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Abstract—Emerging Non-Volatile Memories (NVMs) such as
Phase Change Memory (PCM) and Resistive RAM (RRAM) are
promising to replace traditional DRAM technology. However,
they suffer from limited write endurance and high write energy
consumption. Encoding methods such as Flip-N-Write, FlipMin
and CAFO can reduce the bit flips of NVMs by exploiting
additional capacity to store the tag bits of encoding methods.
The effects of encoding methods are limited by the capacity
overhead of the tag bits. In this paper, we propose COE to
COmpress cacheline for Extending the lifetime of NVMs. COE
exploits the space saved by compression to store the tag bits of
data encoding methods. Through combining data compression
techniques with data encoding methods, COE can reduce the
bit flips with negligible capacity overhead. We further observe
that the saved space size of each compressed cacheline varies,
and different encoding methods have different tradeoffs between
capacity overhead and effects. To fully exploit the space saved by
compression for improving lifetime, we select the proper encoding
methods according to the saved space size. Experimental results
show that our scheme can reduce the bit flips by 14.2%, decrease
the energy consumption by 11.8% and improve the lifetime by
27.5% with only 0.2% capacity overhead.

I. INTRODUCTION

Non-Volatile Memories (NVMs) such as Phase Change

Memory (PCM) and Resistive RAM (RRAM) have emerged

as potential replacement candidates of DRAM technology due

to their non-volatility, high density and low read latency.

However, they suffer from high write energy and limited write

endurance. The write energy of PCM and RRAM are several

times more than that of DRAM. Besides, the endurances of

PCM and RRAM are 108 and 1010 respectively [1][2][3],

which are several orders of magnitude fewer than DRAM

(1016).

Some existing works [4][5][6][7][8] proposed to reduce the

bit flips (i.e., 1 → 0 and 0 → 1) through data encoding.

Flip-N-Write [6] encoded the new data bits by giving every

N data bits one tag bit. If the bit flips of writing the new

data and its tag bit exceed (N + 1)/2, the new data bits will

be flipped and the tag bit is set to 1. The reduction of bit

flips in Flip-N-Write is limited by the capacity overhead of

tag bits. If we give fewer data bits one tag bit, Flip-N-Write

can reduce more bit flips. Unfortunately, the tag bits will incur

significant capacity overhead if we give fewer data bits one

tag bit. For example, Flip-N-Write can reduce the bit flips by

25% with 50% capacity overhead (1 tag bit for every 2 data

bits), while the reduction is decreased to 14.6% with 6.25%

capacity overhead (1 tag bit for every 16 data bits). Other

encoding methods have the same property. FlipMin [4] can

reduce the bit flips by 31.2% with 100% capacity overhead.

The decrease of bit flips falls to 24.5% if the capacity overhead

is 12.5%. Although these methods can reduce the bit flips, the

capacity overhead cannot be ignored.

This work aims to reduce the bit flips with negligible capac-

ity overhead. Data compression techniques such as Frequent

Pattern Compression (FPC) [9] and Base Delta Immediate

(BDI) [10] can reduce the size of the data to store. On the

other side, data encoding methods require additional capacity

to store the tag bits. We propose to exploit the space saved

by data compression techniques to store the tag bits of data

encoding methods. Moreover, we observe that the size of the

space saved by each compressed cacheline is different. Some

highly compressed cacheline can offer more capacity, while

slightly compressed cacheline can offer less capacity. Besides,

different encoding methods have different tradeoffs between

capacity and effects. To fully exploit the space saved by

compression, we use the encoding methods with high capacity

overhead for those highly compressed cachelines. We have the

following contributions in this paper:

• We propose to exploit the space saved by compression to

store the tag bits of data encoding methods.

• To fully exploit the saved space for bit flips reduction, we

select the best-performing encoding method according to

the size of the space saved by compression.

• Experimental results show that our scheme can reduce

the bit flips by 14.2%, decrease the energy consumption

by 11.8% and improve the lifetime by 27.5% with only

0.2% capacity overhead.

