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(57) ABSTRACT

Embodiments that dynamically conserve power in non-uni-
form cache access (NUCA) caches are contemplated. Various
embodiments comprise a computing device, having one or
more processors coupled with one or more NUCA cache
elements. The NUCA cache elements may comprise one or
more banks of cache memory, wherein ways of the cache are
vertically distributed across multiple banks. To conserve
power, the computing devices generally turn off groups of
banks, in a sequential manner according to different power
states, based on the access latencies of the banks. The com-
puting devices may first turn off groups having the greatest
access latencies. The computing devices may conserve addi-
tional power by turning of more groups of banks according to
different power states, continuing to turn off groups with
larger access latencies before turning off groups with the
smaller access latencies.
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POWER CONSERVATION IN
VERTICALLY-STRIPED NUCA CACHES

TECHNICAL FIELD

[0001] The present invention generally relates to the man-
agement of caches of a computing device. More specifically,
the invention relates to conserving power in non-uniform
cache access (NUCA) systems.

BACKGROUND

[0002] Cache memories have been used to improve proces-
sor performance, while maintaining reasonable system costs.
A cache memory is a very fast buffer comprising an array of
local storage cells used by one or more processors to hold
frequently requested copies of data. A typical cache memory
system comprises a hierarchy of memory structures, which
usually includes a local (L1), on-chip cache that represents
the first level in the hierarchy. A secondary (L.2) cache is often
associated with the processor for providing an intermediate
level of cache memory between the processor and main
memory. Main memory, also commonly referred to as system
or bulk memory, lies at the bottom (i.e., slowest, largest) level
of the memory hierarchy.

[0003] In a conventional computer system, a processor is
coupled to a system bus that provides access to main memory.
An additional backside bus may be utilized to couple the
processor to a L2 cache memory. Other system architectures
may couple the L.2 cache memory to the system bus via its
own dedicated bus. Most often, [.2 cache memory comprises
a static random access memory (SRAM) that includes a data
array, a cache directory, and cache management logic. The
cache directory usually includes a tag array, tag status bits,
and least recently used (LRU) bits. (Each directory entry is
called a “tag”.) The tag RAM contains the main memory
addresses of code and data stored in the data cache RAM plus
additional status bits used by the cache management logic.
[0004] Recent advances in semiconductor processing tech-
nology have made possible the fabrication of large L2 cache
memories on the same die as the processor core. As device
and circuit features continue to shrink as the technology
improves, researchers have begun proposing designs that
integrate a very large (e.g., multiple megabytes) third level
(L3) cache memory on the same die as the processor core for
improved data processing performance. While such a high
level of integration is desirable from the standpoint of achiev-
ing high-speed performance, there are still difficulties that
must be overcome.

[0005] Large on-die cache memories are typically subdi-
vided into multiple cache memory banks, which are then
coupled to a wide (e.g., 32 bytes, 256 bits wide) data bus. In
a very large cache memory comprising multiple banks, one
problem that arises is the large resistive-capacitive (RC) sig-
nal delay associated with the long bus lines when driven at a
high clock rate (e.g., 1 GHz). Further, various banks of the
cache may be wired differently and employ different access
technologies.

[0006] One type of cache is referred to as Uniform Cache
Access (UCA), or Uniform Cache Architecture. UCA caches
are multi-bank caches that enforce equal latency to all banks.
UCA ensures that all banks are wired with traces of equal
length, or have appropriate delay elements inserted along the
traces. Although UCA ensures equal latency to all banks, it
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forces all banks to operate with the highest latency because
the latency is determined by the latency to the furthest bank.
[0007] Another type of cache is referred to as Non-Uniform
Cache Access (NUCA), or alternatively referred to as Non-
Uniform Cache Architecture. In NUCA caches, the latency to
a bank generally depends on the proximity to the device
making the request, which frequently is a processor. NUCA
allows banks closest to the processor to respond the fastest
and forces the banks furthest from the processor to respond
the slowest. NUCA caches are traditionally large in size and
consume relatively large amounts of power. Current power
savings techniques do not cater to NUCA architectures.

BRIEF SUMMARY

[0008] Following are detailed descriptions of embodiments
depicted in the accompanying drawings. The descriptions are
in such detail as to clearly communicate various aspects of the
embodiments. However, the amount of detail offered is not
intended to limit the anticipated variations of embodiments.
On the contrary, the intention is to cover all modifications,
equivalents, and alternatives of the various embodiments as
defined by the appended claims. The detailed descriptions
below are designed to make such embodiments obvious to a
person of ordinary skill in the art.

[0009] Some embodiments comprise a method that
includes enabling a number of banks of a NUCA cache, with
the ways of the cache being vertically distributed across mul-
tiple banks. The embodiments generally comprise sequen-
tially disabling individual banks of the plurality to conserve
power. The sequence of disabling may first comprise turning
off individual banks with the greatest access latencies and
turning off individual banks with the least access latencies
after turning off banks with greater latencies. When disabling
of'the individual banks, the embodiments may generally turn
off sets of banks grouped via discrete power states.

[0010] Further embodiments comprise apparatuses having
banks of a non-uniform cache access (NUCA) cache, with the
ways being vertically distributed across multiple banks. The
embodiments comprise switches configured to turn off
groups of banks. Banks may generally be assigned to difter-
ent groups based on access latencies. State selectors may be
coupled to the switches to select different power states of the
NUCA caches. The state selectors are arranged to turn off
groups of banks with the greatest access latencies before
turning off other groups with smaller latencies.

[0011] Other embodiments comprise systems for conserv-
ing power in NUCA caches. The systems comprise proces-
sors coupled to banks of NUCA caches. The processors may
generally search the ways of the NUCA cache, with the ways
being vertically distributed across multiple banks of the
NUCA cache. The systems also have a number of switches
configured to turn off groups of banks, wherein each of the
groups comprises banks aggregated based on relative dis-
tances of banks to the plurality of processors. The systems are
configured to sequentially turn off groups with the larger
relative distances before turning off groups with the smaller
relative distances.

