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Abstract—Mobile devices are quickly becoming the most
widely used processors in consumer devices. Since their major
power supply is battery, the energy-efficient computing is highly
desired. In this paper, we focus on the energy-efficient cache
design in emerging mobile platforms. We observe that more than
40% of L2 cache accesses are OS kernel accesses in interactive
smartphone applications. Such frequent kernel accesses cause
serious interferences between the user and kernel blocks in the
L2 cache, leading to the unnecessary block replacements and high
L2 cache miss rate. We propose to partition the L2 cache into
two separate segments which can only be accessed by the user
code and kernel code, respectively. Meanwhile, the overall size of
the two segments is shrunk, which greatly reduces the energy
consumption by 15% while still maintains the similar cache
miss rate. We further find completely different access behaviors
between the two separated kernel and user segments in our novel
L2 cache design, and explore the multi-retention STT-RAM based
user and kernel segments to maximize the cache energy savings.
The experimental results show that our techniques significantly
reduce the cache energy consumption (e.g. 75%) with only 2%
performance loss in emerging smartphones.

I. INTRODUCTION

In recent years, the use of mobile devices, especially smart
phones, has experienced an explosive growth. According to
Gartner [6], the shipment of mobile devices has reached
astonishing 2.4 billion units compared to the 300 million units
of traditional PC. Meanwhile, a rich variety of applications
have been designed for mobile devices, such as web browser,
game, video processing, and so on. There were more than 80
billion downloads of mobile applications in 2013 [6]. There
is no doubt that mobile platforms have become the primary
customer computing platforms, which brings urgent need for
computer architecture and system researcher to design the best
hardware optimized for mobile usage.

Mobile devices are generally powered by a finite-capacity
energy source - a battery, whose size and capacity are quite
limited due to the restricted physical size of the mobile
devices. Therefore, energy consumption is undoubtedly the
most important factor in modern mobile system design, and the
energy-efficient computing (i.e., achieving substantial energy
savings without degrading the performance) becomes one of
the key challenges faced by the computer architects and system
designers. There have been several studies observing that the
device screen and the processor are the two major energy-
hungry structures [12] [4]. The processors in emerging mobile
platforms are growing sophisticated to satisfy various mobile
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application requirements, leading to the increasing energy
consumption. Especially, the processor consumes more than
50% of the total energy capacity of the mobile device when
the brightness of the screen drops to 25% [4]. It has been well
known that the on-chip caches (especially the last level cache)
consume a significant fraction of the total processor’s energy
budget. This has motivated us to explore the energy-efficient
cache design, which is critical to achieve the optimal energy
savings in modern mobile platforms.

Different from the SPEC benchmarks, smartphone applica-
tions are generally user interactive applications, which involve
rich GUI display, internet access, file reading, and so on.
These operations will generate a large amount of OS kernel
accesses. Gutierrez et al. [7] have observed that the smartphone
applications can spend up to 15% of their execution time
in OS code while that fraction is < 0.01% in the SPEC
benchmarks. We observe that such frequent kernel accesses
cause the intense interferences between the kernel and user
space accesses in the L2 cache, leading to the unnecessary
block replacements and high L2 cache miss rate. In this
study, we propose to partition the L2 cache into two separate
segments which can only be accessed by the kernel and user
code, respectively, to alleviate the interferences. By doing this,
we are able to shrink the overall size of the two segments,
which reduces both dynamic and leakage energy consumption
by around 15% in the L2 cache while still maintain the cache
miss rate.

With its strong capability in reducing the leakage ener-
gy consumption, the non-volatile memory (e.g., spin-transfer
torque RAM (STT-RAM)) has been increasingly introduced
into the mobile processors [14]. Blindly building the STT-
RAM based L2 cache could cause considerable dynamic power
overhead due to the high energy consumption during the
STT-RAM write operations. Relaxing the data-retention time
reduces the STT-RAM write energy but requires the periodical
refreshing, thus more energy for the long lifetime blocks.

Excitingly, we further observe completely different access
behaviors between the two separated kernel and user segments
in our L2 cache design. For instance, there are much fewer
write operations and cache misses in the kernel segment, and
cache blocks there typically exhibit much longer lifetime as
compared to the user segment. All these make the multi-
retention STT-RAM [13] as a perfect candidate to further
maximize the energy savings in the L2 cache. We thus propose
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Fig. 1: The percentage of the user and the kernel accesses in
the L2 cache.

to adopt the long-retention (short-retention) STT-RAM into
the kernel (user) segment. The short-retention STT-RAM
effectively mitigates the write energy in the user segment
with negligible refresh overhead, while the long-retention STT-
RAM successfully preserves the data for the kernel segment
with quite few write operations. Our technique is able to
further reduce the energy by 60%, thus leading to overall 75%
energy savings in L2 compared to the default design, with only
2% performance loss.

