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PAPER

Trends in High-Performance, Low-Power Cache Memory Architectures
Koji INOUE† , Nonmember, Vasily G. Moshnyaga† , and Kazuaki MURAKAMI†† , Members

SUMMARY
One of uncompromising requirements from portable computing is energy eﬃciency, because that aﬀects directly the battery life. On the other hand, portable computing will target more
demanding applications, for example moving pictures, so that
higher performance is still required. Cache memories have been
employed as one of the most important components of computer
systems. In this paper, we brieﬂy survey architectural techniques
for high performance, low power cache memories.
key words: cache, low power, high performance, microprocessor,
survey

low power memory systems. Before presenting these
techniques, we deﬁne the performance and power for a
memory system in Section 2. Then, high-performance
techniques and low-power techniques are introduced in
Section 3 and Section 4, respectively. In Section 5,
we discuss the eﬀect of high-performance techniques on
power consumption. Section 6 gives some concluding
remarks.
2.

1.

Introduction

Cache memories have been playing an important role in
bridging the performance gap between high-speed microprocessors and low-speed main memory. Although
many cache architectures for improving computersystem performance have been proposed, the processor–
memory performance gap is still growing.
One of the most straightforward approaches to improving the memory-system performance is to increase
cache size. In order to alleviate the inability of memory systems, the trend is to invest the increasing transistor budget in cache capacity. From power point of
view, this approach seems to be useful because the
power dissipated for driving external I/O pins can be
reduced. However, it increases the power consumed
for cache accesses. The power consumption of on-chip
caches for StrongARM SA110 occupies 43% of the total chip power [52]. In the 300 MHz bipolar CPU reported by Jouppi et al. [27], 50 % of power is dissipated
by caches. Recent growing mobile-market strongly requires not only high performance but also low-power
consumption. Therefore, we believe that considering
high-performance, low-power cache architectures is a
worthwhile work for future processor systems.
There are many levels where we can consider for
improving memory-system performance and power consumption: device level, circuit level, architecture level,
algorithm level, and so on. In this paper, we brieﬂy
survey architectural techniques for high performance,
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Performance and Power Consumption

We consider a memory hierarchy which consists of a
cache memory implemented by a Static RAM and a
main memory implemented by a Dynamic RAM. Note
that the lowest level of the memory hierarchy is 2. We
can approximate memory-system performance by average memory-access time (AM AT ) which is the average
latency per memory reference [16]. AMAT can be expressed by the following equations:
AM AT = TCache + CM R × 2 × TM ainM emory ,
TM ainM emory = TDRAM array +

LineSize
,
BandW idth

where CM R is the cache-miss rate. TCache and
TM ainM emory are the cache-access time and the mainmemory-access time, respectively. On a cache miss,
two main-memory accesses take place (one for writeback and one for reﬁll) in the worst case. The mainmemory-access time (TM ainM emory ) consists of two factors: the latency for accessing to the DRAM array and
that for transferring a cache-line between the cache and
the main memory. LineSize and BandW idth are the
cache-line size to be replaced and the memory bandwidth between the cache and the main memory, respectively.
In this paper, we consider not power (the amount
of energy consumed per unit time) but energy. One of
uncompromising requirements of portable computing is
energy eﬃciency, because that aﬀects directly the battery life. Average memory-access energy (AM AE) is
the average energy dissipated per memory reference,
and can be expressed by the following equations:
AM AE = ECache + CM R × 2 × EM ainM emory ,
EM ainM emory = EDRAM array + EDataT ransf er ,
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where, ECache and EM ainM emory denote the cacheaccess energy and the main-memory-access energy. The
main-memory-access energy consists of two factors: the
energy for accessing to the DRAM array (EDRAM array )
and that for transferring a cache-line between the cache
and the main memory (EDataT ransf er ).
3.

High Performance Techniques

From the performance deﬁnition explained in Section
2, it can be understood that there are at least three
approaches to improving memory-system performance
as follows:
• Reducing the cache-access time (TCache ), and
maintaining the cache-miss rate and the miss
penalty as can as possible.
• Reducing the cache-miss rate (CM R), and maintaining the cache-access time and the miss penalty
as can as possible.
• Reducing the miss penalty (TM ainM emory ), and
maintaining the cache-access time and the cachemiss rate as can as possible.
In this section, we introduce techniques to satisfy the
above requirements for high-performance memory systems.
3.1

Making Cache Access Faster

The most signiﬁcant disadvantage of set-associative
caches is to suﬀer from longer access time due to way
selection. Since the way selection can be performed
after tag-comparison results are available, the critical
path becomes long. The key of techniques introduced
in this section is to complete the way selection as soon
as possible.
3.1.1

