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1
OVER-PROVISIONED MULTICORE
PROCESSOR

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with United States government
support awarded by the following agency:

NSF 0311572

The United States government has certain rights in this
invention.

CROSS-REFERENCE TO RELATED
APPLICATIONS

BACKGROUND OF THE INVENTION

The ability to produce smaller transistors has allowed the
construction of microprocessors with greater transistor den-
sity and thus many more transistors. It is predicted that in two
generations, as the industry moves from 65 nm technology to
32 nm technology, high-performance microprocessors will
contain more than four billion transistors.

The promise of growing numbers of transistor devices, and
practical limits to further increasing the performance of
single-core microprocessors, has led the industry to investi-
gate the production of multicore microprocessor systems. A
multicore microprocessor provides multiple microprocessor
“cores” on a single integrated circuit (or “chip”), the cores
communicating with each other and with entities outside the
microprocessor chip (e.g., shared memory) using some com-
mon mechanism.

Smaller transistors can have improved energy efficiency;
however, generally the energy efficiency of next generation
transistors lags behind the growth in transistor density. This
growing disparity leads to two distinct problems: (1) the
problem of “power density”, often leading to “local thermal
hot-spots,” where a particular region of the chip consumes
more power than can be quickly dissipated, causing a rapid
rise in temperature in that region, and (2) the problem of
“global power dissipation,” where the power consumed by the
entire chip cannot be fully dissipated using cost-effective
cooling methods. These problems may place various limita-
tions on simultaneous use of the growing resources, and are
expected to largely dictate the provisioning and use of
resources in future multicore systems.

Generally, the resources of a multicore processor, includ-
ing the cores and components associated with the cores, are
provisioned such that they are expected to be highly utilized
by a set of important application programs. When resources
are highly utilized, the potential problems of global heat
dissipation and local hot-spots can be addressed using a num-
ber of known techniques. For example, resources may have
their clock speeds reduced to lower their temperature while
still allowing them to operate, or may be shut off altogether
allowing them to cool.

On the other hand, when certain other applications do not
highly utilize all of the multicore resources, global heat dis-
sipation may be less problematic, and other methods of miti-
gating thermal hot-spots arise. For example, some multicore
processor resources, such as caches, can be put into a sleep
state when they are not being used to reduce the total power
consumption of the microprocessor. Alternatively, a tech-
nique known as “Activity Migration” can interchange the use
of active and idle resources, such that previously active
resources become idle and cool down, while cooler, previ-
ously idle resources become active and begin to warm. Apply-
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ing activity migration to an entire core means that computa-
tion being performed on a hot, active core is moved to a
cooler, idle core, using a technique known as “Heat and Run.”

Each of these cases limits the duty cycle of the resources to
less than 100%, preventing the thermal envelope of the chip,
defining its maximum power dissipation at acceptable oper-
ating temperatures, from being exceeded, and also preventing
local hot-spots from causing localized damage to the circuits.
However, this reduction of duty cycle may lead to a loss of
performance depending on the nature of the application and
the number of resources available.

Potentially, the number of resources that may be provi-
sioned in an integrated circuit, in particular the number of
cores, is limited only by the available area of the chip sub-
strate. Conventional wisdom, however, is that cores may be
added usefully to a chip only until the aggregate reduction in
duty cycle of the cores to manage heat dissipation reaches the
processing power of one full core. When operating near this
thermal limit, adding an additional core requires a commen-
surate reduction in duty cycle of the other cores that is greater
than the extra processing time added by the additional core,
thereby leading to an overall degradation in performance.
Conventional wisdom also indicates that additional core
resources should be added only when it is expected that
certain important applications will be able to utilize these
resources.

BRIEF SUMMARY OF THE INVENTION

The present inventors have recognized that it may be desir-
able to produce an “over-provisioned” multicore processor
system (OMPS) in which there are substantially more cores
than can be run simultaneously within the given thermal
envelope of the substrate. Although the extra cores, when run,
require other cores to stop operating, the present inventors
have determined that these extra cores can nevertheless sub-
stantially improve processing speed, for example, using tech-
niques such as computation spreading, where the extra cores
prevent both contention delays and software synchronization
problems. As a result, even though the number of simulta-
neously operating cores is not increased, the “energy-delay
product” of typical workloads can be improved by 5 to 20%.
Thus counter-intuitively, extra cores that cannot run while the
existing cores are performing may nevertheless be justified
for both performance and energy reasons.

