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Abstract—High reliability, availability, and serviceability are
critical for modern large-scale computing systems. As an effective
error recovery mechanism, checkpointing has been widely used
in such systems for their survival from unexpected failures.
The conventional checkpointing schemes, however, are time-
consuming due to the limited I/O bandwidth between the DRAM-
based main memory and the backup storage. To mitigate the
checkpoint overhead, we propose a fast local checkpointing
scheme by leveraging Multi-Level Cell (MLC) STT-RAM. We
take advantage of the unique features of MLC STT-RAM to
accelerate local checkpointing. Our experimental results show
that the average performance overhead is less than 1% in a
multi-programmed four-core process node with a 1-second local
checkpoint interval. The evaluation results also demonstrate that
using MLC STT-RAM is an energy-efficient solution.

I. INTRODUCTION

High reliability, availability and serviceability (RAS) are
mandatory in modern large-scale computing systems. How-
ever, sustaining sufficient RAS quality becomes more and more
challenging as the node count keeps increasing. Although each
component is designed for a long mean time to failure (MTTF),
the entire system can still encounter a failure every few days
or even several hours [1]. As the exascale era approaches, the
MTTF of future large-scale systems is predicted to be only a
few minutes [2].

Checkpointing is a widely-used error recovery mechanism
to protect large-scale systems as well as embedded systems
from unexpected failures [3], [4]. In the typical organization of
a contemporary supercomputer as shown in Fig. 1, the process
nodes usually have DRAM main memory and access the global
storage via the I/O nodes. The global storage is permanent
storage, usually built with NAND flash based solid state drives
or conventional hard disk drives (HDDs), but DRAM is volatile
and vulnerable to errors. One state-of-the-art checkpointing
approach is to save the entire process address space to the
non-volatile global storage periodically. However, the limited
data transfer bandwidth between DRAM and the global storage
and the centralized checkpointing topology prevent the perfor-
mance scaling in future large-scale computing systems [3]. As
the application size grows and the system failure rate increases,
larger-size and more frequent checkpoints are required, and
consequently a significant portion of execution time will be
spent on writing checkpoints. For instance, checkpointing
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Fig. 1. The typical organization of a contemporary supercomputer [3].

may incur over 50% performance overhead in a petaFLOPS
system [5].

To address the scalability issue, local/global hybrid check-
pointing [6] and multi-level checkpointing [7] have been
proposed as scalable solutions. They combine frequent and fast
local checkpoints to local storage with less frequent and slow
global/remote checkpoints to global storage. The effectiveness
of these approaches is determined by how many failures can
be recovered from local checkpoints. In fact, most transient
errors only affect the failure node, and the system can be
simply recovered by rebooting the failure node with its local
checkpoint. Dong et al. made an estimation for a petaFLOPS
system that 83.9% of failures only need local checkpoints [6].

To achieve better performance and higher power efficiency
in local checkpointing, some recent work has proposed to
utilize the emerging non-volatile memories (NVMs), such as
Phase-Change Random Access Memory (PCRAM) and Spin-
Transfer Torque RAM (STT-RAM), as the local storage of
each process node thanks to their non-volatility, fast random
read access and zero standby leakage power [6], [8]. Table I
compares different memory technologies, including DRAM,
flash, PCRAM and STT-RAM [9]. Among them, STT-RAM
has nice overall features, except the cell size which is 2.3×
as large as DRAM’s. The multi-level cell (MLC) technology
promises 2× the density of single level cell (SLC) STT-RAM,
making its density closer to DRAM’s [10], [11]. Therefore,
STT-RAM has been identified as one of the most promising
candidates of universal memory [12] and considered as an
energy-efficient main memory alternative to DRAM [13].

In this work, we propose to leverage MLC STT-RAM as the
main memory for fast local checkpointing by using the soft-bit
of each cell to store the working data and the hard-bit to save a
local checkpoint. MLC opens up an inherent multi-versioning
opportunity for checkpointing since each cell can store both
the working data and the checkpoint data simultaneously.
Consequently, the system can be easily recovered from the
local checkpoint by moving data within memory cells, which
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TABLE I. COMPARISON OF DIFFERENT MEMORY TECHNOLOGIES [9]

DRAM Flash SLC PCRAM SLC STT-RAM

Cell size (F 2) 6 4 4 14
Cell read speed 10ns 10µs 30ns 1ns
Cell write speed 10ns 100µs 150ns 3∼10ns