The rest of this paper is structured as follows. Section

II introduces the background and related work. Section III

describes the motivation. Section IV presents the design and

implementation. Sections V and VI describe the experiment

setup and conclusion.

II. BACKGROUND AND RELATED WORK

A. Background

NVMs such as PCM and RRAM suffer from high write

energy and limited write endurance.

1) PCM: PCM exploits phase change material such as

Ge2Sb2Te2 (GST) to store digital bits. When the GST is
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in crystalline state, the resistance of PCM cell is low, and

this low resistance state represents logical value ‘1’. When the

GST is in high resistance state (amorphous state), PCM stores

‘0’. The PCM cell will be reset if it is heated above 600◦C
for a short duration. In contrast, a long duration but small

amplitude current is applied to set a PCM cell. The repeated

heat stress will damage the phase change material, and a PCM

cell may get stuck at the amorphous or the crystalline state

after 106 ∼ 109 writes [11]. The endurance of PCM is several

order of magnitudes less than DRAM (1016). Besides, PCM

suffers from high write energy. The write energy of PCM is

20pJ/bit, which is twice more than DRAM.

2) RRAM: A RRAM cell consists of a top electrode and a

bottom electrode, and a metal-oxide layer (HfO2, Ta2O5,

etc.) [12] between them. The logical values are stored in

RRAM by changing the resistance of the RRAM cells. The

high resistance state (HRS) is used to represent logical value

‘0’, and low resistance state (LRS) represents ‘1’. In order

to change the resistance of a RRAM cell, an external voltage

(Vset or Vreset) is applied across the cell. A RRAM cell can

endure 1010 writes [3][13] in the best existing architectures.

The write energy of RRAM is also several times more than

DRAM.

B. Related work

Many works have been proposed to reduce the bit flips. Ex-

isting works can be divided into the following two categories.

1) Reducing bit flips with data encoding: Encoding meth-

ods encoded the new data bits into the vector with the

minimum bit flips and used additional capacity to store the tag

bits. Flip-N-Write [6] flipped the new data bits if more than

half of the data bits needs to be written. CAFO [5] modeled

the memory block as N ∗M array and used Flip-N-Write in

both the rows and columns to minimize the bit flips. Captopril

[8] extended Flip-N-Write to reduce bit flips in hot locations.

Different from Flip-N-Write, FlipMin [4] used coset code to

generate vectors and selected the vector that had the minimum

bit flips. Pseudo-Random [7] was designed based on coset

coding, and it mapped the data bits into highly random data

vectors. ES [14] extended the methods for Single-Level Cell

(SLC) to Multi-Level Cell (MLC) magnetic memories through

encoding the hard bits and soft bits separately.

2) Data compression with data encoding: Some other

works proposed to combine the data encoding with data

compression. David B. Dgien [15] proposed to compress

the data bits before write operations. AFNW [16] extended

Flip-N-Write by adapting the tag bits to the compressed

data bits. The saved space is wasted in Refs. [15][16]. DIN

[17] compressed the cacheline and used the saved space to

mitigate write disturbance. Amin Jadidi [18] exploited the

space saved by compression for hard-error tolerance and wear

leveling. For Triple-Level Cell (TLC) NVMs, CRADE [19]

and CompEx [20] integrated data compression with expansion

coding to reduce write energy and latency. Some other works

[21][22][23][24] proposed to dynamically configure the MLC

as SLC, Tri-state Cell or MLC according to the size of the

space saved by compression. None of the prior works attempts

to exploit the saved space for bit flips reduction.

III. MOTIVATION

Data compression techniques can reduce the size of the

data to store, and data encoding methods can expand the size

for reducing bit flips. Compression techniques can work in

collaboration with encoding method to reduce bit flips.

A. The size of the space saved by compression

Various compression techniques have been proposed. We

evaluate FPC [9] in this work because of its low implementa-

tion overhead. Each compressed word requires a 3-bit prefix to

indicate the data pattern and the size of the compressed word.

