitouch display screens, keyboard or other keys, microphones, speakers, etc.

[0074] Turning now to Fig. 12, a block diagram of a computer accessible storage medium
200 is shown. Generally speaking, a computer accessible storage medium may include any
storage media accessible by a computer during use to provide instructions and/or data to the
computer. For example, a computer accessible storage medium may include storage media such
as magnetic or optical media, e.g., disk (fixed or removable), tape, CD-ROM, or DVD-ROM,
CD-R, CD-RW, DVD-R, DVD-RW. Storage media may further include volatile or non-volatile
memory media such as RAM (e.g. synchronous dynamic RAM (SDRAM), Rambus DRAM
(RDRAM), static RAM (SRAM), etc.), ROM, Flash memory, non-volatile memory (e.g. Flash
memory) accessible via a peripheral interface such as the Universal Serial Bus (USB) interface,

etc. Storage media may include microelectromechanical systems (MEMS), as well as storage
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media accessible via a communication medium such as a network and/or a wireless link. The
computer accessible storage medium 200 in Fig. 12 may store one or more of initialization code
202, lock code 204, and/or thread scheduler code 206. The initialization code 202 may comprise
instructions which, when executed, may implement the flowchart of Fig. 5. The lock code 204
may comprise instructions which, when executed, implement any part of the flowchart of Fig. 6.
The thread scheduler 206 may comprise instructions which, when executed, implement any part
of the flowchart of Fig. 7. Generally, the computer accessible storage medium 200 may store
any set of instructions which, when executed, implement a portion or all of the flowcharts shown
in Figs. 5, 6, and 7. A carrier medium may include computer accessible storage media as well as
transmission media such as wired or wireless transmission.

[0075] Turning now to Fig. 13, a block diagram of another embodiment of a portion of a
system including the timer unit 12, an event control unit 16A coupled to receive a timer event
from the timer unit 12, and processors 10A~10B including execution cores 14A-14B coupled to
receive a wakeup event from the event control unit 16A. The execution cores 14A-14B are
further configured to transmit a send event indication to the event control unit 16A. In the
embodiment of Fig. 13, one or more processors 10A-10B share an event control unit 16A and
the corresponding wakeup event, and thus may each wakeup in response to the shared wakeup
events. In some embodiments, all of the processors in a system may share the event control unit
16A/wakeup event, and any indications that the wakeup event should occur (e.g. send event
indications, timers, interrupts, etc.) may be sent to the shared event control unit 16A. Other
embodiments may include more than one event control unit 16A, and each event control unit
16A may be shared by two or more processors within the system.

[0076] Numerous variations and modifications will become apparent to those skilled in the
art once the above disclosure is fully appreciated. It is intended that the following claims be

interpreted to embrace all such variations and modifications.
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WHAT IS CLAIMED IS:

1. An apparatus comprising:

a timer unit configured to pulse a signal at each expiration of a selected time interval; and

a processor coupled to receive the signal from the timer unit, wherein the processor is
configured to execute a first instruction that is defined in an instruction set
architecture implemented by the processor, wherein the first instruction is defined
to cause the processor to enter a low power state for a thread that includes the first
instruction, and wherein the processor is configured to exit the low power state
for the thread responsive to the pulse on the signal from the timer unit and to

continue execution with an instruction following the first instruction.

2. The apparatus as recited in claim 1 further comprising a second processor that implements the
instruction set architecture, wherein the second processor is also coupled to receive the signal
from the timer unit and is configured to exit the low power state for the thread responsive to the

pulse on the signal.

3. The apparatus as recited in claim 1 further comprising a second processor that implements the
instruction set architecture and a second timer unit configured to pulse a second signal at each
expiration of the selected time interval, wherein the second processor is coupled to receive the
second signal from the second timer unit and is configured to exit the low power state for the

thread responsive to the pulse on the second signal.

4. The apparatus as recited in claim 1 wherein the processor is further configured to exit the low

power state responsive to receiving a send event message from another processor.

5. The apparatus as recited in claim 1 wherein the selected time interval is programmable in the

timer unit.