[0012] Even further embodiments comprise a computer
program product of a computer readable storage medium
including instructions that search ways of a plurality of banks
of NUCA caches, wherein the ways are vertically distributed
across multiple banks of the NUCA cache. The instructions,
when executed by at least one processor, may also sequen-
tially turn off groups of banks, with each of the groups com-
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prising banks aggregated based on access latencies. Even
further, the instructions may generally turn off groups with
larger access latencies before turning off groups with smaller
access latencies.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

[0013] Aspects of the various embodiments will become
apparent upon reading the following detailed description and
upon reference to the accompanying drawings in which like
references may indicate similar elements:

[0014] FIG. 1 depicts an embodiment of a system that may
conserve power in a NUCA cache;

[0015] FIGS. 2A-2C illustrate how access latencies of a
NUCA cache may vary based on distances between banks of
the NUCA cache and processors;

[0016] FIGS.3A-3C illustrate how banks ofa NUCA cache
may be assigned to different groups, and how the groups may
be sequentially switched on and off according to different
power states;

[0017] FIG. 4A depicts an apparatus for conserving power
of a NUCA cache having groups of banks of the NUCA
cache, switches coupled to the groups, and a state selector
coupled to the switches;

[0018] FIG. 4B shows an alternative embodiment of an
apparatus for conserving power in a NUCA cache comprising
a tag array manager and a data manager;

[0019] FIG. 4C shows another alternative embodiment of
an apparatus for conserving power in NUCA caches compris-
ing a multi-cache controller coupled with multiple NUCA
caches;

[0020] FIG.4D depicts yet another embodiment of an appa-
ratus for conserving power in several NUCA caches compris-
ing multiple processors and a power controller;

[0021] FIG. 5 depicts a flowchart illustrating how an
embodiment may operate a plurality of banks of a NUCA
cache, sense increases or decreases in demand, and switch
banks of the NUCA cache accordingly; and

[0022] FIG. 6 illustrates one method for conserving power
in a vertically distributed NUCA cache.

DETAILED DESCRIPTION

[0023] The following is a detailed description of novel
embodiments depicted in the accompanying drawings. The
embodiments are in such detail as to clearly communicate the
subject matter. However, the amount of detail offered is not
intended to limit anticipated variations of the described
embodiments. To the contrary, the claims and detailed
description are to cover all modifications, equivalents, and
alternatives falling within the spirit and scope of the present
teachings as defined by the appended claims. The detailed
descriptions below are designed to make such embodiments
understandable to a person having ordinary skill in the art.

[0024] In various embodiments, a cache may have many
blocks which individually store the various instructions and
data values. The blocks in a cache may be divided into groups
of'blocks called sets or congruence classes. A set may refer to
the collection of cache blocks in which a given memory block
may reside. For a given memory block, there may be a unique
set in the cache that the block can be mapped into, according
to preset (variable) mapping functions. The number of blocks
in a set generally refers to as the associativity of the cache, e.g.
2-way set associative means that for a given memory block
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there are two blocks in the cache that the memory block can
be mapped into. However, several different blocks in main
memory may be mapped to a given set. A 1-way set associa-
tive cache is direct mapped, that is, there is only one cache
block that may contain a particular memory block. A cache
may be said to be fully associative if a memory block can
occupy any cache block, i.e., there is one congruence class,
and the address tag is the full address of the memory block.

[0025] An exemplary cache line (block) may include an
address tag field, a state bit field, an inclusivity bit field, and
avalue field for storing the actual instruction or data. The state
bit field and inclusivity bit fields are generally used to main-
tain cache coherency in a multiprocessor computer system (to
indicate the validity of the value stored in the cache). The
address tag is usually a subset of the full address of the
corresponding memory block. A compare match of an incom-
ing address with one of the tags within the address tag field
may indicate a cache “hit”. The collection of all of the address
tags in a cache (and sometimes the state bit and inclusivity bit
fields) is frequently referred to as a directory, and the collec-
tion of all of the value fields is often called the cache entry
array.

[0026] Generally speaking, methods, apparatuses, and
computer program products to dynamically conserve power
in non-uniform cache access (NUCA) caches are contem-
plated. Various embodiments comprise a computing device,
having one or more processors coupled with one or more
NUCA cache elements. The NUCA cache elements may
comprise numerous banks of cache memory, wherein the
ways to the cache are vertically distributed across multiple
banks.

[0027] To conserve power, the computing devices gener-
ally start turning off groups of banks. The groups may gen-
erally comprise banks with equal or relatively similar access
times. For example, several banks having relatively long
access times may be grouped together, while several other
banks having relatively short access times may be grouped
separately. The computing devices may generally turn off
groups, in a sequential manner according to different power
states, based on the access latencies. The computing devices
may first turn off groups having the greatest access latencies.
The computing devices may conserve additional power by
turning of more groups of banks according to different power
states, continuing to turn off groups with higher access laten-
cies before turning off groups with the lowest access laten-
cies.

[0028] Turning now to the drawings, FIG. 1 depicts a sys-
tem 100 arranged to conserve power in a vertically distributed
NUCA cache 135. In numerous embodiments system 100
may comprise a desktop computer. In other embodiments
system 100 may comprise a different type of computing
device, such as a server, a mainframe computer, part of a
server or a mainframe computer system, such as a single
board in a multiple-board server system, or a notebook com-
puter. System 100 may operate with different operating sys-
tems in different embodiments. For example, system 100 may
operate using AIX®, Linux®, Macintosh® OS X, Win-
dows®, or some other operating system. Further, system 100
may even operate using two or more operating systems in
some embodiments, such as embodiments where system 100
executes a plurality of virtual machines.

[0029] System 100 has four processors, 105, 110, 115, and
120. Different embodiments may comprise different numbers
of processors, such as one processor, two processors, or more
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than four processors. Each processor may comprise one or
more cores. For example, processor 105 comprises two cores,
125 and 130, in the embodiment depicted in FIG. 1.

[0030] While not specifically depicted in FIG. 1, cores 125
and 130 may also each comprise L1 cache. System 100 may
also have one or more L2 cache elements, such as NUCA
cache 135. NUCA cache 135 may comprise a number of
banks, such as bank 140. Only one bank is shown for the sake
of simplicity, as NUCA cache 135 may comprise a plurality
of'banks in addition to bank 140 even though not specifically
depicted in FIG. 1. In various embodiments of system 100,
one or more of the L1 cache and L2 cache structures, as well
as L3 cache 170, may comprise NUCA caches. System 100
may conserve power by systematically switching off different
banks of the NUCA caches.

[0031] NUCA cache 135 may store data and associated tags
in a non-uniform access manner. The banks of NUCA cache
135 may be arranged according to a distance hierarchy with
respect to core 125 and core 130. The distance hierarchy may
refer to the several levels of delay or access time. The access
delays may include the accumulated delays caused by inter-
connections, connecting wires, stray capacitance, gate
delays, etc. An access delay may or may not be related to the
actual distance from a bank to an access point. The access
point may be a reference point from which access times are
computed, such as a point of a core or a point distanced half
way between two cores. The accumulated delay or access
time from the reference point to the bank, or at least a point in
the bank, may be referred to as the latency.

[0032] The distance hierarchy may include a lowest latency
bank and a highest latency bank. The lowest latency bank may
comprise the bank that has the lowest latency or shortest
access time with respect to a common access point. The
highest latency bank may comprise the bank that has the
highest latency or longest access time with respect to a com-
mon access point. Each NUCA memory bank, such as bank
140, may include many memory devices.