To reduce the overhead of prefixes, FPC is extended for 64-bit

words in this work. Table I lists the data patterns that 64-bit

FPC can compress [9][20]. A 64-bit word can be compressed

to 0, 8, 16 or 32 bits. For a cacheline which consists of eight

words, the compressed size of each word is different, and the

size of the compressed cacheline is also different. The total

number of bits in the compressed cacheline may range from 0

to 512. Fig. 1 shows the distribution of compressed cacheline

sizes for thirteen benchmarks selected from SPEC CPU 2006

[25]. The size of the space saved by compression is different

due to the variation of the compressed cacheline size. Some

compressed cachelines are smaller than a word, and the space

of seven words is saved. Some other compressed cachelines

have more than seven words, and the saved space is less than

one word.
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Fig. 1. The distribution of the compressed cacheline size.

B. Tradeoffs between effects and capacity overhead in encod-
ing methods

Various encoding methods have been proposed. We discuss

the tradeoffs in Flip-N-Write [6] and FlipMin [4] due to their

simplicity and high performance. Other encoding methods

such as CAFO [5] mainly addressed the asymmetry in pro-

gramming memory cells. CAFO is not implemented in this

work because we assume the cost of writing 0 and 1 is the

same.
1) Flip-N-Write: In Flip-N-Write [6], a cacheline is divided

into M words, and each word has N bits. For each N -bit word,

a tag bit is given to indicate whether the word is flipped or not.

The tag bit is initialized to 0 before encoding. If the bit flips of

writing the new data and its tag bit exceed (N+1)/2, the new
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TABLE I
THE DATA PATTERNS OF 64-BIT FPC [9][20].

Prefix Pattern encoded Example Compressed Encoded size
000 Zero run 0x0000000000000000 0x0 0 bits
001 8-bits sign-extended 0x000000000000007F 0x7F 8 bits
010 16-bits sign-extended 0xFFFFFFFFFFFFB6B6 0xB6B6 16 bits
011 Half-word sign-extended 0x0000000076543210 0x76543210 32 bits
100 Half-word, padded with a zero half-word 0x7654321000000000 0x76543210 32 bits
101 Two half-words, each two bytes sign-extended 0xFFFFBEEF00003CAB 0xBEEF3CAB 32 bits
110 Consisting of four repeated double bytes 0xCAFECAFECAFECAFE 0xCAFE 16 bits
111 Uncompressible 0x0123456789ABCDEF 0x0123456789ABCDEF 64 bits

data bits are flipped, and the tag bit is set to 1. The reduction of

bit flips will decrease if N increases. If N equals 2, the effect

of Flip-N-Write is the best, and Flip-N-Write can reduce 25%

more bit flips than DCW [26]. The reduction drops to 14.6% if

N equals 16. However, the capacity overhead of Flip-N-Write

increases significantly if N decreases. The capacity overhead

is 50% if N equals 2, and the overhead falls to 6.25% if N
equals 16. The encoding and decoding processes of Flip-N-

Write are very simple, and the latency overhead of Flip-N-

Write is negligible.

2) FlipMin: FlipMin [4] used coset code to minimize the

bit flips. Each dataword is mapped to a coset of vectors.

FlipMin chooses the vector that has the minimum bit flips. The

bit flips reduction of FlipMin increases with more capacity

overhead. FlipMin can reduce the bit flips by 31.2% with

100% capacity overhead, and the reduction is decreased to

24.5% with 12.5% capacity overhead. The latency overhead

of encoding and decoding in FlipMin varies significantly. The

coset code with 100% capacity overhead (RM(1, 3)) incurs

4.09ns encoding latency and 0.38ns decoding latency, while

the coset code with 12.5% capacity overhead (RM(1, 7)) incurs

12.86ns encoding latency and 0.59ns decoding latency.

Besides, the tradeoffs exist between different encoding

methods, e.g., Flip-N-Wite and FlipMin. The comparison of

Flip-N-Write and FlipMin is shown in Table II. Flip-N-Write

can use at most 50% additional capacity as tag bits, while

FlipMin can use more than 100% additional capacity. In the

aspects of latency and effect, the compromises also exist.

