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Abstract

The energy efficiency of memory systems is an important task in designing future computer systems as
memory capacity continues to increase to accommodate the growing big data. In this article, we present an
energy-efficient last-level cache management policy for future mobile systems. The proposed policy makes use
of low-power PCM (phase-change memory) as the main memory medium, and reduces the amount of data
written to PCM, thereby saving memory energy consumptions. To do so, the policy keeps track of the modified
cache lines within each cache block, and replaces the last-level cache block that incurs the smallest PCM
writing upon cache replacement requests. Also, the policy considers the access bit of cache blocks along with
the cache line modifications in order not to degrade the cache hit ratio. Simulation experiments using SPEC
benchmarks show that the proposed policy reduces the power consumption of PCM memory by 22.7% on
average without degrading performances.
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1. Introduction

Recently, using NVM (non-volatile memory) as the memory layer of systems is attracting attention to
reduce the power consumption in various computing environments including PC [1], mobile [2], and industrial
systems [3]. Specifically, PCM (Phase-Change Memory) is discussed as a main memory of future computer
systems as it consumes less power than DRAM and has a non-volatile characteristic [1, 4]. However, it is
difficult to replace DRAM in general-purpose computer systems as PCM is slower than DRAM. In mobile [oT
devices, however, since the amount of computation is not large and power-saving is more important than the
performance of memory [5], PCM can be a strong candidate for the main memory medium [1, 4]. Meanwhile,
PCM has a special characteristic in write operations such that the write latency is 7-10 times slower than that
of DRAM, and the number of write operations allowed per each cell is limited to 107-10° times [4].

In this article, we propose a last-level cache management technique for mobile systems where PCM is used
as a main memory medium. Cache management has been studied widely in various system layers to buffer
slow memory or storage systems [6, 7]. As the capacity of the cache layer is limited, in order to insert new
data items in cache when there is no available space, some items in the cache should be discarded. In this
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situation, a replacement algorithm is necessary to determine the victim block in the cache, where a cache block
is the unit of managing data items in cache memory. Traditionally, cache replacement algorithms aim to
increase the hit ratio by replacing cache blocks that are unlikely to be used again in the near future. Meanwhile,
cache blocks residing in the cache memory can be classified into two categories: unmodified blocks, in which
only a read operation occurs after entering the cache memory, and modified blocks, in which a write operation
occurs at least once. Unmodified blocks can simply be erased when they are replaced from cache memory,
whereas modified blocks should be reflected to main memory before being erased.

We aim to reduce the write traffic to main memory by classifying the state of modified blocks into multi-
levels based on the amount of writing to be generated to main memory, and then replacing the cache block
with a small amount of writing when a free cache block is necessary. Specifically, we subdivide a cache block
into a certain number of cache lines, and when a write operation occurs on a cache block, we keep track of the
cache line the write occurred on; when a cache block needs to be replaced, we evict a block with the smallest
number of modified cache lines preferentially. This is because PCM we use as the main memory has a slow
write operation and allows a limited number of possible writes, so we need to delay or avoid the write operation
as much as possible.

Meanwhile, the main mission of the replacement algorithm is to maximize the cache hit ratio, which is the
ratio of data accessed directly from the cache memory not requiring main memory accesses. Thus, in addition
to reducing the amount of writing to PCM main memory, it is also important to increase the cache hit ratio. To
do so, we keep the traditional principle of caching, that limits the blocks of not used recently as victim
candidates, and of those, select a cache block with the smallest number of modified lines as the victim cache
block. This has the effect of reducing the amount of data written to PCM without degrading the performance
of the cache memory. Simulation experiments with SPEC benchmarks show that the proposed policy reduces
the write traffic to PCM significantly without degrading the cache hit ratio, leading to reduced power
consumption.

2. An Energy-Efficient Last-Level Cache Management Policy

In our architecture, SRAM is used as cache memory similar to conventional architectures, and PCM is used
as main memory instead of DRAM. Figure 1 depicts the proposed system architecture. Our policy is adopted
in the last-level cache memory on top of the PCM main memory. In CPU, there are the first-level and the
second-level cache memories, and the last-level cache memory transfers data from and to the second-level
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Figure 1. Cache memory architecture of the proposed policy.
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cache memory in a cache line granularity, whereas it transfers data from and to the PCM main memory in a
cache block unit. In our policy, we make use of the 16-way set associative cache in the last-level cache memory,
implying that there are 16 different locations on the cache memory that each cache block can enter. The sizes
of a cache block and a cache line are set to 4 kilobytes and to 256 bytes, respectively. Thus, a cache block
consists of 16 cache lines.

For each cache block, our policy makes use of an access bit and a valid bit in order to monitor whether the
block is recently used and maintains valid data, respectively. A cache block also requires a modified bit to
ensure whether it has been changed after entering the cache so that modifications can be flushed to main
memory when the cache block is evicted. Our policy maintains a modified bit for each cache line to see the
amount of writing when a cache block is selected as the target of replacement. The modified bit is set to 1
when a dirty cache line is flushed from the second-level cache memory. Note that the dirty bit of 1 in the last-
level cache means that the cache line should be flushed to PCM main memory when the cache block it belongs
to is evicted from the last-level cache memory.