Read energy medium medium low low
Write energy medium high high medium

Leakage medium medium low low
Throughput medium very low low high

Write endurance 1016 105 108 ∼ 109 1015

substantially eliminates the data transfer overhead between
main memory and backup storage. Previous work has also
considered using MLC PCRAM for in-memory local check-
pointing [14]. However, MLC PCRAM write operations adopt
the program-and-verify (P&V) technique, which iteratively
applies partial set pulses and verifies if a specified preci-
sion criterion is met [15], to achieve desirable intermediate
resistance levels. Due to the P&V process, MLC PCRAM
has even longer write latency, higher write energy, and lower
program throughput than SLC PCRAM. As a result, using
MLC PCRAM as main memory would significantly degrade
system performance. Different from MLC PCRAM, writing
MLC STT-RAM is relatively simple, taking two steps at
most [16]. In our proposal, we take advantage of the unique
characteristics of MLC STT-RAM write operations and ensure
that only one-step writes occur during the entire execution time
(including checkpoint and recovery). The evaluation results
demonstrate the great potential of using MLC STT-RAM as
main memory for fast and energy-efficient local checkpointing.

The remainder of this paper is organized as follows. The
related work is discussed in Section II, and then Section III
introduces checkpointing and the fundamentals of MLC STT-
RAM. Section IV shows the details of the proposed check-
pointing mechanism, where MLC STT-RAM is utilized as
the main memory for efficient local checkpointing. In Section
V the experimental methodology and evaluation results are
presented, before the paper is concluded in Section VI.

II. RELATED WORK

Prior work has leveraged NVMs, such as PCRAM, as local
storage/memory in each process node to reduce the checkpoint
overhead [6], [8]. They are used to store local checkpoints
and their neighbor nodes’ global/remote checkpoints. Fig. 2
(a) depicts the typical structure of a process node in a con-
temporary supercomputer, which employs DRAM as its main
memory; Fig. 2 (b) illustrates the node structure leveraging
SLC PCRAM as local storage or extended memory.

In local/global hybrid checkpointing proposed by Dong
et al. [6], PCRAM is used as local storage. The state of each
node is backed up in their own persistent storage periodically.
After several local checkpoints, a global checkpoint is created
in the background to the global storage or the neighbors’
local storage. In NVM-checkpoint proposed by Kannan et
al. [8], NVM (PCRAM) is used as extended memory, but is not
directly exposed to applications. Specialized NVM interface
is provided for applications to write checkpoints, and OS-
level support is given to manage the data movement across the
DRAM/NVM boundary. Their experiment results showed that
both the hybrid checkpointing and NVM-checkpoint can effi-
ciently reduce the checkpoint overhead by utilizing PCRAM-
based local storage/memory. Nevertheless, the checkpoint la-

CPU 

Caches 

DRAM 

Memory 

CPU 

Caches 

MLC STT-RAM 

Memory 

(a) (b) (c) 

Network  Interface Network  Interface 

SLC  

PCRAM 

CPU 

Caches 

DRAM 

Memory 

Network  Interface 

Fig. 2. (a) The typical structure of a process node; (b) the process node
structure leveraging PCRAM as local storage/memory [6], [8]; (c) the process
node structure proposed in this work.

tency is still limited by the bandwidth of writing checkpoints
from DRAM to PCRAM. Although the sophisticated PCRAM-
DIMM design and the novel 3D-PCRAM scheme (deploying
PCRAM directly atop DRAM) can overcome the limited data
transfer bandwidth between DRAM and PCRAM, the real
bottleneck is PCRAM’s low program/write throughput due to
its high write power and long write latency. In this work,
MLC STT-RAM is leveraged as the persistent main memory
in each process node, which provides higher write throughput
than PCRAM. The proposed node structure is shown in Fig.
2 (c). During local checkpointing, data are transferred within
memory cells, from one bit of each cell to another bit, and
no data movement is required between cells. Therefore, the
checkpoint overhead can be significantly reduced.

The idea of using MLC for local checkpointing has been
presented by Yoon et al. in a patent [14], which gives an
example that working data are stored in a bit of a cell and
checkpoint data are stored in another bit of the cell. However,
they broadly considered all desired types of MLC NVMs, but
did not focus on a specified memory technology. In this work,
we leverage MLC STT-RAM as the persistent main memory
and take advantage of its unique features to design an efficient
local checkpointing. Furthermore, a more complete solution
is provided in this work, and its performance and energy
consumption are evaluated.

III. PRELIMINARY

In this section, we first give the overview of checkpointing
and then introduce the basics of STT-RAM.

A. The Overview of Checkpointing

Error recovery mechanisms can be classified into forward
error recovery (FER) and backward error recovery (BER).
FER prepares a system for possible future errors, by tak-
ing extra tasks with redundant hardware. Triple-modular re-
dundancy (TMR) is the most popular example, in which
three systems perform the same process simultaneously and
output a single result through majority-voting. BER is also
called checkpointing or rollback recovery [17]. Checkpointing
attempts to restore a system to an earlier error-free state
(i.e. a recovery point) after an error occurs by recording
recovery information during execution. Checkpointing requires
less hardware redundancy than FER. However, it is associated
with three overheads: the performance overhead during error-
free execution, the storage overhead for recovery information
recording, and the recovery overhead to retrieve lost work.