[0033] The memory banks of NUCA cache 135 may be
organized into a number of N-ways, where N is a positive
integer, in an N-way set associative structure. The different
memory banks in NUCA cache 135 may be laid out or orga-
nized into a linear array, a two-dimensional array, or a tile
structure. Each of the memory banks may include a data
storage device 148, a tag storage device 146, a valid storage
device 144, and a replacement storage device 142. Data stor-
age device 148 may store the cache lines. Tag storage device
146 may store the tags associated with the cache lines. Valid
storage device 144 may store the valid bits associated with the
cache lines. Replacement storage device 142 may store the
replacement bits associated with the cache lines. When a valid
bit is asserted (e.g., set to logic TRUE), the assertion may
indicate that the corresponding cache line is valid. Otherwise,
the corresponding cache line may be invalid. When a replace-
ment bit is asserted (e.g., set to logic TRUE), the assertion
may indicate that the corresponding cache line has been
accessed recently. Otherwise, the assertion may indicate that
the corresponding cache line has not been accessed recently.
In alternative embodiments, any of the storage devices 148,
146, 144, and 142 may be combined into a single unit. For
example, the tag and replacement bits may be located
together and accessed in serial before the data is accessed.
[0034] The processors of system 100 may be connected to
other components via a system or fabric bus 180. Fabric bus
180 may couple processors 105, 110, 115, and 120 to system
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memory 175. System memory 175 may store system code and
data. System memory 175 may comprise dynamic random
access memory (DRAM) in many embodiments, or static
random access memory (SRAM) in some embodiments, such
as with certain embedded systems. In even further embodi-
ments, system memory 175 may comprise another type of
memory, such as flash memory or other nonvolatile memory.
[0035] The processor 105 of system 100, as well as any of
processors 110, 115, and 120, represents one processor of
many types of architectures, such as an embedded processor,
a mobile processor, a micro-controller, a digital signal pro-
cessor, a superscalar processor, a vector processor, a single
instruction multiple data (SIMD) processor, a complex
instruction set computer (CISC) processor, a reduced instruc-
tion set computer (RISC) processor, a very long instruction
word (VLIW) processor, or a hybrid architecture processor.
One or more of processors 105, 110, 115, and 120 may
comprise one or more [.1 and [.2 caches. For example, pro-
cessor 105 comprises an [.2 cache, NUCA cache 135.
[0036] The manner in which a system may conserve power
via NUCA caches may vary. In many embodiments, a pro-
cessor may execute instructions of a program or an operating
system when turning oftf one or more portions of NUCA
caches to conserve power. For example, core 130 may execute
instructions of a program that turn off four portions of NUCA
cache 135. Alternatively, in other embodiments, a processor
may have hardware circuitry that conserves power by selec-
tively shutting down portions of NUCA caches. For example,
cache controller 150 may comprise counters and timers that
work together to monitor the activity of data stored in NUCA
cache 135. During periods of little or no processor 105 activ-
ity, cache controller 150 may recognize the inactivity and
seize the opportunity to conserve power by turning off por-
tions of NUCA cache 135.

[0037] System 100 may also include firmware which stores
the basic input/output logic for system 100. The firmware
may cause system 100 to load an operating system from one
of the peripherals whenever system 100 is first turned on, or
booted. In one or more alternative embodiments, the firmware
may conserve power by turning oft portions of NUCA caches.
For example, the firmware may copy dirty data from least
recently used (LRU) portions of .3 cache 170 to system
memory 175 and turn oft one or more portions of [.3 cache
170 to conserve power.

[0038] Processor 105 has a cache controller 150, which
may support the access and control of a plurality of cache
ways in NUCA cache 135. The individual ways may be
selected by a way-selection module residing in cache control-
ler 150. Additional cache levels may be provided, such as an
L3 cache 170 which is accessible via fabric bus 180. Cache
controller 150 may control NUCA cache 135 by using various
cache operations. These cache operations may include place-
ment, eviction or replacement, filling, coherence manage-
ment, etc. In particular, cache controller 150 may perform a
non-uniform pseudo least recently used (LRU) replacement
on NUCA cache 135. The non-uniform pseudo LRU replace-
ment may comprise a technique to replace or evict cache data
in a way when there is a cache miss and tends to move more
frequently accessed data/instructions to positions closer to a
processor or core. For example, system 100 may use an algo-
rithm that detects repeated accesses by the different proces-
sors and then replicates data of a bank in a bank physically
closer to the processors. In this manner, each processor can
access the block with reduced latency and help prepare banks
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located farthest from the processors for switching operations
associated with power conservation.

[0039] Cache controller 150 may also comprise a hit/miss/
invalidate detector 156, replacement assert logic 152, a
replacement negate logic 153, search logic 154, and data fill
logic 155 which work in conjunction with bank switch logic
157. During operation of system 100, bank switch logic 157
may select certain banks to turn off, work with the other
modules of cache controller 150 to prevent fresh data/instruc-
tions from being copied into those banks, and then turn off the
banks as soon as operationally feasible. Any combination of
these modules may be integrated or included in a single unit
or logic of cache controller 150. Note that cache controller
150 may contain more or fewer than the above modules or
components. For example, in an alternative embodiment,
cache controller 150 may also comprise a cache coherence
manager for uni-processor or multi-processor systems.
[0040] In various embodiments, the caches of system 100
may be coherent and utilize a coherency protocol. For
example, one embodiment may utilize a MESI (modified-
exclusive-shared-invalid) protocol, or some variant thereof.
Each cache level, from highest (L.1) to lowest (L3), may
successively store more information, but at a longer access
penalty. For example, the on-board L1 caches in processor
cores 125 and 130 might have a storage capacity of 128
kilobytes of memory, NUCA cache 135 might have a storage
capacity of 1024 kilobytes common to both cores, and [.3
cache 170 might have a storage capacity of 8 megabytes
(MB). Different embodiments may turn off different amounts
of NUCA L1, L2, and L3 caches to conserve power. For
example, in one embodiment where .3 cache 170 comprises
8 MB of NUCA cache, the embodiment may be able to turn
off only 6 MB out of the 8 MB to conserve power. In other
words, the embodiment may not be configured to turn off all
portions of L3 cache 170. In another embodiment with an
alternative configuration, however, all 8 MB may be turned
off.