Specifically then, the present invention provides an over-
provisioned multicore electronic computer having N oper-
able cores held on a substrate having a thermal dissipation
limit that allows only M cores to operate simultaneously. The
computer further includes a core controller that: (1) during an
execution period, repeatedly switch each of the N cores
between an active state in which computation is performed
and a quiescent state in which no computation is performed,
and back again; and (2) during the execution period, allow no
more than M cores to be simultaneously in the active state.
Importantly, M is at least one less than N.

Thus it is one object of one embodiment of the invention to
increase the effective computational power of a multicore
processor without increasing its thermal power dissipation.
Although the over-provisioned cores may only operate by
“stealing” time from other cores, they nevertheless provide
diversity that can increase the actual throughput of advanced
computational processes by retaining, in close proximity to
the core, operating state used for speculative execution,
including but not limited to branch predictions and cached
values.
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The cores in the quiescent state may have their clocks
stopped and operating power reduced. Further, or in the alter-
native, the cores in the quiescent state may shut down a central
processing unit and its associated caches.

Thus it is an object of one embodiment of the invention to
reduce, as much as possible, the heat and power loads ofthose
cores not actively participating in processing.

The core controller for switching the cores from active and
quiescent state may be implemented in at least one of firm-
ware, software, and circuitry.

Thus it is one object of at least one embodiment of the
invention to provide an over provisioned multicore processor
that may flexibly operate in a variety of modes.

The quiescent state may maintain registers relating to pre-
dictive functions used in speculative execution by the cores,
but shut down other storage elements so that this data of the
other storage elements is lost.

Thus it is an object of one embodiment of the invention to
retain predictive information likely to have long-term benefits
to efficient processing while allowing registers or other stor-
age elements containing short-term thread related data to be
shut down.

The core controller may move a program thread being
executed from the core being switched to the quiescent state,
to a core in the operating state.

Thus it is an object of one embodiment of the invention to
allow those cores not actively performing an operation to be
fully shut down.

The core controller may switch the cores between operat-
ing states and quiescent states as a function of time and/or
temperature.

Thus it is an object of one embodiment of the invention to
allow the cores to operate near the limits of the thermal
envelope by cycling through cores as necessary.

The core controller may switch the cores from the operat-
ing state to the quiescent state when a core failure is detected
and from the quiescent state to the operating state when a core
failure is no longer detected.

Thus it is an object of one embodiment of the invention to
allow the use of an over-provisioned multicore processor to
address a potential future problem of intermittent core failure
in high-performance multicore microprocessors.

The core controller may switch the cores between an oper-
ating state and a quiescent state as triggered by an operating
program allocating instructions among the different cores so
that cores waiting for instructions are switched to a quiescent
state.

Thus it is an object of one embodiment of the invention to
produce a multicore processor particularly suited toward
computation spreading where the benefits of having extra
cores in reducing contention justifies a significant proportion
of quiescent cores.

These particular features and advantages may apply to only
some embodiments falling within the claims and thus do not
define the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of an over-provisioned multicore
processor of the present invention providing twelve cores
under the control of a core controller, only eight of which may
operate at a given time;

FIG. 2 is adetailed view ofa core of FIG. 1 showing control
lines communicating among each core and the core controller
or a memory bus;

FIG. 3 is a schematic representation of the thermal enve-
lope of a standard multicore processor showing operation of
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the multiple cores within an average power dissipation
defined by the thermal envelope;

FIG. 4 is a figure similar to that of FIG. 3 showing the
over-provisioned multicore processor of the present invention
in which an additional core reduces the duty cycle of opera-
tion of the existing cores within the thermal envelope because
of'its quiescent power dissipation;

FIG. 5 is a flow chart of a program executed by the core
controller of FIG. 1 for switching the cores of FIG. 1 between
an operating state and a quiescent state having extremely low
power dissipation; and

FIG. 6is adiagram of the technique of computation spread-
ing as may be implemented on the over-provisioned multi-
core processor of the present invention thereby reducing con-
tention.