Speculative Way Selection: Exploiting Locality

There are two methods to search the hit way which
includes the referenced data in set-associative caches:
parallel search and sequential search. The parallel
search examines all ways in parallel. Thus, the delay
for the way selection based on tag comparison makes
cache-access time longer. The sequential search examines one by one until it ﬁnds the hit way. Therefore,
the way-selection overhead can be eliminated if the ﬁrst
examine ﬁnds the hit way. In this case, the cache-access
time is as fast as direct-mapped caches. However, in the
worst case, the sequential search may require the same
number of clock cycles as the associativity. Namely,
the cache-access time depends on how fast the cache
can ﬁnd the hit way.
Kessler et al. [33] proposed a set-associative MRU
cache. The MRU cache employs MRU-order-based sequential search. The MRU information is stored in a

mapping table. Chang et al. [9] proposed another MRU
cache, which is employed in System/370, to improve
the access time of parallel-search set-associative caches.
Chang et al. reported that where a 128 KB cache has 64
associativity (i.e., 64-way set-associative cache), more
than 80 % of the overall memory references hit the MRU
region, even if the size of which is only 2 KB (128 KB /
64 way). The MRU information for each set is used to
select the hit way before tag comparison is completed.
When a cache access is issued, the way designated by
the corresponding MRU information is selected. If the
cache selects an wrong way, two cycles are required due
to accessing to the remaining ways.
3.1.2 Speculative Way Selection: Partial Tag Comparison
Another approach to improving the access time of setassociative caches is to obtain the tag-comparison results as soon as possible. If the control signals for the
way selection are available before cache-lines are completely read out, the cache-access-time overhead caused
by the way selection can be hidden.
Partial address matching proposed by Liu [39] is
one of approaches to reducing the tag-comparison time.
Their cache has two memory arrays: MD (for “Main Directory”) and PAD (for “Partial Address Directory”).
MD contains complete tag information, whereas PAD
contains a part of tag bits (e.g., 5 bits). First, tagcomparison results given by the PAD are used for the
way selection. The complete tag comparison with the
MD tag information is also performed in parallel, but
it is for the veriﬁcation of the partial address tagcomparison. The timing advantage for partial address
matching comes from the simpler comparators and fast
data read of small number of bits.
Juan et al. [28] proposed the diﬀerence-bit cache
for 2-way set-associative caches. The idea is based on
the fact that the two stored tags corresponding to a
set have to diﬀer in at least one bit. By using the 1-bit
(diﬀerence-bit) comparison result, the way selection can
be performed. Diﬀ memory is employed to record the
position and the value of the diﬀerence-bit. Note that
the diﬀerence-bit comparison can be used for the way
selection, but not for tag checking. In the case of twoway set-associative caches, complete two tags are read
in parallel. After that, one of the tags is selected based
on the diﬀerence-bit comparison result, and the selected
tag is compared with the tag portion in the reference
address in order to determine whether the memory reference hits the cache.
3.2 Making Cache-Miss Rate Lower
Memory access behavior varies within and among program executions. However, conventional caches expect
that all memory references have high degree of tempo-
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ral and spatial locality. Thus, conventional organization has ﬁxed hardware parameters: cache size, cacheline size, associativity, mapping function, replacement
policy, and so on. Therefore, it is diﬃcult for the conventional caches to follow the various behavior of memory references. To improve cache-hit rates, many researchers have proposed cache architectures which attempt to adapt dynamically or statically the cache parameters to the varying memory-access behavior.
3.2.1

Making Good Use of Cache Space

Unfortunately, conventional caches have only one mapping function for data placement. The mapping function determines that which set the data designated by
a memory address should be placed in. In particular,
each set in direct-mapped caches can include only one
cache line. Therefore, many data which compete in a
set cause a large number of conﬂict misses. The key of
techniques introduced in this section is to use several
mapping functions in order to make good use of limited
cache space, thereby reducing the conﬂict misses.
(1)