To our best knowledge, this is the first work to investigate
the interferences between the OS kernel and user accesses in
the L2 cache of the emerging mobile platforms, and more
importantly, partition the user and kernel space into two
segments and intelligently match the multi-retention STT-
RAM with the different kernel and user access patterns for
the optimal energy savings.

II. THE PARTITION OF THE USER AND THE KERNEL SPACE
IN THE L2 CACHE

A. Observation: The Strong Interferences Between The User
and The Kernel Accesses in The L2 Cache

As described in Section I, mobile applications usually
spend much more time on system code as compared to the
SPEC benchmarks. We conduct a deeper investigation on this
interesting characteristic. In Fig. 1, we profile the percentages
of the user and kernel accesses (including both cache hit
and miss) in the L2 cache when running a set of mobile
benchmarks. Detailed experimental setup will be discussed in
Section IV. In the Android system, accesses to the shared
library are considered as the user accesses. Therefore, each
L2 cache access is the access either to the user or to the
kernel space. Surprisingly, there are tremendous amount of
kernel accesses, which account for almost 50% of the overall
L2 accesses on average across the investigated benchmarks.

We also profile the kernel and user access percentages in
the L1 cache. As shown in Fig. 2, the kernel accesses only
contribute to <10% of the L1 cache accesses, which do match
with the observation made in [7] that mobile applications
generally spend 10% of the execution time in system codes.
The completely different kernel access percentages in the L1
and L2 caches are caused by the high L1 instruction miss rate
and low L1 data miss rate [7] [8]. Mobile applications often
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Fig. 2: The percentage of the user and the kernel accesses in
the L1 cache.

heavily use shared libraries and system codes, leading to a
large instruction working set and high instruction L1 cache
miss rate [7] [8] [3]. On the other hand, the L1 data miss
rate keeps relatively low because the data access patterns in
mobile applications exhibit good locality in the L1 cache [7]
[8]. Therefore, the instruction references account for a high
percentage in the L2 cache accesses. Since all the user data
is in the user space, the user accesses contains relatively less
instruction references than the kernel. So the kernel access
percentage increases significantly in the L2 cache as compared
to the L1 cache.

As another interesting observation, we find that the fre-
quent kernel accesses generally lead to the frequent switches
between the kernel and user accesses in each L2 cache set.
Fig. 3 shows 1000 continuous accesses in a sampled L2 cache
set for both 360buy and sjeng, which are the representative
benchmarks from the mobile benchmark suites (detailed in
Section IV) and the SPEC, respectively. The X-axis describes
the number of cache accesses to the set, and the Y-axis shows
the corresponding kernel or user space that the access belongs
to. In Fig. 3, the Y value of a kernel (user) access will be low
(high). We further use a line to go through all the Y values
from the first to the last access for a better understanding of
the kernel and user access switches. It is obvious that 360buy
includes much more switches as compared to sjeng.

Unfortunately, such frequent switches inevitably cause the
strong interferences between the user and kernel blocks in the
L2 cache. As Fig. 3(a) shows, there are usually quite few
accesses (e.g. 4) between two switches in a cache set. It is
highly possible that a useful kernel block that will be accessed
in the near future gets evicted by a user block when switching
from the kernel to the user space, and vice versa. All these
motivate us to separate the user and kernel blocks in the L2
cache to preserve the useful blocks.