FlipMin can reduce 6.5% more bit flips than Flip-N-Write with

the same capacity overhead (12.5%). However, the encoding

latency of FlipMin is several times more than Flip-N-Write.

TABLE II
COMPARISON OF FLIP-N-WRITE AND FLIPMIN [6] [4]

Encoding
Latency

Decoding
Latency

Bit flips
Reduction

Capacity
Overhead

Flip-N-Write

N=2 <1ns <0.1ns 25.0% 50%
N=4 <1ns <0.1ns 21.9% 25%
N=8 <1ns <0.1ns 18.3% 12.50%
N=16 <1ns <0.1ns 14.6% 6.25%

FlipMin
RM(1,3) 4.09ns 0.38ns 31.25% 100%
RM(1,7) 12.86ns 0.59ns 24.50% 12.50%

IV. DESIGN AND IMPLEMENTATION

A. Design

1) Overview: The main idea of our scheme is to exploit

the space saved by compression to store the tag bits of data

encoding methods. For each cacheline, we first use compres-

sion technique to compress the cacheline. If the cacheline is

uncompressible, we will not encode it because no extra space

is offered. If the cacheline is compressible, we first compress

it. Then we use the saved space to store tag bits. A suitable

encoding method is chosen according to the saved space size.

Our scheme works as Fig. 2 describes.

Fig. 2. Overview of our scheme.

2) The organization of prefixes and data: We use a tag

bit (compression tag) to indicate whether the cacheline is

compressible or not. If there is at least one compressible word,

the cacheline is considered as compressible and the tag bit is

set. Otherwise the cacheline is uncompressible and the tag

bit is reset. If the cacheline is compressible, the saved space

size is 32 bits at least. For each word of the compressible

cacheline, we use a 3-bit prefix to indicate the data pattern.

The total number of bits of prefixes in compressible cacheline

is 24, which is smaller than 32. Therefore, the size of the

compressible cacheline with 24-bit prefix will not exceed

512. If the cacheline is uncompressible, we do not use

prefixes and each word is stored without any modification.

The additional capacity overhead is only one bit. Prior works

[20][16] proposed to store the prefix with each compressed

word. The prefix of a word is stored after the prior word.

We have to decompress the word one by one in this way,

and the sequential decompression of each word will cause

accumulated decompression latency. We propose to place the

prefixes together, as shown in Fig. 3. The location of each

compressed word can be located by the first 24-bit prefixes

with parallel decompression.

Fig. 3. The organization of prefixes and eight compressed words for the
compressible cacheline.

3) The encoding methods: We use Flip-N-Write or FlipMin

to encode the compressed cacheline. When selecting from
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Flip-N-Write and FlipMin, we preferentially choose Flip-N-

Write because of its low encoding/decoding latency. However,

the tag bits of Flip-N-Write is at most 50% of the data bits.

Flip-N-Write cannot fully exploit the saved space if the saved

space is more than half of the data bits. Therefore, we use

FlipMin if the saved space is adequate. FlipMin has some

variations, and we use the FlipMin with 100% capacity due

to its high performance. We use S to represent the size of

the space saved by compression and use D to represent the

compressed data size. For a 64-bit word compressed to 8 bits,

S equals 53 (the prefix occupies additional 3 bits) and D
equals 8. For the cacheline, S stands for the saved space size of

the eight words, and D is the total number of bits in the eight

compressed words. If S/D is smaller than 50%, we use Flip-

N-Write and select a best-performing Flip-N-Write according

to the saved space size. If S/D is between 50% and 100%,

we give every 2 data bits 1 tag bit in Flip-N-Write. If S/D
is greater than 100%, we apply FlipMin to the data bits. The

relationship between the effects of the encoding methods and

the saved space size is illustrated in Fig. 4.

D/S

Fig. 4. The relationship between the saved space size and the bit flips
reduction.

B. Implementation

The implementation of our design includes Encoder and

Decoder. The Encoder and Decoder are on the write path and

read path respectively.