DETAILED DESCRIPTION OF THE INVENTION

Referring now to FIG. 1, an over-provisioned multicore
processor 10 includes a thermal substrate 12, for example, a
silicon wafer, supporting multiple cores 14. Each of the cores
14 communicates with each other and with a shared memory
18 (normally located off the substrate 12) by means of com-
munication lines 16. A core controller 22 manages the on-
chip core resources (including whether the cores 14 are in an
active or quiescent state as will be described below) and
allocation of various computation fragments 52 (e.g., soft-
ware threads) onto these cores 14. This core controller 22 can
be implemented as an integrated switching circuit or as a
component of the firmware, or as a part of the software includ-
ing the low level system software such as an operating system
or a virtual machine monitor (VMM).

Referring now to FIG. 2, each core 14 may include a central
processing unit (CPU) 26 and, for example, a first and second
cache 28 and 30 such as an .1 and .2 cache of a type known
in the art. Alternatively each core 14 may include additional
or fewer levels of cache as is understood in the art. The
communication lines 16 provide mechanisms to communi-
cate address, data and control messages (including cache
coherence protocols) of types known in the art. Each core 14
may include storage elements 83 such as registers which
contain predictive state used to facilitate speculative execu-
tion as is known in the art, and storage elements 84 which
contain other program state not used for speculative execu-
tion as is known in the art. During operation, the multiple
cores 14 may independently execute different threads of
application programs held in shared memory 18 according to
techniques known in the art.

Referring now also to FIGS. 3 and 4, for both a prior art
multicore processor and the present invention, the substrate
12 presents a thermal envelope 32 which represents the
amount ofheat that can be dissipated by the substrate 12 in the
steady-state using specified cooling systems (e.g., heat sink)
without raising the substrate 12 and cores 14 to temperatures
which may accelerate damage or cause erroneous computa-
tion. The thermal envelope 32 is represented as a rectangle
whose area is a measure of dissipated thermal power.

Normally each of the cores 14 may provide a heat dissipa-
tion 34 represented by smaller rectangles and equal to the
power dissipated by the core in its operating state. Normally,
the sum of the heat dissipations 34 will average slightly less
then the area of the thermal envelope 32 when the multicore
processor is running at maximum capacity. The heat dissipa-
tion of individual cores 14 may vary depending upon the
nature of computation performed. However, when the sum of
fluctuating heat dissipations 34 of the individual cores 14
threatens to exceed the thermal envelope 32, portions of the
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cores 14 may be shut down or their clock speeds reduced to
decrease their power consumption and thus their heat dissi-
pations 34.

Referring to FIG. 3, generally, for an aggressive design
following the teachings of the prior art, the difference
between the sum of the heat dissipations 34 and the thermal
envelope 32 when the multicore processor 10 is operating at
full capacity will be much less than the heat dissipation 34 of
one new core, else an additional core could be added to
improve performance while remaining within the heat dissi-
pation criteria.

Referring now to FIG. 4, the present invention differs from
the prior art by adding at least one additional core 14 (indi-
cated as N) ostensibly outside the thermal envelope 32 to the
extent that the thermal envelope 32 is fully committed by the
heat loads 34 of the existing cores 14. Without any loss of
generality, we illustrate the present invention using a single
additional core. That is, we add the core N to the substrate 12
with a thermal envelope 32 that supports only N-1 heat loads
34. Safe operation of the over-provisioned multicore proces-
sor 10 (that is, operation without the potential for both incor-
rect computation, and accelerated and lasting damage to the
cores 14) is obtained by placing one core 14 (in this case core
N) in a quiescent state having a significantly reduced heat
dissipation represented by quiescent heat load 36.

The quiescent heat dissipation 36 requires at least one other
core 14 (N-1 as depicted) to operate at a reduced heat load 34'
slightly less than could be obtained if core N were not on the
substrate 12. Superficially, then, the addition of core N to the
operation of a thermally limited, fully-provisioned, state-of-
the-art multicore processor 10, would appear to provide no
net benefit, and in fact results in a slight decrease in aggregate
core availability because of the quiescent heat dissipation of
core N. Ostensibly then the present invention provides
slightly decreased aggregate core availability with an addi-
tional cost of core N.