Prvulovic et al. designed a taxonomy [17] that classifies
checkpointing schemes according to three characteristics: how
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to achieve checkpoint consistency (globally or locally), how
to separate checkpoint from working data (fully or partially),
and where to store checkpoint (in external storage or in
internal memory). We extend their categorization with one
more feature: the transparency to applications (transparent or
application-initiated) [8]. To avoid the overhead of specialized
NVM interface and OS support in NVM-checkpoint, we adopt
the lightweight local/global hybrid checkpointing to evaluate
our MLC STT-RAM based local checkpointing in this work.
We describe the design space of checkpointing and locate the
local/global hybrid checkpointing as follows.

Global or Local Consistency. Global checkpointing re-
quires all the process nodes to synchronize to generate a global
checkpoint periodically [18]. In local checkpointing, each pro-
cess node creates its own checkpoints either in a coordinated
way [19] or in an uncoordinated fashion [20]. Coordinated
schemes require the nodes that have been interacting with each
other to generate their own checkpoints at the same time, while
uncoordinated schemes do not. In the hybrid checkpointing,
each process node maintains its local checkpoint coordinately
and a global checkpoint is periodically generated from an
existing local one.

Safe External or Internal Storage. The checkpoint can be
stored either in safe external storage (usually disk arrays) [20],
or in safe main memory or internal storage [21]. In-memory
checkpointing is faster than in-disk checkpointing, but requires
more hardware support to assure the data safety and fault-
tolerance. In the hybrid checkpointing, both the internal storage
(MLC STT-RAM) and external storage (global storage) are
employed as the safe backup.

Full or Partial Separation. Full separation means that
the checkpoint data are completely separated from working
data [19]. For example, it can be achieved by simply copying
the entire memory state to another place. With regards to the
fact that there may not be much change between two sequential
checkpoints, incremental checkpointing has been studied to
reduce the checkpoint overhead [22]. Other optimizations to
reduce the checkpoint overhead have been explored, such as
memory exclusion [23]. On the other hand, partial separation
keeps the checkpointing and working data as the same one,
and uses buffering, renaming or logging schemes to record
state modifications since the last checkpoint. Even though it
can reduce the storage overhead, partial separation increases
performance or recovery overhead. The hybrid checkpointing
employs full separation, and either the entire copying or
incremental checkpointing can be applied.

Transparent or Application-initiated. Transparent check-
pointing simply saves the entire process address space, and
thus does not require application developers to explicitly
handle failures in their algorithm design [24]. Application-
initiated checkpointing requires application developers to iden-
tify which data to be stored in their code, and hence can reduce
the storage overhead [8]. The hybrid checkpointing adopts
transparent checkpoints to take full advantage of MLC STT-
RAM, and there is no need to restructure the code.

B. The Basics of STT-RAM

STT-RAM is a new generation of Magnetoresistive RAM
(MRAM) and possesses the advantages of lower power con-
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Fig. 3. 1T1J SLC STT-RAM cell structure and serial and parallel MLC MTJ
structures.

sumption and better scalability over conventional MRAM by
using spin-transfer torque current to switch memory states.

1) SLC STT-RAM: Fig. 3 (a) shows the most popular
one-transistor-one-MTJ (or 1T1J) cell structure. The magnetic
tunnel junction (MTJ) is the key component storing the bit
information, and the transistor is used to select MTJ by
activating the word line. An MTJ consists of two ferromagnetic
layers as well as one oxide barrier layer (e.g. MgO) in the
middle. The magnetization direction of one ferromagnetic layer
is fixed (so-called reference layer), while that of the other can
be changed by applying a large enough spin polarized current
through MTJ (so-called free layer). An MTJ has low resistance
when the magnetization direction of its free layer is in parallel
with that of its reference layer, which represents logical ‘0’;
in contrast, anti-parallel magnetization directions mean a high
resistance state, denoting logical ‘1’. Since one cell holds a
single bit of information, it is called an SLC.

2) MLC STT-RAM: MLC technology has been proposed to
enhance the density of STT-RAM [25]. Different from SLC,
it stores multiple bits of information in a single cell. In fact,
MLC is not new since it has been employed in other NVMs,
such as NAND flash memory and PCRAM [15], [26]. In this
work, we consider 2-bit (or 4-level) MLC STT-RAM, which
promises an improvement in data density to 2× of SLC STT-
RAM’s [10], [11].