Employing Diﬀerent Mapping Functions

The direct-mapped hash-rehash cache proposed by
Agarwal et al. [1] attempts to avoid conﬂict misses
by using two diﬀerent mapping functions. Conﬂicting
data can be located in the diﬀerent sets. When a cache
access is issued, the ﬁrst mapping function which is the
same function as conventional direct-mapped caches is
used to search the ﬁrst entry. If the ﬁrst search ﬁnds a
hit (i.e., ﬁrst hit), the cache behaves as a direct-mapped
cache. Otherwise, the other mapping function is used
to search the second entry. Column-associative cache
proposed by Agarwal et al.[2] has the same conﬁguration as the hash-rehash cache except for a rehash bit in
each set. The rehash bit inhibits the rehash access in
order to avoid secondary thrashing.
The hash-rehash cache and the column-associative
cache worsen the cache-miss rates from conventional
two-way set-associative caches with LRU replacement
strategy. Because the mechanism for hash and rehash
operations can not implement a true LRU replacement.
Calder et al.[8] proposed predictive sequential associative cache which has the steering bit table in order to
indicate which entry has to be searched ﬁrst. In addition, the MRU information is used for the complete
LRU replacement strategy. The other studies are sequential multi-column cache and parallel multi-column
cache [64]. The detail of this kind of caches has been
summarized in [64].
(2)

Employing an Adaptive Mapping Function

Adaptive group-associative cache proposed by Peir et
al. [49] attempts to intelligently use the cache space.
In conventional caches, a number of empty frames, or
holes, exist in the cache. The authors measured the

average percentage of holes in various cache conﬁgurations during the execution of a program, and it was observed that between 37.5 % and 42.6 % of the cache are
holes. In fact, these holes will be ﬁlled by rarely reused
data. The idea of the adaptive group-associative cache
is to identify the existing holes and allocate the holes
to frequently reused data. On a cache miss, frequently
reused data to be evicted from the cache is moved into
a hole, instead of the main memory. In other words,
the cache attempts to optimize the mapping function
by detecting the holes at run-time.
3.2.2 Inhibiting Rarely Reused Data from Polluting
Cache Space
Since conventional caches attempt to load every data
into the cache regardless of its reuse behavior, rarely
reused data pollute the limited cache space. Cache bypassing is one of the approaches to solving the pollution
problem. The missed data which has poor temporal locality is provided directly from the main memory to the
processor without loading into the cache.
Johnson et al. [25] proposed a run-time adaptive cache management technique to improve the cachehit rates. Their cache employs a memory address table (MAT), in which the memory reference behavior is
recorded at run-time. Each entry in the MAT contains
a counter in order to identify the amount of temporal locality corresponding to a memory block. When
the value of the counter is smaller than a threshold,
the reference data in the corresponding memory block
bypasses the cache. McFarling [40] proposed dynamic
exclusion replacement policy in order to reduce the
number of conﬂict misses in direct-mapped instruction
caches. The cache presented in the paper monitors reference patterns. When two instructions compete for
the same cache line, the dynamic exclusion approach
attempts to prohibit loading one instruction into the
cache, so that the other instruction can be kept in the
cache.
Another approach to avoiding the cache pollution
is to secure a part of cache space for frequently reused
data. Scratch-pad memory has been proposed to realize this kind of memory management. The scratch-pad
memory consists of a part of the main-memory space,
and is located at level-1 memory hierarchy. Panda et al.
[45] presented a technique for exploiting eﬀectively the
scratch-pad memory. Chiou et al. [10] proposed column
caching strategy that allows to restrict the data replacement in way by way. Nakamura et al. [43] proposed a
software technique, called SCIMA: Software Controlled
Integrated Memory Architecture, for high performance
computing. In the SCIMA, an on-chip memory space is
divided into two portions: cache and on-chip memory.
The cache is under the control of hardware as conventional caches, while the data replacement of on-chip
memory is controlled by software. Since the cache and
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the on-chip memory share the hardware memory structure, software can attempt to change and optimize the
ratio of their sizes.
3.2.3

Exploiting Diﬀerent-Type Memories

Researchers have proposed many cache architectures
which consist of several memory modules for improving cache-hit rates. The memory modules are used for
diﬀerent purposes in order to follow the various behavior of memory references.
(1)

Keeping and Filtering:
Associative Cache

Attaching a High-

There are many approaches employing a small highassociative cache. The roles of the attached setassociative cache are 1) to keep frequently reused data
at close to the level-1 cache instead of the next-level
memory and 2) to ﬁlter rarely reused data which pollute the cache. If a data has rich temporal locality,
it should not be evicted from the cache. In contrast, a
data having poor temporal locality should not be loaded
into the cache.
Jouppi [26] proposed the victim cache which is a
small full-associative cache located between the directmapped level-1 cache (main cache) and the next-level
memory (main memory). When a cache line in the main
cache is evicted, it is moved to the victim cache. In the
case of a miss in the main cache that hits in the victim
cache, the cache lines are swapped between the main
cache and the victim cache.
Theobald et al. [57] discussed the design space
of hybrid-access caches (the combination of a directmapped main cache and a set-associative cache like the
victim cache), and proposed the half-and-half cache.
The main-cache access can be completed in one cycle, while the associative cache requires two cycles: one
for normal access and one for swapping between the
main cache and the set-associative cache. If we increase the associative cache size, many memory references can be conﬁne on-chip because of increase in the
associative-cache-hit rates. Thus, there is a trade-oﬀ
between the cache-access time and the cache-hit rate
when we consider the cache resource distribution to the
direct-mapped region and the set-associative region.
Against to the victim cache and the half-and-half
cache, the annex cache proposed by John et al. [23] and
the pollution control cache proposed by Walsh et al. [62]
attempt to ﬁlter the data to be loaded into the main
cache. Both the annex cache and the pollution control cache are small high-associative caches attached to
the main cache. On a cache miss, the missed data is
loaded into the small associative cache, instead of the
main cache. Then the cache lines in the main cache and
the small associative cache are swapped when the ﬁlled
data in the small associative cache is referenced again.