The steady state active fraction of the cores 14, being a
measure of their ability to operate all at once, and expressed as
a fraction whose numerator is combined processing power of
cores that may, in the steady state, be simultaneously active,
and whose denominator is the combined potential processing
power of all the cores active or not, decreases with the present
invention. The term “steady state” is intended to exclude a
situation where cores 14 may temporarily operate outside of
the thermal envelope 32 making use of the inherent heat
capacity of the substrate when the substrate is at less than its
maximum design temperature. Furthermore, it also excludes
temporary measures taken to recover from thermal emergen-
cies or hotspot avoidance.

The present invention has a steady-state active fraction that
is always less than one. More typically, the steady state active
fraction may be less than 90% or less than 67%, the latter for
example, occurring with a 12-core processor where only 8
cores are active at once. This formula, of course, assumes
cores 14 having equal processing power and it must be under-
stood to be summations of actual processing powers for het-
€rogeneous processors.

Despite its apparent disadvantages, the present invention
may nevertheless provide for a substantially reduced
“energy-delay product” when used with specialized tech-
niques such as computation spreading. “Energy-delay prod-
uct” is the product of energy used (and thus needing to be
dissipated) and delay as measured by the time required to
perform a particular computation task such as a benchmark.
In essence, the present invention offers a platform for
dynamic specialization techniques such as computation
spreading.
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Referring to FIG. 6, this improvement in energy-delay
product may be realized in a computation spreading system in
which a given program thread 50 may have different frag-
ments 52 allocated by the OPMS core controller 54 to differ-
ent cores 14 depending on the type of computation. The
different cores 14 may be optimized for specific types of
computation within a given program, for example, by care-
fully identifying the similarity and dissimilarity of various
computation fragments. This specialization is achieved via
retaining values used for prediction during speculative execu-
tion, such as branch prediction.

In one computational spreading system described in K.
Chakraborty, P. Wells, G. Sohi Computation Spreading:
Employing Hardware Migration to Specialize CMP Cores on
the Fly, ASPLOS °06, Oct. 21-20 5, 2006, San Jose, Calif.,
USA (2006 ACM 1-59593-451-0/06/0010), the fragments 52
are sorted according to whether they represent operating sys-
tem instructions or instructions from a user program. These
different types of instructions are routed by the OPMS core
controller 54 to different cores 14 being either in a first group
58 (for operating system fragments 52) or a second group 60
(foruser program fragments 52). Given cores 14 are allocated
to only one group so as to maintain good speculative predic-
tion parameters for those cores 14.

In this system, a given fragment 52', for example, being
operating system instructions may be routed to group 58 but
have a choice only of cores 14 that are already committed to
executing other fragments 52 (indicated by the letter O). In
this case, a contention 62 may occur with core 14a which in
this example is already executing a different fragment 52.
This contention 62 may force the system (e.g., a virtual CPU)
to stall which can cause two problems. The first problem is
that the stalling can prevent the scheduling and execution of
other, later user instructions, for example, fragment 52" on the
available resources of core 145 from group 60. The second
problem is that the stalling can increase synchronization over-
head caused by locks held by stalled fragments 52' or cross
calls directed to those fragments 52', and this overhead may
degrade the performance of the multicore processor 10. The
inventors have detected 20% to 45% increase in run time for
some workloads in computation spreading when extra cores
14 are not available.

In contrast the present invention, which provides extra
cores 14, may activate a quiescent core 14¢ from group 58
(indicated by the letter Q) without violating the thermal enve-
lope 32 because of other uncommitted cores 145 in group 60,
for example. This extra core 14¢ prevents the stalling result-
ing from contention 62 by allowing the assignment indicated
by arrow 63. The present inventors have determined that a 5 to
20% improvement in energy-delay product can be obtained in
common workloads by providing over-provisioned cores 14.
These figures were obtained with twelve cores 14, eight of
which could operate at once within the thermal envelope 32.
For each application, cores were provisioned such that the
execution does not require stalling the primary computation
mode (for example, OS computation in web-servers and user
computation in others). It is likely that similar or better per-
formance can be obtained with greater numbers of cores, for
example, in 64-core machines likely in the next ten years.