There are two types of MLC STT-RAM design, known as
serial MLC and parallel MLC, respectively. A serial MLC has
one small and one big MTJ, which are vertically stacked as
shown in Fig. 3 (b). In this way, four resistance levels can be
achieved by the combination of the magnetization directions
of the two free layers. Alternatively, a parallel MLC possesses
a single MTJ whose free layer has two domains, hard domain
and soft domain as illustrated in Fig. 3 (c). Similar to serial
MLC, four resistance levels can be formed by combining each
state of two domains. Serial MLCs are easier to fabricate,
whereas parallel MLCs are energy-efficient because they need
smaller switching current density to change the state.

In serial MLC (Fig. 3 (b)), since MTJ2 requires a larger
switching current than MTJ1, only MTJ1 may switch if a small
write current is applied; otherwise, both MTJs can switch if
the write current exceeds the threshold to change MTJ2’s state.
Similarly, in parallel MLC (Fig. 3 (c)), the hard domain in
the free layer needs a larger current than the soft domain to
switch its state. By encoding the low resistance state as ‘0’ and
the high resistance state as ‘1’, in a 2-bit cell, four different
states are available: “00”, “01”, “10”, and “11”, where the most
significant bit (MSB) is harder to flip (a.k.a. hard-bit), and the
least significant bit (LSB) is easier to switch (a.k.a. soft-bit).
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Fig. 4. (a) “binary-search” read [16]; (b) switching currents (µA) for parallel
MLC STT-RAM state transitions at 45 nm technology node [27].

To further reduce the cell area and enable 2× the density
of SLC, perpendicular MTJ and reverse MTJ have been
introduced to MLC cell design. Different from the conventional
MTJ structure depicted in Fig. 3, in a perpendicular MTJ, the
free layer utilizes perpendicular magnetic anisotropy (PMA)
material [10]; in a reverse MTJ, the free layer is fabricated
underneath the reference layer [11].

MLC Read Operation. To read from an MLC cell, a two-
step “binary-search” technique can be applied. As shown in
Fig. 4 (a), three resistance references and two comparisons
are necessary to determine the data value. The sense amplifier
first reads out MSB by comparing the cell state with Ref0,
and then LSB is sensed by the comparison result with Ref1
or Ref2.

MLC Write Operation. Writing a 2-bit cell can also be
completed in two steps. Either “00” or “11” is written in
the first step since changing the hard-bit always changes the
soft-bit. If LSB of the new data value is not the same with
MSB, a small current is required to switch the soft-bit in
the second step. However, many unnecessary state transitions
are induced in this scheme. Optimized write schemes have
been proposed to improve write performance and reduce write
energy consumption based on the values of the original data
and the new data [16]. Fig. 4 (b) demonstrates the switching
currents required for state transitions, in which the sign of the
current value (in µA) denotes the current direction (positive
means the current flows from the free layer to the reference
layer) [27]. If the new data are identical to the old data, the
write operation is completely skipped. If only LSB is flipped,
one step is sufficient by applying a small write current. If MSB
needs to be changed and the new value is either “00” or “11”,
only a one-step write with large write current is necessary.
Otherwise, if MSB and LSB in the new value are different
from each other, the aforementioned two-step write is required,
which also explains why there is no connection from “00” to
“10” or from “11” to “01” in Fig. 4 (b).

IV. THE PROPOSED MECHANISM

The proposed checkpointing mechanism is presented in this
section. We first introduce the MLC STT-RAM main memory
design, and then describe our local checkpointing scheme
using MLC STT-RAM. The overall hybrid checkpointing
mechanism is explained, before finally we discuss the storage
overhead.

A. MLC STT-RAM Main Memory

Recent work has evaluated SLC STT-RAM as a feasible
main memory alternative, and demonstrated that with opti-
mized write operations, STT-RAM can provide comparable
performance to equal-capacity conventional DRAM and reduce
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energy consumption by 60% [13]. In this work, we utilize
MLC STT-RAM as the main memory of each process node.
Although MLC STT-RAM offers the opportunity of a higher
memory capacity than SLC STT-RAM within the same area
constraint, it may degrade performance and increase energy
consumption since it has more complex write operations. From
Section III-B2, we know that with optimized write schemes,
writing soft-bits is fast and energy-efficient, because it requires
a small write current and finishes in one step; writing “00” or
“11” is also a one-step operation but requires a larger write
current; the other cases which have to take two steps are the
worst ones in terms of both write latency and energy. When
writing a memory row or even a small portion of it, it is
most likely that at least one cell requires two steps; therefore,
the memory system performance would degrade compared
with using SLC STT-RAM. In our MLC STT-RAM main
memory design, we use the soft-bit of each cell as the operated
memory to keep working data, and employ the hard-bit to
store a checkpoint for the soft-bit. Therefore, during error-free
execution, only soft-bits are updated; during checkpoint and
recovery, only values “00” and “11” are written. Our design
ensures that only one-step write operations occur throughout
the entire execution time.