(2) Exploiting Diﬀerent Types of Locality
Spatial locality can be exploited by increasing the
cache-line size. On the other hand, decreasing the
cache-line size is a good approach to exploiting the temporal locality, because the total number of entries, or
cache lines, in the cache is increased. Unfortunately,
conventional caches have a ﬁxed cache-line size, so that
it is impossible to satisfy eﬀectively both the above
mentioned requirements. The most straightforward approach to solving the problem is to employ two types
of caches: one has a small cache-line size and the other
has a large cache-line size.
Dual Data Cache proposed by González et al. [14]
consists of two memory modules: spatial cache and temporal cache. These caches have the same organization,
but the cache-line sizes are diﬀerent. The spatial cache
has a larger cache-line size, whereas the temporal cache
has a smaller cache-line size. The locality prediction table in the dual data cache determines where the missed
data should be loaded. Each entry in the table corresponds to a recently executed load/store instruction.
Against to the dynamic optimization, Sánchez et al.
[51] discussed a static analysis of locality for the dual
data cache. Park [47] proposed the co-operative cache
which consists of the spatial-oriented cache (SOC) having a larger cache-line size and the temporal-oriented
cache (TOC) having a smaller cache-line size.
(3) Prohibiting Non-Critical Data from Polluting
Cache Space
So far, we have introduced many techniques to improve
the cache-hit rates. However, improving the cache-hit
rates may not be able to produce an advantage for total
system performance. When we consider the total execution time of a program, the most important thing is
to reduce the total number of clock cycles required, if we
assume that the clock frequency is a constant. Therefore, we need to consider the total number of processor
stalls caused by the poor performance of the memory
system. Recent processors exploit increased instruction
level parallelism (ILP), thereby achieving higher performance.
The cache-hit rate may not be an appropriate metric to evaluate total memory system performance, because it does not include how much each load/store
operation aﬀects the total number of processor stalls.
The processor stall depends on data dependency in the
target program, so that some cache misses which aﬀect
the data dependency are more critical than others. In
addition, if there are enough instructions which can be
issued, the cache miss might not aﬀect ILP. Actually,
Srinivasan et al. [55] showed that not all data accesses
need to occur immediately if there are enough ready
instructions to execute.
Non-Critical Buﬀer proposed by Fisk et al. [12] is
a small associative buﬀer (for example 16-entry) which
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works in parallel with level-1 data cache (main cache).
The Non-Critical Buﬀer is used to prohibit non-critical
data from polluting the cache space. As a result, the
large main cache can be used for critical data which
give signiﬁcant damage to the processor performance
(i.e., ILP). Two mechanisms to identify the non-critical
data at run-time were proposed. One of the mechanisms tracks the processor performance by monitoring
issue rate or functional unit usage, and the other mechanism uses the Load/Store Queue (LSQ). Fisk et al.
reported that the non-critical buﬀer can achieve a processor performance improvement even if it worsens the
cache-hit rate.
3.2.4

Data Prefetching by Larger Cache-Line Sizes

If we can perform perfect prefetching, the ideal memory system can be realized because all main-memory
accesses are overlapped with other computations. Increasing the cache-line size is one of the methods to
perform the data prefetching. If memory references
have rich spatial locality, larger cache-line sizes give
the prefetching eﬀect. Otherwise, a number of conﬂict
misses will take place. For cache-line-size optimization,
we have to detect the amount of spatial locality inherent in programs, and then the cache-line size should be
modiﬁed to an appropriate size.
With hardware support, we can perform the detection and the modiﬁcation for cache-line-size optimization at run-time. In this method, a mechanism to
record memory-reference history will be required. The
cache-line size is modiﬁed according to the memoryreference history [11], [24], [18], [61], [37]. We can also
consider static approaches. The amount of spatial locality is analyzed at compile-time. In this method, loop
structures inherent in programs will be exploited. Special instructions are inserted in program codes by compiler in order to change the cache-line size [60], [61].
3.2.5