Referring now to FIG. 5 the core controller 22 may operate
afirmware program 68 which at a decision block 70 checks to
see if any of the cores 14 have failed. The cores may indicate
a failure by conventional failure detection techniques (e.g.
register check bits, deadman timers and the like) providing a
failure signal over control line 72 shown in FIG. 2. Such
failures may be intermittent, for example, as a result of further
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decreases in the size of microprocessor transistors, the com-
plexity of the circuits and decreasing circuit voltages.

Such intermittent failures may be also accommodated by
the present system by switching in an over provisioned core
14. Thus, when a failure is detected, the program proceeds to
process block 71 and the particular core that has failed is
switched to a quiescent state. The decision block 70 considers
all of the cores 14, switching off those that have failed.

Referring also to FIG. 2, the switching of a core to the
quiescent state may make use of a number of techniques to
reduce the power usage of the core (leakage current) during
the quiescent state, including stopping the clock input 73 to
the core 14 to stop switching losses, and controlling the power
to the core by power control line 75 through the use of sleep
transistors or reverse body bias for certain elements of the
core 14. Generally the power to the registers 84 of the core 14
may be cut causing register values to be lost. Preferably,
however, registers responsible for predictive functions in
speculative execution 83 will be preserved (by maintaining
some power to these registers) to aid in computation spread-
ing as will be described below.

The remaining cores 14 are then evaluated at succeeding
decision block 74 with respect to the temperature of the core
14. Referring also to FIG. 2, this temperature may be obtained
from a temperature sensor 76 on the core 14 as shown in FIG.
2 providing a temperature control line 79 to the core control-
ler 22.

Those cores 14 that have exceeded a temperature bound
(short of damaging temperatures) are switched off per process
block 71 and the remaining cores are evaluated at decision
block 78 which considers the uninterrupted on time of the
core 14. Decision block 78 may be used in lieu of decision
block 74 for designs when temperature information is not
available or may be used in addition to decision block 74 as a
safety matter. Again those cores 14 that have exceeded the
time limit (serving as a proxy for the temperature of the core
14) are switched off per process block 71 for a predetermined
period of time.

The remaining cores 14 are considered at decision block 80
which reads the core state registers 24, the latter which may be
set by software (for example, the computation spreading pro-
gram described above) to allow software to switch the cores
14 into and out of the quiescent state (for example in response
to the need to remove a contention). At decision block 80,
cores 14 not needed to resolve a contention or that do not have
fragments 52 assigned to them are also switched into a qui-
escent state per process block 71.

Those cores that have passed successtully through decision
blocks 70 to 80 are switched to be in the operating state and
available for use. Decision block 82 ensures that those active
cores 14 do not exceed the known thermal envelope 32 of the
substrate 12.

The present invention has been described in terms of the
preferred embodiment, and it is recognized that equivalents,
alternatives, and modifications, aside from those expressly
stated, are possible and within the scope of the appending
claims.

We claim:

1. An over-provisioned multicore electronic computer

comprising:

a set of N operable cores held on a substrate having a
thermal dissipation limit that allows M cores to operate
in an active state simultaneously and continuously;

a core controller executing to:

(1) during an execution period, repeatedly switch each of
the N cores between the active state in which computa-
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tion is performed and a quiescent state in which no
computation is performed, and back again;

(2) during the execution period, allow at most M cores to be
simultaneously in the active state;

(3) wherein M is at least one less than N.

2. The over-provisioned multicore electronic computer of
claim 1 wherein the cores in the quiescent state have their
clocks stopped.

3. The over-provisioned multicore electronic computer of
claim 1 wherein the cores in the quiescent state have internal
power reduction circuitry activated.

4. The over-provisioned multicore electronic computer of
claim 1 wherein the core controller for switching the cores
from active and quiescent state is implemented in at least one
of firmware, software, and circuitry.

5. The over-provisioned multicore electronic computer of
claim 1 wherein the quiescent state shuts down a central
processing unit and its associated caches.