[0041] L1 cache, NUCA cache 140, and/or .3 cache 170
may include data or instructions or both data and instructions.
One or more of the caches may comprise fast static random
access memory (RAM) devices that store frequently accessed
data or instructions in a manner well known to persons skilled
in the art. The caches may contain memory banks that are
connected with wires, traces, or interconnections. As noted
previously, the wires or interconnections introduce various
delays. The delays may be generally non-uniform and depend
onthe location of the memory banks in the die or on the board.
As will be illustrated below, system 100 may take into
account the various delays when determining which portions
of the NUCA caches to turn off when conserving power.
[0042] The cache structure of 1.3 cache 170 for system 100
is located externally to processors 105, 110, 115, and 120. In
alternative embodiments, [.3 cache 170 may also be located
inside a chipset, such as a memory controller hub (MCH), an
input/output (1/O) controller hub (ICH), or an integrated
memory and I/O controller. The processors of system 100
may be connected to various peripherals 165, which may
include different types of input/output (I/O) devices like a
display monitor, a keyboard, and a non-volatile storage
device, as examples.

[0043] Insome embodiments, peripherals 165 may be con-
nected to fabric bus 180 via, e.g., a peripheral component
interconnect (PCI) local bus using a PCI host bridge. A PCI
bridge may provide a low latency path through which proces-
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sors 105,110, 115, and 120 may access PCI devices mapped
within bus memory or I/O address spaces. A PCI host bridge
may also provide a high bandwidth path to allow the PCI
devices to system memory 175. Such PCI devices may
include, e.g., a network adapter, a small computer system
interface (SCSI) adapter providing interconnection to a per-
manent storage device (i.e., ahard disk), and an expansion bus
bridge such as an industry standard architecture (ISA) expan-
sion bus for connection to input/output (I/O) devices.

[0044] FIGS. 2A-2C illustrate how access latencies of a
NUCA cache may vary based on distances between banks of
the NUCA cache and processors. In FIG. 2A, a system 270
may comprise four processors, 260, 262, 264, and 266. As
noted previously, alternative embodiments may comprise
more or fewer processors. For example, while system 270
depicts four processors, alternative systems and apparatuses
may comprise uni-processor systems and apparatuses. Addi-
tionally, depending on the embodiment and/or technology,
one or more of the processors may be replaced by cores.
While not shown in FIG. 2A, each of processors 260, 262,
264, and 266 may comprise small single-banked caches, e.g.
L1 caches. Processors 260, 262, 264, and 266 may also be
coupled with large multi-banked lower level cache 240.
Cache 240 may comprise a NUCA cache.

[0045] Cache 240 may comprise an n-way set associative
cache, wherein cache blocks are grouped into sets, with each
set comprising a number, n, of cache blocks or ways that are
searched in parallel for cache hits. Apart from being logically
organized into ways and sets, cache 240 is physically orga-
nized into a number of different banks. More specifically,
cache 240 comprises 16 banks, bank 200 through bank 203,
bank 210 through bank 213, bank 220 through bank 223, and
bank 230 through bank 233.

[0046] AsFIG. 2A illustrates, the ways of cache set 242 are
vertically distributed across four banks, more specifically
banks 201, 211, 221, and 231. Having cache sets vertically
distributed across multiple banks may allow cache lines in a
given cache set to reside in one of many banks, some closer to
the processors and some farther away. Therefore, depending
on which bank a certain cache set maps to, access to the set
could be much slower compared to a different set in cache
240. For example, bank 201 is relatively close to processors
260, 262, 264, and 266, while bank 231 is relatively far from
processors 260, 262, 264, and 266. In other words, bank 231
will have larger access latency than bank 201.

[0047] Cache 240 may be large in size and consume a
considerable amount of power in a computing device. System
270 may provide static power savings in vertically-striped
multibank cache 240 by taking processor-bank distance/la-
tency into account. For each bank in cache 240 a relative
distance may be computed. In computing the relative dis-
tances for the banks of cache 240, one may tally the horizontal
and vertical distances from bank-to-bank, elements 250 and
252, respectively, as well as the bank-to-processor distance
(s), element 254. The relative distance for a bank may be
defined as the sum of the distances from the bank to each of
the processors. For example, the relative distance for bank
200 may equal 10 distance units.

[0048] Incalculating the relative distance for bank 200, one
may calculate the number of banks that are needed to be
traversed in order to reach bank 200 from each of the proces-
sors. More specifically, the relative distance for bank 200 may
equal the sum of the distance between bank 200 and processor
260, the distance between bank 200 and processor 262, the
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distance between bank 200 and processor 264, and the dis-
tance between bank 200 and process 266. The distance
between bank 200 and processor 260 is equal to one distance
unit (element 254). The distance between bank 200 and pro-
cessor 262 is equal to one horizontal distance unit (element
250) plus the one vertical distance unit between bank 201 and
processor 262. The distance between bank 200 and processor
264 is equal to two horizontal distance units (element 250)
plus the one vertical distance unit between bank 202 and
processor 264. Similarly, the distance between bank 200 and
processor 266 equals three horizontal distance units plus the
one vertical distance unit between bank 203 and processor
266. In summing the individual distances between bank 200
and each the processors, the relative distance for bank 200
may equal 1+2+3+4, which equals the 10 distance units noted
previously.

[0049] This same methodology may be applied to each of
the other individual banks of cache 240 to calculate relative
distances for each of the banks. The computed relative dis-
tances for cache 240 are shown in Table 1. In FIGS. 2B and
2C, the individual relative distances are shown, numerically
and graphically, for each of the individual banks. As FIGS. 2A
and 2B illustrate, banks 201 and 202 both have relative dis-
tances of eight. Consequently, banks 201 and 202 may both be
aggregated into one group 272. Banks 200 and 203 both have
relative distances of 10, and may be aggregated into another
group. The other banks may be aggregated into other groups
based on the calculated relative distances, which again may
correspond to the access latencies.

TABLE 1
BANK DISTANCE SUMMATION RELATIVE DISTANCE
200 1+2+3+4 10
201 24+4142+3 8
202 3424142 8
203 4+3+2+1 10
210 2434445 14
211 3+2+3+4 12
212 4+3+2+3 12
213 5+4+3+2 14
220 3+4+5+6 18
221 4+3+4+5 16
222 5+4+3+4 16
223 6+5+4+3 18
230 4+5+6+7 22
231 5+4+5+6 20
232 6+5+4+5 20
233 T+6+5+4 22

[0050] FIGS.3A-3C illustrate how banks ofa NUCA cache
may be assigned to different groups, and how the groups may
be sequentially switched on and off according to different
power states. Element 305, in FIG. 3A, illustrates how two
banks with the lowest relative latencies may comprise one
group and be switched on and off together. Element 310
shows how the two banks with the next-lowest relative laten-
cies may comprise a second group and be switched on and off
together. For example, the banks emphasized in element 305
may correspond to banks 201 and 202 of FIG. 2B, while the
banks emphasized in element 310 may correspond to banks
200 and 203. Element 315 shows how the two banks with the
greatest relative latencies, which may correspond to banks
230 and 233, comprise yet another group and may be
switched on and off together.