The bank organization of our MLC STT-RAM main mem-
ory design is shown in Fig. 5. Different from conventional
STT-RAM bank organization, the sense amplifiers and write
drivers are controlled by the “Mode Control” signal. They
can work in four modes: 1) normal read, 2) normal write,
3) checkpoint, and 4) recovery. Since the operated memory is
soft-bits, in normal read or write mode, only the soft-bits of
memory cells are read out or updated. In checkpoint mode, first
the soft-bits of memory cells (working data) are sensed, and
then values of “00” or “11” are written to the cells according to
the values of their soft-bits. In recovery mode, first the hard-
bits of memory cells (checkpoint data) are sensed, and then
values of “00” or “11” are written to the cells according to the
values of their hard-bits. The data flow of the mode control of
sense amplifiers and write drivers is shown in Fig. 6. To clearly
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illustrate different modes, we draw duplicated sense amplifiers
and write drivers; in fact, the same sense amplifier and write
driver are used to handle both the hard-bit and the soft-bit.
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Fig. 7. An example to illustrate the proposed local checkpointing mechanism
using MLC STT-RAM.

TABLE II. HYBRID CHECKPOINTING PARAMETERS

τ the local checkpoint interval
δG the global checkpoint time
δL the local checkpoint time
RG the global checkpoint recovery time
RL the local checkpoint recovery time

B. Local Checkpointing

Fig. 7 presents an example to illustrate our proposed local
checkpointing mechanism using MLC STT-RAM as main
memory. As shown in Fig. 7, each cell contains two bits:
the upper one is the soft-bit which stores the working data;
and the lower one is the hard-bit which stores the checkpoint
data. At Checkpoint i, both the working and checkpoint data
values are “0101...0101”. The subsequent writes (from i1 to
im) only work on the soft-bits with small write currents, and
the hard-bits will not change under those small write currents.
At Checkpoint i+1, the dirty cache data will be dumped into
the operated memory (soft-bits), and then the checkpoint data
(hard-bits) should be updated by mirroring the current working
data. This internal data transfer between the two bits of each
cell can be accomplished by the sense amplifiers and write
drivers working in checkpoint mode as described in Fig. 5.
With the data comparison write property, many unnecessary
writes can be saved at bit level, and incremental checkpoint-
ing can be implemented naturally without other hardware of
software overheads. Therefore, it is quite lightweight to create
local checkpoints by using MLC STT-RAM as main memory,
and the efficiency of our scheme derives from the unique
features of MLC STT-RAM write operations.

C. The Overall Hybrid Checkpointing

The lightweight local/global hybrid checkpointing [6] is
adopted in this work to achieve high RAS for large-scale
systems. We utilize MLC STT-RAM as the main memory and
record a local checkpoint in the hard-bits of memory cells. The
global checkpoints can be saved in the global storage which is
managed by the I/O nodes as shown in Fig. 1, or in the local
storage of the neighbor nodes. If they choose the second way,
each process node should use their own local storage to store
the global checkpoints of their neighbors. The local storage
can be built with flash, HDD or PCRAM.

The local/global hybrid checkpointing is demonstrated in
Fig. 8, and the parameters are described in Table II. During
error-free execution, as shown in Fig. 8 (a), after every local
checkpoint interval (τ ), each process node makes a local
checkpoint which takes a variable time δL. At the end of

δG τ δL τ δL τ ... ... δL τ δG τ δL τ ... ... 

global checkpoint interval   

(a) error-free execution 

δG τ δL τ ... 
error detected 

RL τ δL δG τ δL τ ... ... ... 

(b) an error is detected, and recovered by a local checkpoint 

δG τ δL τ ... 
error detected 

RG τ δL δG τ δL τ ... ... ... 

(c) an error is detected, and recovered by a global checkpoint 

Fig. 8. Time-line of error-free execution and recovery from an error by a
local or global checkpoint in the hybrid local/global checkpointing [6].

every global checkpoint interval, a global checkpoint is created
which takes δG after a local checkpoint. All the process nodes
do their checkpointing in a coordinated way. Two parameters
are critical to balance checkpoint overhead against recovery
overhead in the hybrid checkpointing mechanism: the local
checkpoint frequency and the local/global checkpoint ratio (i.e.
how many local checkpoints are made during a global check-
point interval). The effects of the two parameters have been
studied in depth by Dong et al. [3]. With our efficient local
checkpointing using MLC STT-RAM, the local checkpoint
time overhead and energy consumption can be reduced.