6. The apparatus as recited in claim 1 wherein the selected time interval is dependent on a

typical expected time that a thread holds the lock.

7. A computer accessible medium storing a plurality of instructions which, when executed by a
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processor:
attempt to acquire a lock;
responsive to failing to acquire the lock, determine whether or not an additional iteration
is permitted; and
responsive to determining that the additional iteration is permitted, wait for an event
prior to initiating another iteration, wherein waiting for the event causes the
processor to enter a low power state, reducing power consumption while the

plurality of instructions is attempting to acquire the lock.

8. The computer accessible medium as recited in claim 7 wherein the plurality of instructions,
when executed responsive to an exit from the low power state:
attempt to acquire the lock;
responsive to acquiring the lock, perform one or more operations that required the lock;
and

release the lock.

9. The computer accessible medium as recited in claim 8 wherein releasing the lock comprises
transmitting a send event message that causes the exit from the low power state in a processor

receiving the send event message.

10. The computer accessible medium as recited in claim 7 wherein the plurality of instructions,
when executed responsive to an exit from the low power state:
| attempt to acquire the lock;
responsive to failing to acquire the lock, determine whether or not another additional
iteration is permitted; and
responsive to determining that another additional iteration is not permitted, block the

thread.

11. The computer accessible medium as recited in claim 7 wherein determining whether or not
the additional iteration is permitted comprises updating an iteration count and testing the count

for expiration.

12. The computer accessible medium as recited in claim 7 wherein determining whether or not
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the additional iteration is permitted comprises reading a time service provided by an operating
system under execution by the processor and determining an amount of time elapsing while

attempting to acquire the lock.

13. A computer accessible medium storing a plurality of instructions which, when executed by a
processor:
initialize a timer during initialization of a system including the processor, the timer
initialized to a selected amount of time, wherein the timer is configured to assert a
signal responsive to each expiration of the selected amount of time, and wherein
the processor is configured to exit a low power state responsive to the asserted
signal;
iteratively attempt to acquire a lock and wait for an event responsive to failing to acquire

the lock, wherein waiting for the event comprises entering the low power state.

14. The computer accessible medium as recited in claim 13 wherein the selected amount of time

is dependent on a typical amount of time that a thread holds the lock.

15. The computer accessible medium as recited in claim 14 wherein the plurality of instructions,
when executed:
determine that an additional iteration is not permitted, wherein a number of permitted
iterations, multiplied by the selected amount of time, is approximately the typical
amount of time; and
responsive to determining that the additional iteration is not permitted, block the thread

including the plurality of instructions.

16. A method comprising executing instructions by a processor that:
iteratively attempt to acquire a lock and, responsive to failing to acquire the lock, wait for
an event;
responsive to a number of iterations expiring, deschedule the thread; and

block rescheduling of the thread until at least a release of the lock occurs.

17. The method as recited in claim 16 further comprising executing instructions by a processor

that:
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detect the release of the lock;
reschedule the thread; and

attempt to acquire the lock.

18. A processor comprising:
an execution core configured to execute instructions defined in an instruction set
architecture implemented by the processor, the instructions including a wait for
event instruction, wherein the execution core is configured to enter a low power
state responsive to executing the wait for event instruction; and
an event control unit coupled to the execution core and configured to cause the execution
core to exit the low power state responsive to an expiration of a predetermined

time interval.

19." The processor as recited in claim 18 further comprising a timer unit that is programmed to
the predetermined time interval, wherein the event control unit is coupled to the timer unit and is
configured to detect the expiration of the predetermined time interval responsive to the timer

unit.

20.- The processor as recited in claim 18 having a signal input from an external timer unit,
wherein the event control unit is coupled to receive the signal and to detect the expiration of the

predetermined time interval responsive to the signal.