Optimizing Data Placement

Conﬂict misses take place when two data compete for
a cache location. If we can re-allocate one of the competing data address, the conﬂict miss can be avoided.
Data-placement optimization is a static approach to reducing the conﬂict misses [58], [44], [17], [29].
3.3

Making Cache-Miss Penalty Smaller

As explained in Section 2, there are at least three approaches to minimizing the miss penalty: 1) improving the DRAM access time, 2) reducing the amount
of data to be replaced, and 3) increasing the memory
bandwidth. The DRAM access time can be improved
by advanced process technology, and is out of scope of
this paper.

Cache bypassing explained in Section 3.2.2 reduces
the amount of data to be transferred between the cache
and the main memory. The idea of Tyson et al. [59] is
based on the fact that almost all cache misses are caused
by a small number of instructions, called troublesome
instructions. The authors reported that less than 5 % of
the total load instructions are responsible for causing
over 99 % of all data-cache misses. When a troublesome instruction causes a data-cache miss, the referenced data bypasses the cache, instead of loading into
the cache. In this case, only the troublesome instruction
is transferred from the main memory to the processor,
thereby reducing the memory traﬃc required.
Improving the memory bandwidth can be achieved
by integrating the cache and the main memory into the
same chip, or merged DRAM/logic LSI. Eliminating the
chip boundary between the cache and the main memory
solves the I/O-pin bottleneck problem, thereby improving dramatically the memory bandwidth [42], [48], [53].
4.

Low-Energy Memory-Access Techniques

From the energy deﬁnition explained in Section 2, it
can be understood that there are at least three approaches to reducing the average memory-access energy
(AM AE) as follows:
• Reducing the cache-access energy (ECache ), and
maintaining the cache-miss rate and the mainmemory-access energy as can as possible.
• Reducing the cache-miss rate (CM R), and maintaining the cache-access energy and the mainmemory-access energy as can as possible.
• Reducing
the
main-memory-access
energy
(EM ainM emory ), and maintaining the cache-access
energy and the cache-miss rate as can as possible.
We can employ the techniques to improve the cachemiss rate introduced in Section 3.2 for the second approach. Therefore, in this section, we focus on the ﬁrst
and the third approaches.
4.1 Reducing Cache-Access Energy
Energy dissipation in CMOS technology circuits is
mainly due to charging and discharging gates (and
wires). While a cache access is performed, the following
energy is dissipated:
ECache = 0.5 × C × V dd2 ,
where V dd is the supply voltage as well as the output voltage swing. C is the total capacitive load of all
cache components (bit-lines, word-lines, memory cells,
and so on). It can be understood that we can reduce
the energy dissipation by making a small value of C, or
V dd.
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Basically, the energy dissipation for a memoryarray access depends on the memory-array size [22].
Here, we refer to a fraction of the cache space activated
for the cache access as an activated-area. In the case of
a conventional organization, the activated-area is equal
to the whole cache space. However, if we can divide the
memory-array into several subarrays, and if it is possible to activate only one subarray, the activated-area
becomes smaller. In other words, the switched load capacitance (C) is reduced, thereby saving the energy.
The key of techniques introduced in this section is
to make the activated-area small as can as possible, so
that the following processes are required:
1. Module Partitioning: Partition the cache into at
least two modules, or attach at least one small
cache module. As a result, a small area, which
is a candidate of the activated-area, is generated.
2. Selective Activation: Activate only the small area
for performing the cache access.
We classify energy reduction techniques for cache memories into two approaches: structural approach and behavioral approach. The structural approach changes
the memory organization (the cache is divided), but
the cache-access operation is not modiﬁed. On the
other hand, the behavioral approach attempts to optimize the cache-access procedure for low energy consumption, but the memory organization is maintained
(caches originally have a multi-module organization).
4.1.1
(1)