Fig. 8 (b) and (c) show the time-lines of recovery by a local
and a global checkpoint respectively when errors are detected.
We assume that the checkpoint is error-free and the error de-
tection latency has an upper bound of a few cycles. Many types
of faults can cause a system failure, e.g. software bugs, human
misoperations, network congestions, hardware damages, etc. In
this work, errors can be classified into two categories: those
that can be recovered by a local checkpoint, and those that have
to be recovered by a global checkpoint. With a transient error,
it is probable to restore the system from a local checkpoint.
However, with a permanent error, the process node might
have to be replaced, and a global checkpoint may be able to
recover the system. In our checkpointing mechanism, the latest
checkpoint version is stored locally, and multiple checkpoint
versions can be maintained in the global storage.

When rolling back to a local checkpoint as shown in Fig.
8 (b), we need to load all the local checkpoint data to the
operated memory. With our checkpointing mechanism using
MLC STT-RAM as main memory, we only need to copy the
hard-bits of the memory cells in the process address space
to their soft-bits, which can be simply accomplished by the
sense amplifiers and write drivers working in recovery mode as
described in Fig. 5. This internal data transfer between the two
bits of each cell is quite lightweight, compared to moving data
from local PCRAM storage to DRAM memory. Therefore, our
checkpointing mechanism can also reduce the recovery time
from a local checkpoint (RL) and its energy consumption.

Recovering by a global checkpoint suffers from extra
rollback overhead compared with recovering by a local check-
point, as displayed in Fig. 8 (c). On one hand, loading a global
checkpoint is more costly; on the other hand, more lost work
needs to be retrieved from a global checkpoint. Therefore, the
effectiveness of the local/global hybrid checkpointing depends
on how many failures can be recovered by local checkpoints.
For a petaFLOPS system, it has been estimated that 83.9% of
failures can be recovered by local checkpoints [6].
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D. Storage Overhead Discussion

In our checkpointing mechanism, we use the hard-bit
of each cell to save a checkpoint for the soft-bit in the
MLC STT-RAM main memory. Therefore, the actual usable
memory capacity is half the total capacity of MLC STT-RAM.
However, it has been considered reasonable to reserve a 1 : 1
capacity ratio for checkpoint storage and operated memory [6].
Since not all the working data necessarily need a checkpoint,
to better utilize the memory capacity, in the future work we
may try to divide the MLC STT-RAM main memory into two
regions, either statically or dynamically, in which one region
is reliability-oriented, and the other is capacity-oriented. The
reliability-oriented region is used as in this work; whereas in
the capacity-oriented region, both bits of a cell can be exploited
to store the working data and no local checkpoint is required.
Therefore, the density advantage of MLC STT-RAM can be
better used, and the actual available memory capacity can be
increased.

V. EVALUATIONS

In this section, the experimental methodology and the
evaluation results are presented.

A. Experimental Methodology

We use gem5 simulator [28] as our simulation platform.
Two local checkpointing mechanisms are evaluated, one pro-
posed in this paper leveraging MLC STT-RAM as main
memory (denoted by MLC STT-RAM), and the other utilizing
DRAM as main memory and PCRAM as local storage (de-
noted by DRAM-PCRAM). The processor and memory con-
figurations of a process node are summarized in Table III. We
simulate both single-core and four-core processors, and utilize
DDR3-1600 as the reference memory model. Unlike DRAM,
STT-RAM does not need refresh operations due to its non-
volatility, and because its read operation is non-destructive,
there is no need to rewrite data after reading. We conservatively
assume that MLC STT-RAM has the same read latency with
DRAM, and its one-step write latency is the same with
DRAM’s write latency. Table IV lists the workloads used in
our evaluations. For single-core simulation, fifteen benchmarks
from the SPEC CPU2006 suite are selected [29], including
both integer and float point applications. Additionally, we mix
the single benchmarks and assign them to a four-core processor
for multi-programmed simulation.

The performance overhead of local checkpointing is calcu-
lated as the sum of two parts: the time to flush all the dirty data
in cache to main memory, and the time to copy all the working
data in the process address space to the checkpoint storage, as
shown in Equation 1. The amount of dirty data in cache and the
process address space in the operated memory can be tracked
by gem5, and the actual data transfer bandwidth is assumed
to be 80% of the peak bandwidth (BW) on average. The
experimental results indicate that the first term in Equation 1
is negligible compared to the second term even when the local
checkpoint interval is as small as 1s.