B. The Idea and Implementation

In this study, we explore a way based partition to divide
the L2 cache into two separate cache segments, which are
used to keep the kernel and user blocks, respectively. Note
that the number of sets in both segments keeps the same
as that in the default L2 cache design. By doing this, the
kernel and user access interferences are effectively alleviated,
which greatly helps to bring up the L2 cache hits. Thus,
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Fig. 3: The access trace comparison of 360buy and sjeng.

a large L2 cache size is unnecessary anymore to maintain
the same cache miss rate. Although this partition technique
could help to boost the performance, maximizing the energy
savings without performance loss is more attractive in modern
mobile platforms given the quite limited power resources.
We then propose to shrink the size of the two segments by
decreasing their ways without hurting the performance, and
meanwhile, obtain both leakage and dynamic energy savings:
(1) it is obvious that the leakage energy is proportional to
the structure size, and a smaller L2 leads to lower leakage
energy consumption; (2) each L2 cache access will direct to
one of the two much smaller segments instead of a large and
unified cache, leading to a smaller amount of dynamic energy
consumption. We perform the sensitivity analysis and find that
a 16-way L2 cache (the default L2 configuration used in most
mobile processors) can be partitioned into two 7-way segments
for the user and kernel, respectively, to achieve the optimal
energy-efficiency.

Generally, L2 cache is physically indexed physically tagged,
and directly using the physical address is unable to justify
an L2 cache access as the kernel or the user access. For the
write-through L1 cache, every L2 cache access can trace back
to a TLB access and the “User/Supervisor” (U/S) bit in the
corresponding TLB entry can be read to decide whether this
reference should be directed to the user or kernel segment of
the L2 when it gets an L1 miss. In the case that the ”U/S” bit
is not available in TLB, the virtual address will be compared
with the boundary between the user and the kernel spaces to
make the decision.

For the write-back L1 cache, the case becomes a little
complicated when there is a block written from the LI to
the L2 because the L1 can only provide the physical address
of that block and its virtual address may not be present in the
TLB. Thus, a “U” bit is added to each cache block in the L1.
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It is set as 1 if the block belongs to the user space; otherwise
it is set as 0. The “U” bit will help to write the block into
the appropriate segment in the L2. Conversely, an L1 block’s
“U” bit is determined by whether it is from the user or kernel
segment of the L2 when it is filled into the L1 cache.

On an L2 cache miss (i.e., the block is not in the corre-
sponding segment), the block information (i.e. belonging to
the user or kernel space) will lose when it is fetched from
the memory. This is the case for both write-back and write-
through L1 cache. We add a small table, called cache insertion
handling table (CIHT), to hold the information of the missing
block in the L2. The CIHT contains multiple CIHT entries
which can be organized fully-associatively. Each CIHT entry
has two fields: the block address and “U” bit to record the
block information. Before fetch requests are issued to the
memory, entries are created in the CIHT. When the blocks
are fetched from the memory, they can be directed to the
appropriate segment in the L2 by looking up the CIHT. Then
corresponding entries in the CIHT can be deleted. Fig. 4 shows
the flow-chart of the cache access when our kernel and user
segments enabled.

Our kernel and user partition technique can be easily
extended to support the cache coherence protocol. The “U”
bit is attached to each block in all other caches which are
not partitioned and it will go along with its block. When
other cache initiates a transaction to the partitioned cache,
the “U” bit will be used to determine which segment should
be accessed. On the other hand, when the partitioned cache
initiates a transaction to other caches, the “U” bit will be
generated and send out depending on which segment (user
or kernel) starts the transaction.

C. Overhead Analysis

Our partition technique introduces a quite small CIHT
table and the “User” bit to L1 cache. The number of entries
included in the CIHT table is determined by the number
of outstanding L2 cache misses which is usually less than
32 in modern mobile processors. The “User” bit only adds
one bit to each L1 block. Therefore, the area and energy
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Fig. 5: The percentage of the overall, the kernel and the user
write in all the L2 cache accesses.

overhead is negligible (<1%) comparing with the large L2
cache size. Not mention that we shrink the overall segments’
size whose area and energy savings are far beyond such trivial
overhead. Moreover, the access latency to the CIHT table is
also negligible comparing with the long latency on an L2
miss. Thus, there is almost no performance overhead in our
technique.

III. MULTI-RETENTION STT-RAM FOR THE L2 CACHE IN
MOBILE PLATFORM

A. Background

Nowadays, the non-volatile memory, such as STT-RAM,
has drawn a lot of attention because of its high density and
low leakage power. However, the write operation of the STT-
RAM, takes longer time and consumes more energy. Thus,
directly using it for the L2 cache design will cause significant
dynamic energy overhead. Previous research [13] has shown
that the write latency and energy of STT-RAM can be reduced
by relaxing the data retention time. The STT-RAM could
be configured to different retention levels to satisfy various
design requirements and achieve the best energy-efficiency.
However, aggressively reducing the retention time in exchange
for smaller write penalty may not be desirable because the data
stored in the STT-RAM needs to be frequently refreshed.