1) Encoder: The Encoder consists of two parts, i.e., com-

pression and encoding. When the NVM controller receives a

write request, each of the eight words are compared with the

data patterns illustrated in Table I to attempt compression.

If none of the eight words is compressible, this cacheline

is uncompressible, and the compression tag is reset. The

uncompressible cacheline is sent to the write controller with-

out compression or encoding. If at least one of the eight

word is compressible, this cacheline is compressible, and the

compression tag is set. For the compressible cacheline, the

cacheline is compressed first, and then the saved space size

(S) and compressed data bits size (D) are calculated. Different

encoding methods are applied to the compressed cacheline

based on the value of S. If S is smaller than 163, we choose

Flip-N-Write and give every D/S data bits 1 tag bit. If S is

between 163 and 244, we choose Flip-N-Write with 1 tag bit

for every 2 data bits. If S is greater than 244, we select the

FlipMin with 100% capacity overhead. The encoding process

of Encoder is shown in Fig. 5.

S
D

S
D/S

S

Fig. 5. The process of the Encoder.

2) Decoder: Since the cacheline has been compressed and

encoded by the Encoder, the Decoder consists of decoding

and decompression. When the NVM module receives a read

request from the memory controller, the Decoder works as

follows. First, use the compression tag to determine that

whether the cacheline is compressed or not. If the cacheline

is not compressed, it is sent to the read buffer directly. For

the compressed cacheline, the 24-bit prefixes are exploited to

calculate S and D. Then, the encoding method is determined

according to S, and the corresponding decoding method is

applied to the encoded data bits. After decoding, the data bits

are decompressed by FPC word by word. Assuming that the

encoding method is FlipMin, the Decoder will work as Fig. 6

illustrates.

Fig. 6. The process of the Decoder.

C. Overhead

The Encoder and Decoder incur additional latency and

energy overhead only if the cacheline is compressible. The

implementation of the Decoder and Encoder consists of

three parts, i.e., compression and decompression, encoding

and decoding of Flip-N-Write or FlipMin, and Multiplexer

which calculates the saved space size and selects an encoding

method.
1) Compression: The hardware, energy and latency over-

head of FPC has been discussed in Refs. [9][17][21]. The

hardware overhead is similar to 16K PCM cells. The encoding

and decoding energy is 2.1pJ and 1.2pJ [21]. The latencies

of compression and decompression are estimated to be 2ns
and 1ns [20] in this work.
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2) Encoding: The encoding and decoding latencies of Flip-

N-Write and FlipMin are shown in Table II. The energy

overhead of Flip-N-Write is negligible [6], and the decod-

ing/encoding energy of FlipMin is 0.3pJ/8.4pJ [4].

3) Multiplexer: The Multiplexer works in both Decoder and

Encoder. To evaluate the overhead of the Multiplexer, we use

Synopsys Design Compiler to synthesize the logic in 130nm
technology, and we scale the results down to 22nm technology

node. The latency of the Multiplexer is 1.52ns, and energy

overhead is 1.7pJ . The hardware overhead of Multiplexer is

881 logic gates.

V. EXPERIMENTAL SETUP

We use Gem5 [27] to evaluate our schemes, and the main

memory model is based on NVMain [28]. NVMain is a cycle-

level main memory simulator designed to simulate emerging

NVMs at the architectural level. The configuration of the target

system is given in Table III. The system is based on a four-core

processor. Fourteen benchmarks are used in our experiment.

All these benchmarks are selected from SPEC CPU 2006 [25].

TABLE III
SYSTEM CONFIGURATIONS

Cores 4-Core, 2.0GHz, out-of-order
L1 I/D cache private, 32KB, 2-way, 2-cycle latency

L2 Cache private, 1MB, 8-way, 20-cycle latency
L3 Cache shared, 16MB, 16-way, 50-cycle latency

Memory Controller FRFCFS
Memory Organization 4GB PCM, Read 50ns, Write 150ns

We evaluate the following seven different schemes. All the

schemes use DCW to reduce the redundant bit flips.

• DCW [26]: The redundant bit flips are eliminated.