Timecheckpoint =
Datadirty−in−cache

BWoperated−memory × 80%

+
Datain−operated−memory

BWcheckpoint−storage × 80%
. (1)

TABLE III. PROCESSOR AND MEMORY CONFIGURATIONS

Processor 1-core/4-core, x86, 2GHz, out-of-order, 8-issue
L1 cache private, 32KB I/D-L1, 64B line, 4-way, 2-cycle latency
L2 cache shared, 4MB, SRAM, 64B line, 16-way, 20-cycle latency

Main memory
4 GB, DDR3-1600, 800 MHz, 64 bit I/O, 8 banks
DRAM: 10 ns read/write latency, 12.8 GB/s peak I/O bandwidth
MLC STT-RAM: 10 ns read latency, 10 ns one-step write latency

TABLE IV. EVALUATED WORKLOADS

No Application No Application Mix Applications
1 astar 11 milc mix1 1,2,3,4
2 bwaves 12 namd mix2 5,6,7,8
3 cactusADM 13 omnetpp mix3 9,10,11,12
4 gcc 14 sjeng mix4 13,14,15,1
5 GemsFDTD 15 soplex mix5 3,4,5,6
6 gromacs mix6 7,8,9,10
7 h264ref mix7 1,3,5,7
8 lbm mix8 2,4,6,8
9 leslie3d mix9 9,11,13,15
10 mcf mix10 10,12,14,2

The peak data transfer bandwidth from DRAM to PCRAM
(BWDRAM−PCRAM ) and that from soft-bits to hard-bits
(BWsoft−hard) in MLC STT-RAM are estimated as follows.
For a fair comparison, we assume that PCRAM and MLC
STT-RAM have the same chip configuration and chip power
budget with DRAM. Therefore, they have the same write
current limitation of ∼168 mA for all the eight banks per
chip as modern DDR3 DRAMs [30]. Given that the write
(reset) current of PCRAM is 300 µA per bit and the write
(set) latency is 150 ns [31], a PCRAM chip could only write
560 bits (168 mA / 300 µA per bit) at a time, and the write
bandwidth per chip is 0.467 GB/s (560 bits / 150 ns), which
is far lower than DRAM’s (e.g. 8.53 GB/s for DDR3-1066
and 12.8 GB/s for DDR3-1600). Since there are eight chips
per rank, the total write bandwidth of PCRAM can be 3.73
GB/s. Obviously, BWDRAM−PCRAM is limited by the write
bandwidth of PCRAM. The one-step write bandwidth of MLC
STT-RAM can be calculated in a similar way, given that the
write (hard transition) current of MLC STT-RAM is 266 µA
per bit and the one-step write latency is 10 ns [16]. The
estimated BWsoft−hard of MLC STT-RAM is 63.16 GB/s,
about 17× of BWDRAM−PCRAM .

B. Performance Overhead in Error-Free Execution

We first evaluate the performance overheads of the two
local checkpointing mechanisms with a medium local check-
point interval τ = 5s. The results of a single-core process
node running a single application are displayed in Fig. 9. The
checkpoint overhead of each application depends on the total
amount of checkpointing data to be written every τ . Some
applications require larger address space and consequently
have more checkpointing data, like bwaves, cactusADM and
GemsFDTD, as shown in Fig. 9. The average performance
overheads of the two mechanisms are both small. The DRAM-
PCRAM mechanism encounters 1.65% performance overhead
on average, and our MLC STT-RAM mechanism incurs only
0.097%. However, as the numbers of cores and running
applications increase, more memory space is required, and
more checkpointing data need to be written accordingly.
The performance overheads in a multiprogrammed four-core
process node are evaluated, and the results are shown in
Fig. 10. The average performance overhead of the DRAM-
PCRAM mechanism is 7.79%, whereas it is only 0.46% with
our MLC STT-RAM mechanism. Therefore, the efficiency of
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the proposed local checkpointing mechanism leveraging MLC
STT-RAM as main memory is validated when the core count
of a process node is increased.
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Fig. 9. Performance overhead of local checkpointing during error-free
execution in a single-application and single-core process node with τ = 5s.
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Fig. 10. Performance overhead of local checkpointing during error-free
execution in a multiprogrammed four-core process node with τ = 5s.

To reduce the recovery overhead, smaller τ is preferred
in local checkpointing. The performance overheads of the
two mechanisms with τ = 1s are also evaluated, and the
results of single-core and four-core simulations are presented
in Figs. 11 and 12, respectively. In a single application and
single-core process node, the average performance overhead
of MLC STT-RAM is 0.26%, and it becomes 0.90% in a
multi-programmed four-core node. Compared to the results of
τ = 5s, the checkpoint overheads increase but are still quite
small. However, limited by the write bandwidth of PCRAM,
the average performance overheads of the DRAM-PCRAM
mechanism for a single-core node and for a four-core node
are increased to 4.49% and 15.2%, respectively. Therefore, as
the local checkpointing interval τ decreases, the advantage of
our MLC STT-RAM mechanism becomes more apparent.
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Fig. 11. Performance overhead of local checkpointing during error-free
execution in a single-application and single-core process node with τ = 1s.
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Fig. 12. Performance overhead of local checkpointing during error-free
execution in a multiprogrammed four-core process node with τ = 1s.
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Fig. 13. Memory energy consumption of creating a local checkpoint in a
single-application and single-core process node with τ = 5s.
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Fig. 14. Memory energy consumption of creating a local checkpoint in a
multiprogrammed four-core process node with τ = 5s.