Our policy chooses a victim block according to the state of modified bits and the access bit of each cache
block to reduce the amount of data written to PCM main memory and improve the cache hit ratio at the same
time. When a cache block is accessed, our policy sets the access bit of the block to 1 and it also sets the
modified bit of the accessed cache line to 1 when the operation is a write. The access bits of all cache blocks
in the last-level cache memory are periodically reset to 0 as is done by the CLOCK algorithm [4]. The access
bit of each cache block indicates whether the block has recently been accessed or not. So, those blocks likely
to be re-accessed in the near future and those that are not can be distinguished with this access bit. To improve
the cache hit ratio, our policy restricts victim blocks for replacement to those blocks with the access bit of 0.
In order to reduce the amount of writing to PCM as well, our policy checks the modified bits of cache blocks
with their access bit of 0, and selects the block with the smallest number of modified cache lines as the eviction
victim. This allows for blocks accessed recently to remain in the last-level cache, whereas reducing the amount
of writing to PCM memory by discarding a cache block that does not incur much writing to PCM.

3. Simulation Experiments

To assess the effectiveness of the proposed policy, we perform simulation experiments for the proposed
policy in comparison with the well-known caching policy CLOCK. CLOCK is a replacement policy widely
adopted in modern cache memory systems, which evicts a block with its access bit 0 among the cache blocks;
when the modified bit of the victim block is set to 1, CLOCK reflects the block to main memory before eviction.
The baseline configuration of our experimental platform consists of a dual core processor of 2.4 gigahertz and
the last-level cache memory of 16-way set associative, whose size can be varied from 512 kilobytes to 4
megabytes.

The cache block size of the last-level cache is set to 4 kilobytes, and the cache line size is 256 bytes. For
the first-level cache memory, the size of the instruction cache is 16 kilobytes and the size of the data cache is
8 kilobytes and we use the direct mapping of 32-byte cache lines. For the second-level cache memory, the 8-
way set associative cache of 32-byte cache lines with the total capacity of 256 kilobytes are used. For PCM
main memory, the read and write latencies are set to 20 nanoseconds and 100 nanoseconds, respectively, and
read and write energies are set to 0.2 nanojoules per bit and 1.0 nanojoules per bit, respectively. The static
power consumption of the PCM memory is set to 0.1 watts per gigabytes. For performance evaluations, we
use four SPEC benchmarks, namely gamess, gromacs, 1bm, and sphinx3. The memory access traces used in
our simulations are the last-level cache memory access traces captured by making use of the Cachegrind tool
of Valgrind toolset [8].
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Figure 2 depicts the amount of data written to PCM memory for the proposed policy in comparison with
the original CLOCK policy as the size of the last-level cache is varied from 512 kilobytes to 4 megabytes.
Note that we plot the result of our policy normalized to that of the CLOCK. As the figure shows, our policy
reduces the amount of writing to PCM significantly compared to CLOCK for all cache sizes and workloads.
Specifically, the reduced write traffic to PCM by making use of our policy is 27.3% on average and up to 42.8%
compared to CLOCK. Figures 3 depicts the average memory access time of the proposed policy compared to
CLOCK. As the figure shows, the two policies exhibit almost identical results regardless of the cache size and
workloads although our policy reduces the amount of writing to PCM significantly. This is because our policy
evicts a cache block with the same condition in terms of the access bit when compared to the original CLOCK
algorithm. In other words, the two policies discard a cache block only if its access bit is 0. Figure 4 depicts the
power consumption in main memory when using our policy in comparison with CLOCK. As we see in the
figure, the proposed policy reduces the power consumption significantly compared to CLOCK. Specifically,
the saved power by adopting our policy is 22.7% on average and up to 35.7%. This is because PCM consumes
relatively large power for write operations compared to read, and the proposed policy suppresses PCM write
operations as much as possible.

4. Conclusion

Energy efficiency of main memory and cache memory systems is becoming increasingly important in
designing future computer systems as the size of in-memory data continues to grow. Low-power memory
media such as PCM and STT-MRAM (spin-transfer torque magnetic random access memory) are expected to

be strong candidates for the main memory medium of future mobile embedded systems as they consume less
power than DRAM.
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Figure 2. Comparison of the amount of writing to PCM memory.
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Figure 3. Comparison of the memory access time.
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Figure 4. Comparison of the power consumption.



International Journal of Internet, Broadcasting and Communication Vol. 14 No.1 188-193 (2022) 193

In this article, we proposed a replacement policy for the last-level cache of energy-efficient mobile
embedded systems. The proposed policy makes use of PCM as the main memory medium instead of DRAM,
and aims at reducing the amount of writing to PCM by evicting cache blocks with the least number of modified
cache lines preferentially among those cache blocks not used recently. Simulation experiments showed that
the proposed policy reduces the amount of data written to PCM by 26% on average and up to 52% compared
to the well-acknowledged CLOCK algorithm without performance degradations.
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