Structural Approaches
Horizontal Partitioning

The techniques introduced in this section partition the
cache module horizontally. An well known technique for
memory-array partitioning is the word-line partitioning
[50]. In conventional memory arrays, a number of transfer gates are connected to a word-line. The word-line
partitioning reduces the total number of memory cells
connected to a word-line.
Cache subbanking [56], [30] is a horizontal partitioning scheme for low-energy caches. Usually, a cache
line consists of several words (for example 8 words) in
order to exploit the spatial locality of memory references. In conventional caches, the referenced data is
selected from the cache line. Thus, the remaining contents in the cache line are unused. In the cache subbanking, the data memory is partitioned into subarrays horizontally. Only the subbank including the referenced data is activated. Since the subbank address
can be generated directly from the oﬀset-ﬁeld in the
memory-reference address, no cache-access-time overhead occurs.
Region-Based Caching proposed by Lee et al. [38]
is another implementation of the horizontal partitioning. The region-based caching exploits the diﬀerent

characteristics of data types, and consists of three cache
modules: a small module for stack data, a small module
for global data, and a larger main module for others.
For example, a 4 KB direct-mapped stack-cache, a 4
KB direct-mapped global-cache, and a 32 KB directmapped main-cache are implemented. Which module
has to be searched is determined based on the reference
address generated by the processor. When the stackcache or global-cache is activated, the energy dissipated
for the cache access can be reduced due to the small
value of C, compared with conventional cache organization. Lee et al. reported that about 70 % of memory
references hit the stack-cache or the global-cache.
(2) Vertical Partitioning
Bit-line partitioning is another well known technique
for reducing energy consumption [50]. Ghose et al. [13]
evaluated the eﬀects of the bit-line partitioning on cache
energy.
Employing a level-1 cache reduces the energy
consumed for memory accesses because of the small
activated-area (i.e., accessing not to the large main
memory but to the small level-1 cache). Similarly,
adding a small level-0 cache between the level-1 cache
and the processor can make a signiﬁcant energy reduction. Su et at. [56] and Kamble et al. [30] evaluated the
energy eﬃciency of cache-line buﬀering, or block buﬀering. The previously accessed cache-line is loaded into
the cache-line buﬀer. When a memory access is issued,
the cache-line buﬀer is searched ﬁrst. If the memory
access hits the cache-line buﬀer, the referenced data is
provided from the cache-line buﬀer to the processor. In
this case, only the cache-line buﬀer is activated instead
of the main cache. When memory references have rich
temporal (and spatial) locality, the buﬀer-hit rate is improved, thereby saving more energy. Ghose et al. [13]
proposed the multiple line buﬀer for superscalar processors, in which there are several (for example four)
entries. Kin et al. [35] proposed the ﬁlter cache which
is a very small L0-cache located between the processor and the L1-cache. The level-1 cache accesses occur
only when ﬁlter-cache misses take place. The authors
reported that the ﬁlter cache reduces 51 % of energydelay product across a set of multimedia and communication applications compared with a conventional cache
organization. Another study for this kind of approach
is demonstrated by Bajwa et al. [4], in which a level-0
small cache is employed for reducing the energy consumed for the instruction cache.
The eﬀectiveness of vertical partitioning depends
largely on how many the memory references can be concentrated on the small level-0 cache. Bellas et al. [6]
proposed a dynamic cache management to allocate the
most frequently executed instruction blocks to the small
level-0 cache. A branch prediction unit is exploited for
detecting the frequently executed blocks.
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(3)

Horizontal and Vertical Partitioning

Ko et al. [36] proposed the MDM (multi-divided module) cache architecture. The cache is divided horizontally and vertically into small modules. Each small
module includes own peripheral circuits, so that it can
operate as a stand-alone cache. Only a single small
module designated by the memory-reference address is
activated. When the MDM cache has M independently
selectable modules, the average load capacitance becomes almost 1/M compared with a non-divided conventional organization.
(4)

Static/Dynamic Region Partitioning

Adding a small level-0 cache between the level-1 cache
and the processor seems to be an extension of memory hierarchy. Because data replacements between the
level-0 and the level-1 cache are required on level-0
cache misses. Another approach to reducing the cacheaccess energy is to partition the cache module into a
small static module and a large dynamic module. Data
allocation to the static module is determined based on
prior program analysis and that works as the scratchpad memory explained in Section 3.2.2, whereas the
dynamic module behaves as a normal cache. If we can
concentrate memory accesses on the small static module, a lot of energy can be reduced due to the small
value of C.
Many techniques for data allocation to the static
module have been proposed. These techniques are
based on proﬁle data from the execution of programs.
Panwar et al. [46] proposed S-cache. Frequently executed basic-blocks are placed in the S-cache (a small
static module). Jump instructions which control the execution ﬂow between the S-cache and the level-1 main
cache are inserted in program codes. Bellas et al. [5],
[7] proposed the loop cache (L-cache) for instruction
caches. The compiler lays out the target program for
maximizing the number of accesses to the L-cache, and
inserts special instructions to identify the boundary between the placed and non-placed code into the L-cache.
Increasing the static-module size improves the
static-module-hit rate. However, it increases the energy
dissipation for accessing to the static module. Ishihara
et al. [22] discussed the trade-oﬀ between the size of
the main level-1 cache and that of the static module.
Although the authors focused on the instruction ROM
for embedded systems, we can apply their method to
the cache memories. Kawabe et al. [31] presented an
implementation example of the static and the dynamic
region partitioning.
4.1.2