[0051] An embodiment may define different power states
for the NUCA cache, such as power states SO0, S1 . .. Sn.
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Depending on the power state, various portions of cache may
be turned off. In many embodiments the portions of cache
which are turned off may comprise groups of banks. How-
ever, alternative embodiments may turn off smaller portions
of cache than groups of banks. For example, an embodiment
may sequentially turn off individual banks, in which case
each group would comprise only one bank. Even further,
other alternative embodiments may turn off sections or parts
of'a bank, instead of entire banks. In turning off the various
portions of cache for the different power states, the embodi-
ments may first choose banks with the higher weighted dis-
tances. Additionally, numerous embodiments may also
ensure that at least one of the banks in each of the vertical
arrays is always active.

[0052] FIG. 3B illustrates how different groups of banks in
a NUCA cache may be switched on and off and form eight
different power states. NUCA cache state 320 may comprise
one state where all banks and/or groups of the NUCA cache
are switched on. In other words, state 320 may allow for no
power savings in a NUCA cache. State 325 shows that an
embodiment may first turn off a group of two banks with the
greatest access latencies. For example, state 325 may com-
prise turning off banks 230 and 233 while leaving the rest of
the banks operating. If the embodiment needs to conserve
additional power, the embodiment may turn off another group
comprising banks with the next-greatest access latencies.
Continuing with our example, state 330 may comprise turn-
ing off banks 231 and 232 in addition to banks 230 and 233.
The embodiment may continue to conserve additional
amounts of power by selecting states 335, 340, 345, and 350,
which may involve sequentially turning off or disabling
groups of banks with incrementally smaller and smaller
access latencies. State 355 may comprise lastly turning off the
banks with the smallest access latencies, which may permit
the greatest amount of power savings.

[0053] FIG. 3C illustrates an alternative embodiment hav-
ing a smaller number of power states and an alternative group-
ing of' banks. NUCA cache state 375 may comprise one state
where all banks and/or groups of the NUCA cache are oper-
ating. State 380 shows that the alternative embodiment may
first turn off a group of four banks with the greatest access
latencies. For example, selecting state 380 may comprise
turning off banks 230, 231, 232, and 233 while leaving the
rest of the banks operating. If the embodiment needs to con-
serve additional power, the embodiment may turn off another
group comprising banks with the next-greatest access laten-
cies. Selecting state 385 may involve turning off banks 220,
221, 222, and 223 in addition to the banks which are already
off. Selecting state 390 may involve turning off banks 210,
211, 212, and 213 in addition to the banks which are already
off. Selecting state 385 while and embodiment is in state 390
may involve turning on banks 210, 211, 212, and 213. Select-
ing state 355 may afford the greatest amount of power savings
by turning off the remaining group of banks the smallest
access latencies. By comparing the two different power
schemes illustrated in FIGS. 3B and 3C, one may see that
FIG. 3C illustrates a more aggressive power saving scheme,
which involves turning off groups with larger numbers of
banks than the groups of FIG. 3B.

[0054] FIGS. 4A-4D show several embodiments of appa-
ratuses for conserving power in NUCA caches. FIG. 4A
depicts an apparatus 400 for conserving power of a NUCA
cache 405, having groups of banks 420 and 425, switches 415
and 420 coupled to the groups, and a state selector 410
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coupled to switches 415 and 420. One or more elements of the
apparatuses in FIGS. 4A-4D may be in the form of hardware,
software, or a combination of both hardware and software.
For example, state selector 410 of apparatus 400 may exist as
instruction-coded modules stored in a memory device. More
specifically, the modules may comprise software or firmware
instructions of an application, executed by one or more pro-
cessors. In alternative embodiments, one or more of the mod-
ules of the apparatus in FIGS. 4A-4D may comprise hard-
ware-only modules. For example, one or more of the modules
of apparatus 400 may comprise a state machine formed into
an integrated circuit chip coupled with processors of a com-
puting device.

[0055] NUCA cache 405 may comprise a vertically-striped
NUCA cache. In other words, NUCA cache 405 may contain
a number of banks wherein ways are vertically distributed
across multiple banks. As a specific example, NUCA cache
405 may correspond to NUCA cache 240 depicted in FIG.
2A. Sixteen banks is only one embodiment, as the number of
banks of a NUCA cache may vary from embodiment to
embodiment. For example, an alternative embodiment may
comprise 8, 32, or 64 banks, as examples.

[0056] The individual banks of NUCA cache 405 may be
grouped or aggregated according to their relative access
latencies. Continuing with our example of FIG. 2A, NUCA
cache 240 may comprise two groups. The first group, with
banks having the greatest access latencies, may consist of
banks 230, 231, 232, and 233. The second group, with banks
having the next-greatest access latencies, may consist of
banks 220, 221, 222, and 223. Group of banks 420 and group
of banks 425 may correspond to the first and second groups
just described, respectively. Depending on the embodiment,
varying numbers of groups may be turned off. For example,
one embodiment of apparatus 400 may only turn off the first
and second groups just described. In other words, the one
embodiment of apparatus 400 may not turn off the remaining
banks of 200 through 213. As one having ordinary skill in the
art will appreciate, alternative embodiments of NUCA cache
405 may comprise other groups in addition to groups 420 and
425, depicted in FIG. 4A. For example, NUCA cache 405
may also comprise a third group and fourth group. The third
group, with banks having the next-greatest access latencies,
may consist of banks 210, 211, 212, and 213. The fourth
group, with banks having the smallest or lowest access laten-
cies, may consist of banks 200, 201, 202, and 203.

[0057] As shown in FIG. 4A, switches 415 and 420 of
NUCA cache 405 may be coupled with a group of banks 420
and group of banks 425, respectively. Switches 415 and 420
may independently and separately turn off and on the groups
of'banks. For example, switch 415 may turn oft and on group
of banks 420 regardless of the operating state of group of
banks 425. State selector 410 may be coupled to switches 415
and 420 to select different power states of NUCA cache 405.
When conserving no power in NUCA cache 405, state selec-
tor 410 may enable switches 415 and 420 to turn on groups of
banks 420 and 425. To conserve power, apparatus 400 may
cause state selector 410 to first disable switch 415 and turn off
group of banks 420, with group of banks 420 having greater
access latencies than the banks of group of banks 425. To
conserve additional power, apparatus 400 may cause state
selector 420 to also disable switch 420 and turn off group of
banks 425, wherein the banks of group of banks 425 have
smaller access latencies than the banks of group 420. In other
words, state selector 410 may be arranged to turn off groups
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of' banks with the greatest access latencies before turning off
other groups with smaller access latencies.