• FPC [9]: The cacheline is compressed by FPC at the

granularity of 64-bit words.

• AFNW [16]: The tag bits are assigned to the compressed

data bits. Each 64-bit word has 4 tag bits in AFNW.

• Flip-N-Write [6]: The data bits are flipped if flipping can

reduce the bit flips. We give every 8 data bits 1 tag bit.

• FlipMin [4]: We use the RM(1,3) to generate the coset

in this work.

• COE: The space saved by compression is exploited to

store the tag bits of Flip-N-Write. Only Flip-N-Write is

used to encode the compressed data.

• COEF: The space saved by compression is exploited

to store tag bits of Flip-N-Write or FlipMin. FlipMin

or Flip-N-Write is used to encode the compressed data

according to the saved space size.

A. Experimental results

The proposed designs are evaluated in terms of bit flips, en-

ergy and lifetime. All the experimental results are normalized

to DCW [26]. The overview of the comparison of capacity

overhead, bit flips, energy and lifetime is shown in Table IV.

1) Bit flips: Fig. 7 illustrates the normalized bit flips for

each benchmark. The average bit flips reduction of FPC,

AFNW, Flip-N-Write, FlipMin, COE and COEF is -3.9%,

7.3%, 14.2%, 48.3%, 6.5% and 14.2%. The same as Refs.

[29][18], FPC leads to more bit flips than DCW. The reason is

TABLE IV
THE COMPARISON OF CAPACITY OVERHEAD, BIT FLIPS, ENERGY AND

LIFETIME.

Capacity overhead Bit flips Energy Lifetime
DCW 0 1 1 1
FPC 1.56% 1.04 1.03 0.99

AFNW 6.25% 0.93 0.94 1.20
Flip-N-Write 12.50% 0.86 0.89 1.33

FlipMin 100% 0.52 0.58 3.94
COE 0.20% 0.93 0.95 1.12

COEF 0.20% 0.86 0.88 1.28

that FPC will destroy the data similarity and redundancy. Dirty

cacheline may have clean words, and DCW can eliminate the

writes to those clean words. The clean words after compression

will be different from the original words, and compression will

lead to more bit flips in this case. Besides, FPC needs 24-bit

prefixes per cacheline to indicate the data patterns, and the

writes to prefixes will result in additional bit flips. FlipMin

can reduce the most bit flips because it exploits coset code to

generate a coset of vectors and costs 100% additional capacity.

COE has the similar effect to AFNW. However, AFNW incurs

6.05% more capacity overhead than COE. Comparing COEF

with COE, COEF can reduce 7.7% more bit flips than COE.

COEF exploits both Flip-N-Write and FlipMin to encode and

can fully exploit the space saved by compression. COEF has

the same bit flips reduction as Flip-N-Write, and COEF can

save 12.3% more capacity than Flip-N-Write.
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Fig. 7. The comparison of the normalized bit flips.

2) Energy: The total energy consumption of different

schemes is shown in Fig. 8. For NVMs, write energy consump-

tion dominates in the total energy consumption. Therefore,

the energy reduction is the same as the bit flips reduction in

most benchmarks. The total energy is reduced by -2.7%, 5.6%,

10.7%, 41.9%, 5.0% and 11.8% in FPC, AFNW, Flip-N-Write,

FlipMin, COE and COEF. The total energy reduction is nearly

the same as the bit flips reduction in all the benchmarks except

libquantum and sjeng. For libquantum and sjeng, large number

of words in dirty cachelines are clean, and therefore the write

energy is less than other operations such as reads and activates.

The total energy consumption is almost the same in different

schemes for libquantum and sjeng.
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Fig. 8. The comparison of the normalized energy.

3) Lifetime: We use the total number of bit flips to estimate

the lifetime. The lifetime is defined as Capacity
Bitflips , and lifetime
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is improved due to the decrease of bit flips and the use of

additional capacity. Our schemes can reduce the bit flips, and

therefore the lifetime is improved. The lifetime improvement

is -0.7%, 19.8%, 32.8%, 294.4%, 11.7% and 27.5% in FPC,

AFNW, Flip-N-Write, FlipMin, COE and COEF respectively.