B. Key Observations: The Distinct Access Patterns Between
The User and Kernel Segments

When enabling our user and kernel partition scheme ex-
plored in Section II, we observe quite different accesses behav-
iors to the user and the kernel segments, which makes multi-
retention STT-RAM a great choice for our newly developed
L2 cache design.

Fig. 5 profiles the percentage of the kernel and user write
accesses in all the L2 cache accesses across the investigated
benchmarks (details in Section I'V). As it shows, the kernel has
quite few write operations to the L2, which only accounts for
3% of the total L2 accesses and is much lower than the user
write percentage (~8%). This is because the kernel is mostly
instructions and instructions are read-only.

Since each miss will generate a cache fill that is essentially
a write operation, Fig. 6 further investigates the number of
misses for the user and the kernel accesses. We observe that
the number of kernel misses is about 12% of all the L2
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Fig. 6: The breakdown of the L2 misses.
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Fig. 7: The percentage of long retention blocks for the kernel
and the user segment.

misses, and the remaining 88% misses are caused by the user
accesses. This is because user space includes high percentage
of data accesses which have much worse locality compared
with instructions. Filtered by the L1 data cache, the data
accesses in the L2 cache have bad locality, leading to high
data miss rate.

Finally, we profile the percentage of long retention blocks
contained in both user and kernel segments. In our study, the
long retention blocks are defined as blocks that stay in the
segment for more than 1s from its fill to the eviction. If the
same block is inserted many times in the segment, it is deemed
as multiple blocks. Fig. 7 shows that the kernel segment has
higher percentage of long retention blocks (around 7%) while
it is only 1% for the user segment. The reason is that the
kernel accesses in mobile applications are usually generated
by the GUI display, Internet access, file reading, audio playing
and so on. The drivers and other system components for
these operations will be constantly accessed. Thus, their cache
blocks will have long retention time. On the other hand, the
user program usually comprises of more diversified tasks and
the code/data reuse is less frequent than the kernel.

C. The Idea and Implementation

Considering that the kernel segment has much fewer writes,
fewer cache misses, and more long retention blocks as com-
pared to the user segment, we propose using short-retention
STT-RAM for the user segment and the long-retention STT-
RAM for the kernel segment. By doing this, the kernel blocks
can be preserved for a long time with minimal write energy
overhead, and the high write energy consumption caused by
the frequent write and fill operations in the user segment can
be effectively alleviated by the short-retention STT-RAM. In
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TABLE I: Detailed Machine Configurations.

Processor ARM Cortex-A7, 2GHz, Out of order

L1 I-cache 32K, 4-way, 64B cache line, write back, write allocate
L1 D-cache | 32K, 4-way, 64B cache line, write back, write allocate
L2 cache 1M, 16-way, 64B cache line, degree 8 stride prefetcher
Memory 100 cycles latency

TABLE II: The configurations for the SRAM and the STT-
RAM. “STT-RAM (L)”: long retention STT-RAM; “STT-
RAM (S)”: short retention STT-RAM.

SRAM | SRAM | STT(L) | STT(L) | STT(S)
Cache size M 448K IM 448K 448K
Read latency(cycles) 12 8 12 8 8
Write latency(cycles) 12 8 65 48 23
Read Energy(nJ) 0.69 0.34 0.67 0.32 0.32
Write Energy(nJ) 0.67 0.33 3.4 2.3 1.1
Leakage Power(mW) 284 124 26 11 11
Retention Time - - 4yr 4yr 3.24s

order to prevent the data loss, a refreshing unit is needed to
monitor the access of all the cache blocks. If a cache block
is not accessed before its data expire, the refreshing unit will
refresh the cache block. As shown in Fig. 7, only 1% of the
user blocks need to be refreshed, which is negligible overhead.

IV. EVALUATIONS
A. Experimental Setup

We use Gem5 [1] as the simulator to model the ARM
Cortex-A7 architecture, and run full system simulation with
the Android Ice Cream Sandwich (ICS) OS. We use the Moby
benchmark [8] suite to evaluate our techniques. Applications
contained in Moby are popular mobile applications and have
high downloads on Google play store. They span various
categories, including web browser, social network, email, and
so on. The detailed machine configuration is summarized in
Table 1. Our power model is built on top of McPat [10] and
the STT-RAM is modeled by the NVSim [5]. We focus on the
32nm technology, which is common for mobile platform. The
refreshment of a cache block involves one cache read and one
cache write, and we model this overhead in our experiments.
The detailed configurations of the power model are shown in
Table II.