[0058] Switches 415 and 420 may comprise different types
of'elements in various alternative embodiments. For example,
in many embodiments switch 415 may comprise one or more
field effect transistors arranged to remove voltage (Vdd) and/
or ground (Vss) from group of banks 420. Field effect tran-
sistors are just an example, as other types of devices to turn off
and on the group of banks may be used in different embodi-
ments. Additionally, some embodiments may conserve power
in the groups of banks in a different manner than just remov-
ing power. For example, some embodiments may reduce the
applied voltage, increase the voltage of the ground, or some-
how restrict or limit the amount of power that the banks
consume without necessarily switching the banks off.
[0059] FIG. 4B depicts an alternative embodiment of an
apparatus 430 configured to conserve power in NUCA cache
440. NUCA cache 440 may comprise a number of banks 450.
NUCA cache 440 comprises a tag array manager 455 that
maintains tags of NUCA cache 440. For example, tag array
manager 455 may comprise a centralized partial-tag array
that maintains partial tags, helps avoid generating false posi-
tives, and helps avoid the misdirection for incoming requests
to banks which do not have the cache line being searched for.
Maintaining the tags for banks 450 may prevent the searching
of banks that have been turned off via state selector 435, when
looking for cache hits. When a bank is switched off, the
corresponding locations in the partial tag array of tag array
manager 455 may be appropriately marked so that the tags are
not used.

[0060] Apparatus 430 also comprises a data manager 445.
Data manager 445 may monitor the operation of NUCA
cache 440 to write out data of a group of banks to main
memory before state selector 435 turns off the group. For
example, NUCA cache 440 may correspond to NUCA cache
240. Apparatus 430 may need to turn off a first group com-
prising banks 230, 231, 232, and 233. However, one or more
of'banks 230, 231, 232, and 233 may contain dirty data, data
that has been updated but not yet written to main memory.
Data manager 445 may be configured to recognize the need to
write the data from banks 230, 231, 232, and 233 to main
memory before state selector 435 is permitted to turn off the
group. Data manager 445 may run out the data to the main
memory and then enable state selector 435 to turn off the
group. As part of supporting the transfer of data from a bank
to main memory, data manager 445 may be configured to
temporarily implement write-through mode for the bank.
[0061] FIG. 4C depicts a further alternative embodiment of
an apparatus 460 configured to conserve power in a plurality
of NUCA caches 466. Apparatus 460 comprises a multi-
cache controller 464 coupled to the plurality of NUCA caches
466. As FIG. 4C illustrates, multi-cache controller 464 may
be configured to select different power states of NUCA
caches 466 based upon one more inputs from state selector
462. For example, multi-cache controller 464 may corre-
spond to controller 150 depicted in FIG. 1, wherein multi-
cache controller 464 may maintain tag arrays for the banks of
NUCA caches 466. Upon receiving an input from state selec-
tor 462 to change power states, multi-cache controller 464
may flush the data from the banks to main memory before
turning off the banks.

[0062] FIG. 4D depicts yet another alternative embodiment
of an apparatus 470 configured to conserve power in NUCA
caches 480, 482, 484, and 486. Apparatus 470 comprises a
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power controller 476 coupled to processors 474 and 472, as
well as NUCA caches 480, 482, 484, and 486. Power con-
troller 476 may be configured to manage the overall power
consumption of apparatus 470. For example, apparatus 470
may comprise a two-processor computing device, wherein
power controller 476 may turn off and on various banks in
NUCA caches 480, 482, 484, and 486 to switch between a
number of different power states. Upon turning off an entire
NUCA cache element, power controller 476 may conserve
additional power by turning off a core of a processor or an
entire processor. As a specific example, power controller 476
may sequentially turn off groups of banks of NUCA cache
480 until all of the banks of NUCA cache 480 have been
turned off. Upon recognizing that all of the banks of NUCA
cache 480 have been turned off, power controller 476 may
turn off a core in processor 472 associated with NUCA cache
480. Power controller 476 may further sequentially turn off
groups of banks of NUCA cache 482 until all of the banks of
NUCA cache 482 have been turned off. Upon recognizing
that all ofthe banks of NUCA cache 482 have been turned off,
power controller 476 may turn off processor 472. Power
controller 476 may also manage the power conservation for
NUCA caches 486 and 484, switching off and on groups of
banks to select different power states.

[0063] As noted, the number of modules or elements in an
embodiment may vary in alternative embodiments. Some
embodiments may have fewer elements than those elements
depicted in FIGS. 4A-4D. For example, one embodiment may
integrate the functions described and/or performed by state
selector 410 with the switching functions of switches 415 and
420 into a single module. Further embodiments may include
more modules or elements than the ones shown in FIGS.
4A-4D. For example, alternative embodiments may include
two or more state selectors, such as for embodiments with a
large number of NUCA cache elements. Even further
embodiments may comprise modules or elements other than
those depicted in FIGS. 4A-4D. For example, some embodi-
ments may comprise an activity monitor to monitor the activ-
ity of one or more NUCA caches. The activity monitor may
detect when an apparatus or system enters an idle state or a
low activity state for an extended period of time. During such
aperiod of inactivity the need for large amounts of data in the
NUCA caches may diminish. The activity monitor may auto-
matically trigger the state selector to turn off groups of banks,
based on the monitored activity, to conserve power. Addition-
ally, as activity increases, the activity monitor may automati-
cally force the state selector to turn on additional groups of
banks to meet the demand of the increased activity.

[0064] FIG. 5 depicts a flowchart 500 illustrating how an
embodiment may operate a plurality of banks of a NUCA
cache, sense increases or decreases in demand, and switch
banks of the NUCA cache accordingly. For example, the
embodiment may be implemented as a computer program
product comprising a computer readable storage medium
including instructions that, when executed by a processor
conserve power in the system depicted in FIG. 1 by sequen-
tially turning off groups of banks in NUCA cache 135 and/or
L3 cache 170. Alternatively, the process of flowchart 500 may
be fully implemented in hardware, such as in a state machine
of'an ASIC coupled with system 100.

[0065] As illustrated in FIG. 5, the process may involve
initializing a system and turning on a minimum number of
banks of NUCA cache (element 510). For example, an oper-
ating system of system 100 may initialize system 100 during
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part of the boot process, turning on all of the banks of NUCA
cache 135, which may comprise turning on banks 200
through 233 depicted in NUCA cache 240 of FIG. 2A.
[0066] As system 100 operates, controller 140 may monitor
activity of NUCA cache 135 and/or the activity of processor
105 (element 520) and use a least-recently-used (LRU) algo-
rithm to move cache lines to banks with the lowest or smallest
latencies. For example, cache controller 150 may use hit/
miss/invalidate detector 156, replacement assert logic 152,
replacement negate logic 153, search logic 154, and data fill
logic 155 to work in conjunction with cores 125 and 130 when
searching NUCA cache 135 for hits and transferring data
between NUCA cache 135 and system memory 175. Cache
controller 150 may continually move the active cache lines to
banks with the lowest latencies (element 530), such as by
continually moving active cache lines in banks 230 through
233 to banks 200 through 223, shown in FIG. 2A.