C. Energy Consumption in Local Checkpointing

The energy efficiency of our MLC STT-RAM local check-
pointing mechanism is evaluated by comparing it with the
DRAM-PCRAM mechanism. The parameters we use are from
the reported data in prior work [16], [31], as listed in Table V.
For a fair comparison, we choose the parameters of PCRAM
and MLC STT-RAM for the same technology node. In Table
V, the read and write energy per bit of PCRAM and MLC
STT-RAM do not include the energy consumed by peripheral
circuitry. For PCRAM, given that writing zeros (RESET) and
writing ones (SET) have equal possibilities, the average write
energy per bit is (13.5 + 19.2)/2 = 16.35 pJ ; and the
energy consumed by peripheral circuitry per bit for a read
or write operation is 0.47 pJ [31]. For MLC STT-RAM, a
soft transition (ST) requires a small write current while a hard
transition (HT) requires a larger write current; therefore, the
write energy of ST per bit is lower than that of HT. We assume
that MLC STT-RAM has the same peripheral circuitry energy
consumption with PCRAM for each read and write operation.

The total memory energy consumption of the DRAM-
PCRAM mechanism consists of the energy consumed by
writing the dirty data in cache to DRAM, and that to copy
data from DRAM to PCRAM. As to our MLC STT-RAM
mechanism, it is composed of the energy to write the dirty
data in cache to the soft-bits of MLC STT-RAM, and that
consumed by mirroring the soft-bits to the corresponding hard-
bits. The results of a single-application and single-core process
node and of a multiprogrammed four-core process node are
presented in Fig. 13 and Fig. 14, with τ = 5s. Fig. 13 displays
that, the average memory energy consumption of the DRAM-
PCRAM mechanism for a single-core process node is 0.024
J , whereas that of our MLC STT-RAM mechanism is only
0.005 J . As shown in Fig. 14, for a multiprogrammed four-core
process node, the average memory energy consumption of the
DRAM-PCRAM mechanism increases to 0.116 J , while that
of our MLC STT-RAM mechanism is 0.025 J . Therefore, our
MLC STT-RAM mechanism saves more than three quarters
of the memory energy consumed by the DRAM-PCRAM
mechanism.
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TABLE V. MEMORY ENERGY PARAMETERS [16], [31]

PCRAM MLC STT-RAM DRAM
read (pJ/bit) 2.00 0.38 1.56

write (pJ/bit) SET 13.5 ST 1.92 0.39RESET 19.2 HT 3.192
peripheral (pJ/bit) 0.47 0.47 —

D. Recovery Overhead Analysis

The recovery time from a failure includes three phases:
the time of diagnosis in which human interactions may be
required, the time to restore the system to a checkpoint
(rollback), and the time to retrieve lost work. The first phase
is out of the scope of this paper. The rollback time directly
depends on the amount of checkpoint data and the local or
global data transfer bandwidth. The third part is determined by
the local checkpoint frequency and the local/global checkpoint
ratio. With our efficient checkpointing mechanism using MLC
STT-RAM as main memory, the rollback time to a local
checkpoint can be reduced. Furthermore, as indicated by the
experiment results, with our MLC STT-RAM mechanism, local
checkpointing encounters negligible overhead even when the
local checkpoint interval (τ ) is as short as 1s. Consequently,
the average overhead of the third phase can be significantly
reduced.

VI. CONCLUSIONS

As the number of nodes increases, modern large-scale
computing systems are being challenged by high failure rates.
Therefore, smart error recovery mechanisms are urgently
needed to help these systems revive from unexpected errors. In
this work, we embrace emerging STT-RAM into local/global
hybrid checkpointing for efficient in-memory local checkpoint-
ing. We leverage MLC STT-RAM as persistent main memory,
using the soft-bit of each cell to store the working data while
the hard-bit to save the checkpoint data. By taking advantage
of the unique features of MLC STT-RAM, our proposed
mechanism turns out to be a lightweight and energy-efficient
local checkpointing solution. Our experimental results show
that, the average performance overhead in a multi-programmed
4-core process node is less than 1% even when the checkpoint
interval is 1s, and the memory energy consumption is less
than a quarter of the energy required by the existing DRAM-
PCRAM mechanism.
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