FlipMin can improve the lifetime by 294.4% because it can

reduce 41.9% bit flips and has extra 100% capacity overhead.

COEF can reduce the same bit flips as Flip-N-Write. However,

the lifetime improvement is less than Flip-N-Write because

Flip-N-Write has additional 12.5% capacity overhead.
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Fig. 9. The comparison of the normalized lifetime.

VI. CONCLUSION

NVMs suffer from limited write endurance and high write

energy. This paper proposes to extend the lifetime of NVMs by

combining the data compression techniques and data encoding

methods. We exploit the space saved by compression to store

the tag bits of data encoding methods. Based on the obser-

vations that the size of the space saved by each compressed

cacheline varies and different encoding methods have different

tradeoffs between capacity overhead and effects, we select the

best-performing data encoding methods according to the size

of the space saved by compression. Experimental results show

that our schemes can reduce the bit flips by 14.2%, decrease

the energy consumption by 11.8% and improve the lifetime

by 27.5% with only 0.2% capacity overhead.

ACKNOWLEDGMENT

This work was supported by the National High Tech-

nology Research and Development Program (863 Program)

No.2015AA015301, the National Natural Science Foundation

of China (NSFC), No.61772222, No.61772212, No.61472153,

No.61502191, State Key Laboratory of Computer Architec-

ture, No.CARCH201505. This work was also supported by

Engineering Research Center of Data Storage Systems and

Technology, Ministry of Education, China.

REFERENCES

[1] S. Mittal, J. S. Vetter, and D. Li, “A survey of architectural approaches
for managing embedded dram and non-volatile on-chip caches,” IEEE
Transactions on Parallel and Distributed Systems, vol. 26, no. 6, pp.
1524–1537, 2015.

[2] H. A. Khouzani, F. S. Hosseini, and C. Yang, “Segment and conflict
aware page allocation and migration in dram-pcm hybrid main memory,”
IEEE Transactions on Computer-Aided Design of Integrated Circuits
and Systems, vol. 36, no. 9, pp. 1458–1470, 2017.

[3] S. Shirinzadeh, M. Soeken et al., “Endurance management for resistive
logic-in-memory computing architectures,” in Proceedings of DATE.
IEEE, 2017, pp. 1092–1097.

[4] A. N. Jacobvitz, R. Calderbank, and D. J. Sorin, “Coset coding to extend
the lifetime of memory,” in Proceedings of HPCA. IEEE, 2013, pp.
222–233.

[5] R. Maddah, S. M. Seyedzadeh, and R. Melhem, “Cafo: Cost aware
flip optimization for asymmetric memories,” in Proceedings of HPCA.
IEEE, 2015, pp. 320–330.

[6] S. Cho and H. Lee, “Flip-n-write: A simple deterministic technique to
improve pram write performance, energy and endurance,” in Proceedings
of MICRO. IEEE, 2009, pp. 347–357.

[7] S. M. Seyedzadeh, R. Maddah et al., “Pres: Pseudo-random encoding
scheme to increase the bit flip reduction in the memory,” in Proceedings
of DAC. IEEE, 2015, pp. 1–6.

[8] M. Jalili and H. Sarbazi-Azad, “Captopril: Reducing the pressure of bit
flips on hot locations in non-volatile main memories,” in Proceedings
of DATE. IEEE, 2016, pp. 1116–1119.

[9] A. R. Alameldeen and D. A. Wood, “Frequent pattern compression:
A significance-based compression scheme for l2 caches,” Dept. Comp.
Scie., Univ. Wisconsin-Madison, Tech. Rep, vol. 1500, 2004.

[10] G. Pekhimenko, V. Seshadri et al., “Base-delta-immediate compression:
Practical data compression for on-chip caches,” in Proceedings of PACT.
ACM, 2012, pp. 377–388.

[11] H. A. Khouzani, Y. Xue, and C. Yang, “Fully exploiting pcm write
capacity within near zero cost through segment-based page allocation,”
ACM Journal on Emerging Technologies in Computing Systems (JETC),
vol. 12, no. 4, p. 31, 2016.