[0067] During operation of system 100, cache controller
150 and/or other controllers may sense or detect increases and
decreases in demand (elements 540 and 560), such as
demands for additional cache searches or the decreases of
such demands. If system 100 senses an increase in demand
(element 540), system 100 may turn on one or more addi-
tional groups of NUCA cache banks (element 555) before
resuming the monitoring of cache or processor activity (ele-
ment 520). However, before turning on additional groups to
respond to the increased demand, system 100 may first deter-
mine whether the change of power states is permissible (ele-
ment 550). For example, system 100 may prevent the turning
onofadditional banks of NUCA cache ifthe battery of system
100 is dangerously low or if system 100 is in a state restricting
the ability to turn on additional NUCA cache banks, such as
with an aggressive laptop power saving scheme intended to
maximize the amount of operating time for system 100.
[0068] Ifsystem 100 senses or detects a decrease in demand
of NUCA cache activity (element 560), such as during a
period of inactivity of system 100, cache controller 150 may
select certain banks to turn off, work with the other modules
of'cache controller 150 to prevent fresh data/instructions from
being copied into those banks, and then turn off the banks as
soon as operationally feasible. For example, cache controller
150 may determine that the groups comprising banks 220
through 233 may be turned off to conserve power (element
570). Before turning off the groups containing banks 220
through 233 (element 590), controller 150 may first save any
dirty data of banks 220 through 233 to system memory 175
(element 580) before continuing to monitor the NUCA cache
for increases/decreases in activity or demand (element 520).
[0069] Flowchart 500 of FIG. 5 illustrates only one process.
Alternative embodiments may implement innumerable varia-
tions of flowchart 500. For example, some alternative
embodiments may not perform one or more functions illus-
trated by flowchart 500, such as an embodiment that does not
monitor battery life to determine whether a power state
change is permissible (element 550). Other alternative
embodiments may perform actions in addition to the actions
illustrated in FIG. 5, while even further alternative embodi-
ments may eliminate or avoid other functions taught by flow-
chart 500.

[0070] FIG. 6 illustrates a flowchart 600 of a method that
may conserve power by sequentially enabling and disabling a
number of banks of a NUCA cache, with the ways of the
cache being vertically distributed across multiple banks. For
example, one or more embodiments of apparatus 400 shown
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in FIG. 4A may implement the method described by flow-
chart 600 to conserve power by switching oft group of banks
425 and group of banks 420.

[0071] As the system coupled to apparatus 400 operates,
the system may enable the operation of a number of banks of
a NUCA cache (element 610). For example, apparatus 400
may enable the operation of the sixteen banks in NUCA cache
240, depicted in FIG. 2A. While the system coupled to appa-
ratus 400 operates, apparatus 400 may perform a variety of
activities, such as monitoring activity of NUCA cache 240,
maintaining tag arrays for enabled banks, monitoring the
amount of battery life remaining (element 620). One detailed
example, with reference to FIG. 4B, may involve apparatus
430 monitoring the activity of NUCA cache 440 for oppor-
tunities to conserve power, maintaining tag arrays for all
enabled banks of banks 450, and monitoring the value stored
in a particular memory address, wherein the memory address
is updated by the system according to a measured power
charge of the system battery.

[0072] As a system and/or apparatus operate, the system/
apparatus may execute an LRU algorithm to allocate data
among enabled banks (element 630). For example, with ref-
erence to the NUCA caches of FIGS. 4B and 2B, data man-
ager 445 may monitor the activity of hits and misses of
NUCA cache 440. Based on the monitored activity, data
manager 445 may continually move the most active cache
lines to banks with the lowest access latencies. As a more
specific example, data manager 445 may move the most
active cache lines from banks 230 and 233 to banks 231 and
232, from banks 231 and 232 to banks 220 and 223, to banks
221 and 222, etc.

[0073] As the system and/or apparatus continue operating,
the system/apparatus may determine the need to conserve
power in a NUCA cache (element 640), such as the case
where power controller 476 senses the opportunity to con-
serve power by turning off eight groups of banks of NUCA
caches 486, 484, 482, and 480, which may comprise eight
enabled/operating groups with the highest access latencies
(element 650).

[0074] An embodiment of flowchart 600 may continue by
writing data of the eight groups to main memory (element
660), such as by determining which banks comprise data/
instruction values that have not been written to system
memory and copying the data/instruction values over to sys-
tem memory. Upon writing the values to system memory
(element 660), the embodiment may then switch power states
by turning off the eight groups (element 670). For example,
turning off the eight groups may involve turning off two
groups of banks in each of NUCA caches 486, 484, 482, and
480. For the sake of a detailed illustration, NUCA caches 486
and 484 may have all banks operating, whereupon power
controller 476 may turn off two banks in both NUCA caches
486 and 484, e.g. one group comprising banks 230 and 233
and another group comprising banks 231 and 232. Referring
to FIG. 3B, power controller 476 may switch NUCA caches
486 and 484 from state 320 (S0) to state 330 (S2). NUCA
caches 482 and 480 may already have some groups turned off.
For example, NUCA caches 482 and 480 may already be in
state 335 (S3). In state 335, the two groups of banks with the
next-highest access latencies may comprise the two groups
containing banks 221 and 222, and containing banks 210 and
213, respectively. Power controller 476 may turn off banks
221, 222, 210, and 213 in both NUCA caches 482 and 480.
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Referring to FIG. 3B, power controller 476 may switch
NUCA caches 482 and 480 from state 335 (S3) to state 345
(S5).

[0075] As an embodiment of flowchart 600 continues to
operate, the embodiment may sequentially disable additional
groups of banks to conserve additional amounts of power. The
sequence of disabling may generally comprise turning off
individual banks with the greatest access latencies before
turning off individual banks with the least access latencies.
For example, the embodiment will generally turn off groups
comprising the banks located at the bottom of NUCA cache
240 before turning off groups comprising the banks located at
the top of NUCA cache 240.