Behavioral Approaches

All ways in set-associative caches are searched in parallel because the cache-access time is critical. A way consists of one tag-subarray and one data-subarray. Thus,

the energy consumed for a tag-subarray access and that
for a data-subarray access are consumed in each way.
Since only one way has the data referenced by the
processor on a cache hit, conventional set-associative
caches waste a lot of energy. Some techniques have been
proposed for alleviating the negative eﬀect of the setassociative caches by optimizing cache-access behavior.
(1) Selective Way Activation
The activated-area in conventional set-associative
caches consists of all of ways. One of the approaches to
achieving energy reduction for set-associative caches is
to make the activated-area close to a single way including the referenced data.
Hitachi SH microprocessor employs a phased cache
in order to avoid the unnecessary data-subarray accesses [15]. In the phased cache, tag comparison and
cache-line access are performed sequentially. First, the
tag comparison is performed at each way without activating the data-subarray. Then, only a single datasubarray which includes the referenced data is accessed
if at most one tag matches. Otherwise, a cache-line replacement is performed without any data-subarray access.
Although the phased cache reduces the energy consumed for data-subarray accesses (cache-line accesses),
the cache-access time will be increased due to the sequential operation. If we know which way includes the
referenced data before starting the cache access (i.e.,
without performing tag comparison), the unnecessary
way-accesses can be eliminated without cache-accesstime overhead. Inoue et al. proposed way-predicting
cache [19] which attempts to avoid the unnecessary way
activation for set-associative caches. The basic organization of the way-predicting cache is the same as that of
MRU cache [9]. Only one way is speculatively selected
by using set-base MRU information before starting normal cache access. The selective way-activation makes
a signiﬁcant energy reduction. If the way prediction is
incorrect, the cache then searches the other remaining
ways. Kim et al. evaluated the energy eﬃciency of
several selective-way caches [34].
Conventional set-associative caches consist of several memory-subarrays (i.e., ways). Albonesi [3] proposed the selective cache ways which allows software
to optimize the cache size and the cache associativity.
Each way can be enabled/disenabled by the Cache Way
Select Register (CWSR). For example, a 32 KB fourway set-associative cache can operate as an 8 KB directmapped cache, a 16 KB two-way set-associative cache,
or a 32 KB four-way set-associative cache. Namely, the
activated-area corresponds to the cache size speciﬁed
by the CWSR. A software (e.g., operating system) can
determine the trade-oﬀ between the performance and
the energy dissipation by modifying the CWSR.
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(2)

Omitting Tag Comparison

In conventional caches, tag comparison is performed in
every access to determine whether the current access
hits the cache. Panwar et al. [46] proposed a conditional tag-comparison scheme which attempts to reduce the total count of tag comparison required. If
two successive instructions i and j reside in the same
cache-line, the tag comparison for j can be omitted.
Another approach to omitting the tag comparison is
history-based tag-comparison cache proposed in [21].
The history-based tag-comparison cache exploits execution footprints, which are recorded in an extended
branch target buﬀer. The condition for performing the
tag comparison is determined based on the execution
footprint. In this approach, the tag comparison for instruction j can be omitted, even if instruction i and j
are reside in diﬀerent cache lines.
4.2

Reducing Main-Memory-Access Energy

As introduced in Section 4.1.1(1), cache-access energy
can be reduced by employing the cache subbanking.
The idea of subbanking comes from that the referenced
data is only one word, instead of a whole cache line.
Since the oﬀset of the referenced data in the cache
line is determined by the memory-reference address,
the selective subbank activation can be implemented.
However, this kind of technique can not be employed
for main memory. Since the cache-line size is ﬁxed, a
DRAM-array access with the ﬁxed cache-line size occurs on every main-memory access. The main-memory
subbanking can be achieved by reducing the size of data
to be replaced between the cache and the main memory. Therefore, the techniques for cache bypassing introduced in Section 3.2.2, reducing the cache-line size
introduced in Section 3.2.4, and low memory traﬃc introduced in Section 3.3 are useful for the main-memory
subbanking. Inoue et al. evaluated the energy eﬃciency
of variable cache-line size [20].
5.