B. Results

In this section, we first evaluate the effectiveness of parti-
tioning the user and kernel in the L2 cache. Then we justify the
way reduction scheme in energy saving for emerging mobile
platforms. As shown in Fig. 8, the L2 miss rate is improved by
5% on average by assigning 9 ways for the user segment and 7
ways for the kernel segment due to the alleviated interferences.
Since the partition scheme effectively reduces the miss rate, we
remove some ways to save power and still keep comparable
miss rate. We identify the best scheme is ”7U 7K” (i.e., 7-
way user and 7-way kernel segments), which increases the L2
miss rate only by 1% and thus causes almost no performance
loss as shown in Fig. 8. Meanwhile, as shown in Fig. 9, “7U
7K” SRAM design can reduce the energy consumption by
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Fig. 8: The L2 miss rate with the separated user and kernel
segments. (xU yK: z ways for the user and y ways for the
kernel.).

around 15% comparing with the baseline case without any
optimization. Further reducing to 76U 6K” will lead to 10%
L2 miss rate increase, which is not desirable.

Among all the benchmarks, netease and baidumap show
very small improvement or no improvement. It is because they
have longer reuse distance and need more ways to prevent
the thrashing. When assigning 11 ways for the user segment,
these two benchmarks show 6% and 3% improvement on
the L2 miss rate, respectively. In addition, our ”7U 7K”
partition scheme causes a relatively high L2 miss rate in
k9mail, adobe, baidumap and ttpod’s. The reason is that these
benchmarks have higher user miss rate compared with other
benchmarks, so further shrinking the size of the user segment
will considerably hurt the L2 miss rate.

Fig. 9 also shows the energy consumption when applying
the basic STT-RAM (i.e., long-retention STT-RAM) to build
both 7-way user and 7-way kernel segments, and when our
multi-retention STT-RAM scheme is enabled to those two
segments. The results are normalized to the baseline case that
uses SRAM without any optimization. As it shows, our “7U
7K” multi-retention STT-RAM design can further save another
60% energy when comparing with the “7U 7K” SRAM design.
Moreover, it also outperforms the ”7U 7K” basic STT- RAM
design by reducing the energy consumption by 25%. Fig. 10
shows the performance of the basic STT-RAM and our multi-
retention STT-RAM design. The results are also normalized to
the baseline SRAM case. Comparing with the 9% performance
loss caused by the basic STT-RAM design, our multi-retention
cache design only suffers ~2% performance penalty.

Overall, our multi-retention STT-RAM design can achieve
75% L2 energy consumption with only 2% performance loss
when comparing with the default SRAM-based and unified L2
cache design.

V. RELATED WORK

Several mobile benchmarks, like BBench [7], MobileBench
[3] and Moby [8], are proposed for mobile architecture study.
Pandiyan el at. [4] investigate and quantify the energy cost of
data movement for emerging smart phone workloads. Zhu et
al. propose a DVFS technique [15] and “Webcore” architecture
[16] for energy efficient web browsing. In the past, cache parti-
tioning strategy has been studied, e.g. programming semantics
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Fig. 10: The performance of the basic STT and the multi-
retention STT based “7U 7K” partition schemes (all normal-
ized to the baseline case using SRAM without any optimiza-
tion).

based partitioning [9]. The distinction of the kernel and the
user code is also explored. Chakraborty et al. [2] propose the
computation spreading, which distributes dissimilar computa-
tion fragments to different cores while groups similar ones
together, and also apply it to the kernel and user code. Li et
al. [11] explore different issue widths for the OS and the user
code. However, none of these work targets at the interference
of the user and the kernel space for energy-efficient L2 cache
design.
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VII. CONCLUSIONS

In this paper, we focus on the energy-efficient cache de-
sign in emerging mobile platforms. We observe the serious
interferences between the user and kernel blocks in the L2
cache, and propose to separate the L2 cache into the user
and kernel segments. Meanwhile, we reduce the number of
ways in each segment to optimize the energy without hurting
the performance. We further find completely different access
behaviors between the two separated kernel and user segments
in our novel L2 cache design, and introduce the multi-retention
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STT to maximize the cache energy savings. Our proposed
technique can reduce the L2 energy consumption by 75% with
only 2% performance loss.
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