[0076] Another embodiment is implemented as a program
product for implementing systems, methods, and apparatuses
described with reference to FIGS. 1-6. Embodiments may
contain both hardware and software elements. One embodi-
ment may be implemented in software and include, but not
limited to, firmware, resident software, microcode, etc.
[0077] Furthermore, embodiments may take the form of a
computer program product accessible from a computer-us-
able or computer-readable medium providing program code
for use by or in connection with a computer or any instruction
execution system coupled with NUCA cache. For the purpose
of'describing the various embodiments, a computer-usable or
computer readable medium may be any apparatus that can
contain or store the program for use by or in connection with
the instruction execution system, apparatus, or device.
[0078] Themedium can be an electronic, magnetic, optical,
electromagnetic, infrared, or semiconductor system (or appa-
ratus or device) medium. Examples of a computer-readable
medium include a semiconductor or solid state memory, mag-
netic tape, a removable computer diskette, a random access
memory (RAM), a read-only memory (ROM), a rigid mag-
netic disk, and an optical disk. Current examples of optical
disks include compact disk-read only memory (CD-ROM),
compact disk-read/write (CD-R/W), and DVD.

[0079] A data processing system suitable for storing and/or
executing program code may include at least one processor
coupled directly or indirectly to memory elements through a
system bus. The memory elements can include local memory
employed during actual execution of the program code, bulk
storage, and cache memories which provide temporary stor-
age of at least some program code in order to reduce the
number of times code is retrieved from bulk storage during
execution. Input/output or /O devices (including but not lim-
ited to keyboards, displays, pointing devices, etc.) can be
coupled to the system either directly or through intervening
1/O controllers.

[0080] Those skilled in the art, having the benefit of this
disclosure, will realize that the present disclosure contem-
plates conserving power in non-uniform cache access
(NUCA) caches by sequentially turning off groups of banks
according to a hierarchy of increasing access latencies. The
form of the embodiments shown and described in the detailed
description and the drawings should be taken merely as
examples. The following claims are intended to be interpreted
broadly to embrace all variations of the example embodi-
ments disclosed.

[0081] Although the present disclosure and some of its
advantages have been described in detail for some embodi-
ments, one skilled in the art should understand that various
changes, substitutions, and alterations can be made herein
without departing from the spirit and scope of the disclosure
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as defined by the appended claims. Although specific embodi-
ments may achieve multiple objectives, not every embodi-
ment falling within the scope of the attached claims will
achieve every objective. Moreover, the scope of the present
application is not intended to be limited to the particular
embodiments of the process, machine, manufacture, compo-
sition of matter, means, methods, and steps described in the
specification. As one of ordinary skill in the art will readily
appreciate from this disclosure, processes, machines, manu-
facture, compositions of matter, means, methods, or steps
presently existing or later to be developed that perform sub-
stantially the same function or achieve substantially the same
result as the corresponding embodiments described herein
may be utilized. Accordingly, the appended claims are
intended to include within their scope such processes,
machines, manufacture, compositions of matter, means,
methods, or steps.

What is claimed is:

1. A method, comprising:

enabling the operation of a plurality of banks of a non-
uniform cache access (NUCA) cache, wherein ways of
the cache are vertically distributed across multiple banks
of the plurality;

disabling, sequentially, individual banks of the plurality to
conserve power of the NUCA cache, wherein the
sequential disabling comprises firstly turning off indi-
vidual banks with the greatest access latencies of banks
of the NUCA cache and lastly turning off individual
banks with the least access latencies, wherein further the
disabling of the individual banks comprises turning off
banks of the plurality grouped via discrete power states.

2. The method of claim 1, further comprising: determining
whether data of an individual bank are different from data of
memory associated with the individual bank and writing the
data to the associated memory if the data are different.

3. The method of claim 2, further comprising: disabling the
individual bank upon completion of the writing.

4. The method of claim 3, further comprising: marking a
partial tag array of the NUCA cache to prevent usage of the
disabled individual bank.

5. The method of claim 1, further comprising: selecting a
power state via execution of instructions stored in a tangible
medium of a computer.

6. The method of claim 5, wherein the instructions, when
executed by a processor of the computer, are configured to
monitor an amount of energy of a battery of the computer.

7. The method of claim 5, wherein the instructions, when
executed by a processor of the computer, are configured to
select the power state based upon inactivity of the NUCA
cache.

8. An apparatus, comprising:

a plurality of banks of a non-uniform cache access
(NUCA) cache, wherein ways are vertically distributed
across multiple banks of the plurality;

a plurality of switches configured to turn off groups of
banks of the plurality of banks, wherein banks are aggre-
gated to the groups based on access latencies; and

a state selector, coupled to the plurality of switches, to
select different power states of the NUCA cache,
wherein the state selector is arranged to turn off groups
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of banks with the larger access latencies before turning
off other groups with smaller access latencies.

9. The apparatus of claim 8, further comprising an activity
monitor to monitor activity of the NUCA cache, wherein the
state selector is arranged to select the different power states
based on the monitored activity, wherein the apparatus is
configured to sequentially turn on groups of banks with the
smaller access latencies before turning on groups with the
larger access latencies.

10. The apparatus of claim 8, further comprising a multi-
cache controller coupled to the NUCA cache and a second
NUCA cache and a second plurality of switches, the multi-
cache controller configured to select different power states of
the NUCA cache and the second NUCA cache based upon an
input from the state selector.

11. The apparatus of claim 8, further comprising a power
controller coupled to a core and the NUCA cache, the power
controller configured to monitor and control power of the core
and the NUCA cache.

12. The apparatus of claim 11, further comprising a second
core and a second NUCA cache, wherein the power controller
is configured to turn off the second core and all groups of
banks in the second NUCA cache while at least one group of
the NUCA cache continues to operate.

13. The apparatus of claim 8, further comprising a tag array
manager to maintain tags of the NUCA cache and prevent the
searching of banks that are turned off.

14. The apparatus of claim 13, further comprising a data
manager to write out data of a group of banks to enable the
state selector to select a different power state.

15. The apparatus of claim 8, wherein the state selector
comprises a state machine.

16. A computer program product comprising a tangible
computer readable storage medium including instructions
that, when executed by at least one processor:

search ways of a plurality of banks of a non-uniform cache

access (NUCA) cache, wherein the ways are vertically
distributed across multiple banks of the NUCA cache;
and

sequentially turn off groups of banks of the plurality of

banks, wherein each of the groups comprises banks
aggregated based on access latencies of banks to the at
least one processor, wherein further the sequence com-
prises turning off groups with larger access latencies
before turning off groups with smaller access latencies.

17. The computer program product of claim 16, further
comprising instructions that monitor an amount of power
remaining in a battery to enable the sequential turning off of
groups.

18. The computer program product of claim 16, further
comprising instructions that mark locations in a partial tag
array to prevent use of the locations, wherein the locations
correspond to banks turned off.

19. The computer program product of claim 18, further
comprising instructions that unmark the locations in the par-
tial tag array to enable use of the locations when banks cor-
responding to the locations are turned on.

20. The computer program product of claim 16, wherein
the instructions that sequentially turn off groups of banks
comprise instructions of an operating system.
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