[12] W. Zhao, J. M. Portal et al., “Design and analysis of crossbar architecture
based on complementary resistive switching non-volatile memory cells,”
Journal of Parallel and Distributed Computing, vol. 74, no. 6, pp. 2484–
2496, 2014.

[13] H. Lee, Y. Chen et al., “Evidence and solution of over-reset problem
for hfo x based resistive memory with sub-ns switching speed and high
endurance,” in Proceedings of IEDM. IEEE, 2010, pp. 19–7.

[14] J. Xu, D. Feng et al., “Encoding separately: An energy-efficient write
scheme for mlc stt-ram,” in Proceedings of ICCD. IEEE, 2017, pp.
581–584.

[15] D. B. Dgien, P. M. Palangappa, N. A. Hunter, J. Li, and K. Mohanram,
“Compression architecture for bit-write reduction in non-volatile mem-
ory technologies,” in Proceedings of NANOARCH. ACM, 2014, pp.
51–56.

[16] P. M. Palangappa and K. Mohanram, “Flip-mirror-rotate: An architecture
for bit-write reduction and wear leveling in non-volatile memories,” in
Proceedings of GLSVLSI. ACM, 2015, pp. 221–224.

[17] L. Jiang, Y. Zhang, and J. Yang, “Mitigating write disturbance in super-
dense phase change memories,” in Proceedings of DSN. IEEE, 2014,
pp. 216–227.

[18] A. Jadidi, M. Arjomand et al., “Exploring the potential for collabora-
tive data compression and hard-error tolerance in pcm memories,” in
Proceedings of DSN. IEEE, 2017, pp. 85–96.

[19] J. Xu, D. Feng et al., “Improving performance of tlc rram with
compression-ratio-aware data encoding,” in Proceedings of ICCD.
IEEE, 2017, pp. 573–580.

[20] P. M. Palangappa and K. Mohanram, “Compex: Compression-expansion
coding for energy, latency, and lifetime improvements in mlc/tlc nvm,”
in Proceedings of HPCA. IEEE, 2016, pp. 90–101.

[21] L. Jiang, B. Zhao et al., “Improving write operations in mlc phase
change memory,” in Proceedings of HPCA. IEEE, 2012, pp. 1–10.

[22] M. Arjomand, A. Jadidi et al., “A morphable phase change memory
architecture considering frequent zero values,” in Proceedings of ICCD.
IEEE, 2011, pp. 373–380.

[23] L. Jiang, Y. Zhang, and J. Yang, “Er: Elastic reset for low power and
long endurance mlc based phase change memory,” in Proceedings of
ISLPED. ACM, 2012, pp. 39–44.

[24] H. G. Lee, S. Baek et al., “A compression-based hybrid mlc/slc man-
agement technique for phase-change memory systems,” in Proceedings
of ISVLSI. IEEE, 2012, pp. 386–391.

[25] J. L. Henning, “Spec cpu2006 benchmark descriptions,” ACM SIGARCH
Computer Architecture News, vol. 34, no. 4, pp. 1–17, 2006.

[26] B.-D. Yang, J.-E. Lee et al., “A low power phase-change random access
memory using a data-comparison write scheme,” in Proceedings of
ISCAS. IEEE, 2007, pp. 3014–3017.

[27] N. Binkert, B. Beckmann et al., “The gem5 simulator,” ACM SIGARCH
Computer Architecture News, vol. 39, no. 2, pp. 1–7, 2011.

[28] M. Poremba, T. Zhang, and Y. Xie, “Nvmain 2.0: A user-friendly
memory simulator to model (non-) volatile memory systems,” IEEE
Computer Architecture Letters, vol. 14, no. 2, pp. 140–143, 2015.

[29] J. Kong and H. Zhou, “Improving privacy and lifetime of pcm-based
main memory,” in Proceedings of DSN. IEEE, 2010, pp. 333–342.

Design, Automation And Test in Europe (DATE 2018) 1621



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