6. The over-provisioned multicore electronic computer of
claim 1 wherein M is less than three quarters of N.

7. The over-provisioned multicore electronic computer of
claim 1 wherein the core controller moves a program thread
being executed from a core being switched to the quiescent
state to a core in the active state.

8. The over-provisioned multicore electronic computer of
claim 1 wherein the core controller switches the cores
between active states and quiescent states as a function of
time.

9. The over-provisioned multicore electronic computer of
claim 1 wherein the core controller switches the cores
between active states and quiescent states as a function of
measured temperature of the cores.

10. The over-provisioned multicore electronic computer of
claim 1 wherein the core controller switches the cores from
the active state to the quiescent state when a core failure is
detected and from the quiescent state to the active state when
a core failure is no longer detected.

11. The over-provisioned multicore electronic computer of
claim 1 wherein the core controller switches the cores
between an active state and a quiescent state as triggered by
software so that cores waiting for instructions are switched to
a quiescent state.

12. The over-provisioned multicore electronic computer of
claim 1 wherein there are no less than eight cores.

13. The over-provisioned multicore electronic computer of
claim 1 wherein the computations are computations for an
application program running on the multicore electronic
computer.

14. The over-provisioned multicore electronic computer of
claim 1 wherein the cores are identical.

15. An over-provisioned multicore electronic computer
comprising:

a set of N operable cores held on a substrate having a
thermal dissipation limit that allows up to M cores to
operate simultaneously;

a core controller executing to:

(1) during an execution period, repeatedly switch each of
the N cores between an active state in which computa-
tion is performed and a quiescent state in which no
computation is performed, and back again;

(2) during the execution period, allow at most M cores to be
simultaneously in the active state;

(3) wherein M is at least one less than N

wherein the cores in the quiescent state maintain values in
storage elements relating to predictive functions used in
speculative execution but do not maintain values in at
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least some storage elements not relating to predictive
functions used in speculative execution.

16. An over-provisioned multicore electronic computer
comprising:

an integrated circuit substrate having N cores each of
which may switch between an operating state in which
the cores process data and a quiescent state in which the
cores: do not process data, no longer store in the core at
least some operating state data, and have reduced power
dissipation with respect to the operating state

wherein the substrate provides a thermal envelope prevent-
ing the simultaneous steady-state operation of more than
N-1 cores and permitting the simultaneous steady-state
operation of less than N-1 cores; and

a controller for the cores switching the cores between the
operating state and the quiescent state so that:

(a) during a given period of time all cores repeatedly move
between the operating state and the quiescent state
according to the limitations imposed by the thermal
envelope; and

(b) during the given period of time no more than N-1 cores
are in the operating state.

17. The over-provisioned multicore electronic computer of
claim 16 wherein the cores in the quiescent state have their
clocks stopped.

18. The over-provisioned multicore electronic computer of
claim 16 wherein the cores in the quiescent state have internal
power reduction circuitry activated.

19. The over-provisioned multicore electronic computer of
claim 16 wherein the cores in the quiescent state have their
processing unit and its associated caches shut down.

15

20

25

30

10

20. The over-provisioned multicore electronic computer of
claim 16 wherein more than one fourth of the cores are in the
quiescent state.

21. The over-provisioned multicore electronic computer of
claim 16 wherein there are no less than eight cores.

22. The over-provisioned multicore electronic computer of
claim 16 wherein the core controller switches the cores from
the active state to the quiescent state when a core failure is
detected and from the quiescent state to the active state when
a core failure is no longer detected.

23. An over-provisioned multicore electronic computer
comprising:

an integrated circuit substrate having N cores each of

which may switch between an operating state in which
the cores process data and a quiescent state in which the
cores: do not process data, no longer store in the core at
least some operating state data, and have reduced power
dissipation with respect to the operating state; and

a controller for the cores switching the cores between the

operating state and the quiescent state so that:

(a) during a given period of time all cores repeatedly move

between the operating state and the quiescent state; and

(b) during the given period of time no more than N-1 cores

are in the operating state

wherein the cores in the quiescent state maintain values in

storage elements relating to predictive functions used in
speculative execution but do not maintain values in at
least some storage elements not relating to predictive
functions used in speculative execution.

#* #* #* #* #*
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