Eﬀects of High-Performance Techniques on
Energy Consumption

The cache performance depends on how fast the memory reference can be performed, while the cache energy
depends on how many unnecessary operations can be
eliminated. Before, the cache designers had attempted
to employ lower associativity for improving TCache . To
avoid the conﬂict misses, the transistor budget had been
invested to increase the cache size. Although decreasing the cache size worsens the cache-miss rate (CM R),
this approach is the most straightforward way to reduce both TCache and ECache at the same time. Recent
low-power microprocessors tend to alleviate the negative eﬀect of the small cache size by employing high
associativity [54]. In this section, we discuss eﬀects of

the high-performance techniques introduced in Section
3 on energy consumption.
In Section 3.1, we have introduced the techniques
to improve the cache-access time TCache . However,
their techniques will not improve the energy eﬃciency.
Since they are based on speculation techniques, the
veriﬁcation processes which also consume the energy
are required. On the other hand, almost all techniques introduced in Section 3.2 may be able to produce the energy reductions by improving the cachemiss rate (CM R). That is, the energy consumed for
cache misses (not ECache ) is reduced. By concentrating frequently referenced data into the cache, unnecessary cache-line evictions are eliminated, thereby saving
the energy. These techniques can be adapted to the
high-associative small caches employed in recent lowpower microprocessors, because they can compensate
the negative eﬀect of small cache sizes. The prefetching
techniques explained in Section 3.2.4 will make no energy reductions for cache accesses (ECache ). Prefetching means that a data to be referenced is loaded into
the cache in advance. The energy reduction can be done
not by performing operations in advance but by eliminating unnecessary operations. However, adapting the
cache-line size, or adapting the amount of data transferred between the cache and the main memory, will
eliminate the unnecessary data transfer, as explained
in Section 3.3. Therefore, it can reduce the energy consumed for cache-line replacements (i.e., EM ainM emory ).
6.

Conclusions

In this paper, we have surveyed the techniques for high
speed, low power cache memories. Although many
cache architectures for improving memory-system performance have been proposed, one of the most important goals in future memory systems is to achieve high
performance and low power consumption at the same
time.
The high-performance techniques introduced in
this paper basically rely on prediction techniques (e.g.,
the prediction for cache look-up, that for the amount of
locality of memory references, and so on). The common
low-power microprocessors tend to employ steady approaches for low power, e.g., cache subbanking, cacheline buﬀering (explained in Section 4.1.1), and so on.
However, we believe that accurate predictions for cache
accesses have a potential to achieve signiﬁcant energy
reductions. Therefore, we conclude that exploiting prediction techniques not only for high-performance but
also for low-power is one of the promising approaches.
Next, we consider the methodology for cache optimization. There are some parameters to be determined in cache design, cache size, cache-line size, associativity, replacement policy, hierarchy, and so on. The
techniques introduced in this paper attempt to optimize these parameters dynamically or statically. The
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eﬀectiveness of these techniques depends on the characteristics of target programs, which will change intraand inter-programs. One of disadvantages of the dynamic approach is that the hardware components which
consume power works in every clock cycle. Therefore, the performance/power eﬃciency will be degraded
if the dynamic approach is not suitable to the varying characteristics of target programs. On the other
hand, although the static approach does not require
extra hardware components, the cache designer has to
assume a input set for optimizing the cache parameters in advance. That is, one of disadvantages of the
static approach is input dependency. It is hard to analyze the memory-reference behavior in detail at compile time. Thus, we believe that a combination of the
static and the dynamic approach, or dynamic optimization with software support, is promising for future highperformance, low-power cache memories.
More space in future processor chips will be invested for the cache memories (not only level-1 but also
level-2, -3, and so on). Thus, the cache memories will
be an important component in processor chips. The
followings are other future challenges.
• An eﬀective approach to reducing power dissipation is to reduce the supply voltage [41]. However,
low supply voltage will produce a leakage power
which is consumed at whole cache space. Challenging to reduce the leakage power consumption
is an attractive problem [32][63].
• Combining the structural approach and the behavioral approach is a promising way to achieve
high-performance and low-power consumption at
the same time. However, the clever cache behavior
will complex the cache control logic and its veriﬁcation. The maturity of veriﬁcation techniques for
cache memories is very important.
• Increasing cache area may result in undesirable effects of reducing manufacturing yield. Although
the addition of redundancy circuits (and memory
cells) increases manufacturing yield, it also leads to
a performance degradation (i.e., cache-access time
will become longer). The cache-access time aﬀects
directly the memory-access latency. Thus, faulttolerant techniques suitable for high-speed cache
memories are very important.
• In the future social environment in world-wide network systems, one of the most serious problems is
the security of information, for example credit-card
number, phone number, other personal data, and
so on. This kind of information will be memorized
and treated via memory systems (disk, main memory, cache memory, and so on). Accordingly, next
challenge is to develop high security memory systems for the society in twenty-ﬁrst century.
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