20



WO 2010/132298

PCT/US2010/034050

1/9
Processor 10A 'r‘ - —IBr_oEe_sgar‘@__ o
I
Execution : |r Execution :
Core : ! Core I
14A ~._ Send Event 14B :
— T -t
Wakeup Wakeup
Event Control | Ml Event Control :
Unit | Unit [
16A oy 16B |
y : __________
b e e e e
Timer Event
| ______________ k|
Timer Control
' Lo2o
18 1 v

Timer 4
N

\

Timer Unit 12

FIG. 1

Processor 10A

Execution
Core

14A ~_ Send Event
A

Wakeup

Event Control =
Unit
16A

A

y
Timer Unit

\L 12A
FIG. 2

Processor 108

Execution
Core

148

A
Wakeup

Event Control
Unit
168

A

Y

Timer Unit

\
U128



WO 2010/132298 PCT/US2010/034050

2/9

Wakeup

Thread Thread
Executing Sleeping

30 34

WFE Executed

FIG. 3

Y 40

Yes 4& Event?

44

Yes Send Event

Message?

Yes

Interrupt?

Yes System

Timeout?

Yy Y v Y

Assert Wakeup
42

End

FIG. 4



WO 2010/132298 PCT/US2010/034050

3/9

50

I
Initialize Timers fo

Desired Wakeup Interval

'

FIG. 5

( Start- Lock Code )

52
vy [
Initialize Iteration Count

Wakeup o

Jaee

! L 63 \ [ o4

| Attempt Lock

|

i 56

|

: Success? Yes o6
l vy [

| Perform Desired
} Processing

! Decrement Ilteration 68
: Count v [

| Release Lock

! 60 70
: No lterations y [

| 62 N\ o Expired? Send Event

i

| WFE Yes

: l 64

R Thread Block

Y

(' End- Lock Code )

FIG. 6



WO 2010/132298 PCT/US2010/034050

4/9

(Start - Thread Schedule)

Yes Thread

Blocked?

No Block
88 for Lock?
N\ v
Process Other
Lock Reasons

No Lock

Released?

A

86
A\
Thread Eligible

! r 90

Schedule from
Available Threads

y
( End - Thread Schedule)

FIG. 7



WO 2010/132298

100
Timer Event

102
Timer Event

104
Timer Event

5/9

T1
i r 108

Attempt Lock

Y

WFE

U110

V [-112

Attempt Lock

Y

WFE

114

V [—118

Acquire Lock

PCT/US2010/034050

T2

Acquire Lock

\_ 106

116
r

Release Lock

Y

Send Event

\U 120

FIG. 8

\ 122




WO 2010/132298 PCT/US2010/034050

6/9
T1 T2
s 108 Acquire Lock
Attempt Lock \_ 106
Y
WFE
110
|
|
|
100 ! 112 124
I v [ v [
imer tven Attempt Lock Release Lock
! Y
WEFE Send Event
114 126
vy
Acquire Lock
102
Timer Event - 128
104
Timer Event Y

FIG. 9



WO 2010/132298 PCT/US2010/034050

7/9

T1 T2

| 108 Acquire Lock
Attempt Lock \_ 106

-l
-

U110

112
Aftempt Lock

S
«-----—-13
m

100
Timer Event j—»

)
-

<
«-———=13
ITI

K

- -~

g =

102
Timer Event —\—»
fmer =ven Attempt Lock

<
-

U132

N
Ry

104 : s 134
Tii Event
imer =ven Attempt Lock

A

Block Thread L /_ 138
| 136

Release Lock

Y
Send Event
140 -
2\

\A
Thread Scheduled * - 144

Y
Acquire Lock

v L7142

FIG. 10




WO 2010/132298 PCT/US2010/034050
8/9
Power Supply
156
Integrated External .
Circuit -—> Memory Per ’? ggr als
158 152 —=
A J
150 —/
FIG. 11

Computer Accessible Storage Medium 200

Initialization
Code
202

Thread
Scheduler
206

Lock
Code
204

FIG. 12




WO 2010/132298 PCT/US2010/034050

9/9

Processor 10A Processor 108

Execution ‘ES‘%' ,?t Execution

Core Core
14A 14B

A

Wakeup

Event
Control Unit
16A

y

Timer Event

— e — —— o — o — ]

FIG. 13



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - claims
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings

