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Abstract

Many new types of non-volatile memory technologies are nealving. For example, emerging non-volatile memories such
as STTRAM, PCRAM, and ReRAM show their attractive propertié high access performance and low access energy. In this
work, we aim to facilitate these emerging non-volatile meyrtechnologies in designing future high-performance amwa-power
computer systems. We start this work by building circuieleperformance, energy, and area models for STTRAM, PCRaM,
ReRAM. And then, we provide architecture-level techniqtheg mitigate the drawbacks in non-volatile memory writeigions.
Finally, we study the application-level cases of adoptingse emerging technologies.

|. PROGRAM & M OTIVATION

In order to build the next-generation exascale computirsgesys, disruptive technologies are required to providetiswis
of high-performance as well as low-power computing cajitgbiConsider the facts that memory access latency and diséss
latency are several orders of magnitudes slower than theepsing cores and system memory power (DRAM power) and disk
power contribute as much as 40% to the overall power consamit a data center [1], [2], it is highly necessary to impzov
the performance and the power profiles of the traditional mrgrhiearacy.
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Fig. 1. While the state-of-the-art memory hierarchy inelscSRAM, DRAM, NAND flash, and HDD, we propose an eNVM-based heerarchy that only
uses non-volatile memory technology and provides both pigfiormance and low-power operations.
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Therefore, the state-of-the-art memory hierarchy, as showrig. 1, is facing several challenges. On the performaibe,
the HDD speed becomes a severe bottleneck and its mechatmnigztlire limits the upper bound of the access speed. Adthou
the recent adoption of SSD storage raises the performanek the slow programming speed of NAND flash devices and the
write endurance of0° still hamper the SSD storage to be the mainstream storageeifuture. On the energy consumption
side, the existing DRAM main memory already contributes tlarge portion of the total system energy consumption, and
the increasing leakage power makes SRAM on-chip caches &#dvDoff-chip main memories impractical to scale down to
the next fabrication process level. Therefore, disruptaé@hnologies are strongly required to improve the memoeyanchy

performance without incurring proportional energy conption increment.
TABLE |
CHARACTERISTICS OF EMERGING NONVOLATILE MEMORY (ENVM)

Device type SRAM DRAM NAND flash HDD STTRAM PCRAM ReRAM
Maturity Product | Product Product Product | Prototype | Prototype | Prototype
Cell size 150F2 6F° 4F? (2/3)F? 6F? 4F? 4F?

MLC capability No No 4 bits/cell No 2 bits/cell | 4 bits/cell | 4 bits/cell
Write energy 1pJ 2pJ 10nJ N/A 0.02pJ 100pJ 0.1pJ
Write latency 5ns 10ns 200us 10ms 20ns 100ns 20ns

Write endurance| 101 1016 10° N/A 1016 108 108

In recent years, significant efforts and resources have lpdnon the researches and developments of emerging
memory technologies. Several promising candidates, sschpin-Torque Transfer RAM (STTRAM) [3], [4], Phase-Change
RAM (PCRAM) [5], [6], [8] and Resistive RAM (ReRAM) [9]-[11]have gained substantial attentions and are being actively
pursued by both academic and industrial research. In thik,wee call them eNVM (emerging non-volatile memory). eNVMs
have attractive features such as scalability, fast reagsaczero standby power, and non-volatility. In addition, using
different types of peripheral circuitry design, eNVM carvepa wide design space from highly performance-optimizehe
to highly area-optimized mass storage. However, as showlite |, the drawbacks of eNVMs are their relatively longteri
latency and high write energy (for PCRAM and ReRAM, the lexditwrite endurance is another issue). However, it is still
promising to redesign the memory hierarchy by adoptingouaristyles of eNVMs in different hierarchy levels as dematst
in Fig. 1. Compared to the state-of-the-art designs,



« The non-volatility nature of eNVMs lowers the memory sulteys energy consumption that were originally contributed
to SRAM cache and DRAM main memory;

« The nanosecond-level access speed of eNVMs easily outpesftoday’s SSD and HDD in the storage level of the
hierarchy.

Since eNVM technologies are still premature and they hawvbacks in handling write operations, the challenges of
eNVM research includes: (1) on circuit level, estimationlsoare required for high-level designs to understand anoititéae
the underlying eNVM devices; (2) on architecture level, 1stendard techniques are necessary to mitigate the lortg wri
latency, high write energy, and limited write endurance g¥/#1s; (3) on application level, eNVMs need to demonstraterth
effectiveness in easing the future computing system dssign

Il. BACKGROUND & RELATED WORK

STTRAM uses Magnetic Tunnel Junction (MTJ) as the memory storagdeserages the difference in magnetic directions
to represent the memory bit. As shown in Figure 2, MTJ costaivo ferromagnetic layers. One ferromagnetic layer is has
fixed magnetization direction and it is called the referetayer, while the other layer has a free magnetization dact
that can be changed by passing a write current and it is cHledree layer. The relative magnetization direction of two
ferromagnetic layers determines the resistance of MTJ lansl $tores the data.

PCRAM uses chalcogenide material (e.g. GST) to store informafible chalcogenide materials can be switched between
a crystalline phase an amorphous phase with the applicafidveat. The crystalline phase shows low resistivity while t
amorphous phase is characterized by high resistivity. rEi@ushows an example of a MOS-accessed PCRAM cell. The SET
operation crystallizes GST by heating it above its cryiation temperature, and the RESET operation melt-quenG&T
to make the material amorphous. The temperature is coadrdly passing a specific electrical current profile and geingra
the required Joule heat.

ReRAM is another eNVM technology based on electro- and thermodaneffects in the resistance change of a
metal/oxide/metal system. Figure 4 illustrates the gdnemacept for the ReRAM working mechanism. An ReRAM cell
consists of a metal oxide layer (e.g Ti [9] and Hf [10]) sanclveid by two metal (e.g. Pt [9]) electrodes. The electronic
behavior of metal/oxide interfaces depends on the oxyge&angy concentration of the metal oxide layer. Typically th
metal/oxide interface shows Ohmic in the case of very highirp and rectifying in the case of low doping [9]. The oxygen
vacancy in metal oxide is n-type dopant, whose draft underetbctric field can cause the change of doping profiles. Thus,
applying electronic current can modulate the I-V curve & BeRAM cell and further switch the cell from one state to the
other state.
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These eNVM technologies share some common properties xaane, the advantages of STTRAM, PCRAM, and ReRAM
include fast memory access speed (in several nanosecarlbyte-accessible capability while legacy non-volatiehnologies
are extremely slow (e.g. several microseconds for NAND flasth several milliseconds for HDD) and can only be accessed in
the unit of pages or blocks. Some previous research levethgee advantages to design high-performance file sysigtharid
storage device [13]. However, the major disadvantageseasetlemerging memory technologies are the asymmetric rese/w
latency and energy consumption (for all of these technel)gias well as the limited write endurance (except STTRAR)ly
write termination [14] and write pause [15] are proposed fitigate the performance penalty caused by long write latenc
In addition, several architecture-level techniques, sasfECP [16], dynamically replicated memory [17], SAFER [1&}d
FREE-p [19], are designed to improve the memory moduleitifetunder the limited write endurance condition.

IIl. APPROACH& UNIQUENESS

We study the feasibility of leveraging eNVM in future compudesigns from three aspects. We start the research from
the circuit-level modeling so that an in-house eNVM perfanoe, energy, and area estimation tool is available thrawtgh
the rest parts of the research. Then, we focus on architetduel techniques to mitigate the eNVM drawbacks on long
latency, high energy, and limited endurance of write openat Finally, we conduct an application-level case studerascale
fault-resilience problem to demonstrate how eNVM is catit the future computer system designs.



A. Circuit-Level eNVM Modeling

As the ultimate goal of this eNVM research is to devise a us@ememory hierarchy as shown in Fig. 1, each of these eNVM
technologies has to supply a wide design space that covarecrsm from highly latency-optimized microprocessorhesc
to highly density-optimized secondary storage. Therefepecialized peripheral circuitry is required for eachirj#ation
target. However, since few of these eNVM technologies arturaaso far, only a limited number of prototype chips have
been demonstrated and just cover a small portion of theeedtisign space. Therefore, circuit-level estimation noded
necessary to facilitate the eNVM research by predictingeN¥M performance, energy consumption, and chip area withou
heavy efforts in building prototypes.

Hence, as the first step of this eNVM research, we devdlgim a circuit-level model for eNVM performance, energy,

and area estimations. As an extension of CACTI [20], NVSimpguts not only SRAM and DRAM, but also STTRAM,
PCRAM, and ReRAM.
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Fig. 5.  The memory array organization modeled in NVSim: adrighical memory organization includes banks, mats, arzhrsays with decoders,
multiplexers, sense amplifiers, and output drivers.

Fig. 5 shows the array organization. There are 3 hierarakgldeén such organization, which abank mat andsubarray
Compared to CACTI, the new features of NVSim includes suppbexternal sensing and current sensing, flexible array
organizations and data activation modes, multiple desfgios of buffers, capability of modeling cross-point megnoells,
and extensible user interface.
NVSim is implemented in C++ from scratch, and it contains entbran 20,000 lines of source code. We use it for our later

architecture- and application-level studies. The NVSimaby code can be downloaded at http://www.cse.psu~egdbng/
files/nvsim binary v2.tar.bz2.

B. Architecture-Level Techniques for Alleviating eNVM t&/@®verhead

Compared to volatile memories such as SRAM and DRAM, eNVMe&more stable data keeping mechanism. Accordingly,
it needs to take a longer time and consume more energy to dietive existing data. Hence, the major drawbacks of eNVM
are the relatively long write latency and high write eneigyaddition, the switching mechanisms of PCRAM and ReRAMseau
cell wear-out and lead to limited write endurance. Sinces¢h@rawbacks are the intrinsic device characteristics of\é$y
techniques on higher levels are needed to alleviate thesedsin this work, we propose three techniques for allegaNVM
write overhead. For these studies, NVSim is used to get théMeNache parameters such as access latency, access energy,
and occupied chip area. Upon circuit-level eNVM data, fylstem Simics simulations are run to predict the architeekevel
effectiveness of each proposed technique.

Read-Preemptive Write Buffer: Write buffer is a common technique to hide long write lateridgwever, the normal write
buffer is not sufficiently effective to hide the extra longdlacy of eNVM write operations because multiple read opemat
can be blocked by an ongoing write operation and thus dedstibarm the overall performance. To solve this problem, we
design a priority policy to grant read operations the righft€anceling an ongoing write operation in some conditidrtse
scheduling rules of such buffer are as follows,

« Rule 1:The read operation always has the higher priority in a coitipetfor the execution right;

« Rule 2:When a read request is blocked by a write retirement and tlite Wuffer is not full, the read request can trap

and stall the write retirement if the progress of that wrgdrement is less than 50% as shown in Fig. 6. Then, the read
operation is granted the execution right. The cancelletewstirement will be retried later.
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Fig. 6. In a read-preemptive write buffer, the read openatioan be granted over the ongoing write operation if the nessgof that write operation is less
than 50%.

Hybrid SRAM-eNVM Cache: The aforementioned read-preemptive write buffer hideseth&M long write latency, but
the total number of write operations remains the same. Ieroral reduce the number of write operations to eNVM cache
lines, we propose hybrid SRAM-eNVM cache as well. The prepdsybrid cache implementation is that, instead of building



a pure eNVM cache, we compose the ways in each cache set witjaaityn of eNVM cache lines and a minority of SRAM
ones. The main purpose is to keep as many write intensiveinléh@e SRAM part as possible and hence reduce the number of
write operations to the eNVM part. The management policyhef iybrid SRAM-eNVM cache can be described as follows,
« The cache controller is aware of the locations of SRAM cachgsrand eNVM cache ways. When there is a write miss,
the cache controller first try to place the data in the SRAMheaways.
o Data in eNVM lines will be mlgrated to SRAM lines when they aecessed by two successive write operations.
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Fig. 7. Block diagram of the suggested data inverting cachkitacture for eNVM lifetime improvement.

Data Inverting: Besides long write latency and high write energy consumptioe finite write endurance is another major
challenge for PCRAM and ReRAM implementation. To improveithifetime, we design a data inverting architecture, veher
a read-before-write logic, a data inverting logic, a bélishifter, and a word-line remapper are integrated with théM tag
and data arrays as illustrated in Fig. 7. The amount of vgibits are reduced by two factors,

« Read-before-writeDirectly writing data into eNVM cells wastes energy and thenter of writes allowed for an eNVM
cell because it mostly performs redundant writes, i.e.,ni@ value written to an eNVM cell is the same to its previous
value.

« Data inverting: When we write a new data value to a cache line, we first readuiteent data value, and compute the
Hamming distance between the two values. If the calculaisthnte is larger than the half of the cache line size, we
invert the new data value before storing it.

Since this technique reduces the number of writes, it resltloe write energy consumption as well.
With the help of these proposed techniques, we later shotthieawrite overhead of eNVM is alleviated.

C. Application-Level eNVM Case Study on Exascale FaultliBese

One of the system-level applications that we have considereeNVMs is to enhance the HDD-based checkpointing/ealkb
scheme, which is one of the most common approaches to ersurfault-resilience of a computing system. In the current
petascale computing systems, the HDD-based checkpoiatiagdy incurs a large performance overhead and is not aldeal
solution for the future exascale computing. To solve thisbfem, we investigate how to use eNVM technologies to prvid
a low performance penalty fault-resilience scheme.
—
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Fig. 8. The local/global hybrid checkpoint model.

Our proposed eNVM checkpointing scheme is a hybrid one witth blocal and global checkpoints. Using such scheme,
every node has a dedicated local eNVM storage that perilbhdizcacks up the state of each node in their own private storag
coordinately. In addition, a global checkpoint can be madenfan existing local checkpoint. Fig. 8 shows the concdptua
view of the hybrid checkpoint scheme and the detailed cheiokipg steps are as follows,

o Step 1:Each node dumps the memory image to their own local eNVM gh&icks;

« Step 2:After several local checkpoint interval, a global HDD chpalnt is initiated, and the new global checkpoints are

made from the latest local eNVM checkpoints;

« Step 3:When there is a failure but all the local eNVM checkpoints @aeessible, the local eNVM checkpoints are loaded

to restore the computation;

« Step 4:When there is a failure and parts of the local eNVM checkpoare lost (in this case, Node 3 is lost), the global

HDD checkpoints are loaded, and the failure node is substitby a backup node.

This design takes the advantage of eNVM fast access speaubsi the local checkpointing performance and the low cost

HDD storage to provide the full fault coverage.



IV. RESULTS& CONTRIBUTIONS
A. NVSim Validation

The NVSim performance, energy, and area estimation toobiglated against several eNVM industrial prototypes. The
validation results against STTRAM [4], PCRAM [5], and ReRAM.] are listed in Table Il, Table IIl, and Table 1V, respeetly.
The NVSim validation results show a reasonable alignmeiitstmmodeled targets.

TA I

BLE Il TABLE | TABLE IV
STTRAM MODEL VALIDATION WITH PCRAMMODEL VALIDATION WITH RESPECT RERAM MODEL VALIDATION WITH RESPECT

RESPECT TO A65mm 64Mb STTRAM TO A0.12um 64Mb MOS-ACCESSED TO A 0.18um 4Mb MOSFETSELECTED

PROTOTYPE CHIFA4] PCRAMPROTOTYPE CHIF[5] RERAM PROTOTYPE CHIF[11]
Metric | Actual Projected Metric | Actual Projected Metric | Actual Projected

Area | 39.1mm? | 33.2mm?2 Area | 64mm? 60.9mm? Area | - 33.42mm?
Read latency| 1lns 9.9ns Read latency| 70.0ns 65.9ns Read latency| 7.2ns 7.72ns
Write latency | 25ns 15.3ns Write latency | > 180.0ns | 180.6ns Write latency | < 7.2ns | 6.56ns

B. Effectiveness of Architecture-Level Techniques

To evaluate the effectiveness of the proposed read-préamptite buffer and the SRAM-eNVM hybrid cache techniques,
we use 8MB STTRAM to replace a 2MB SRAM L2 cache in a 4-core ghidtiprocessor example. The high eNVM cell
density makes 8MB STTRAM caches have comparable silicoa aith 2MB SRAM caches, and thus have the advantage in
larger cache capacity. However, without any techniquescty replacing SRAM caches by STTRAM ones causes an dveral
performance loss. In contrary, the adoption of our two pssgbtechniques improves the overall performance by 4.9% and
reduces the total energy by 73.5%.
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Fig. 9. The performance improvement and energy reductiter applying the read-preemptive write buffer and hybridheatechniques.

In addition, by properly using data inverting writes in PORAache designs, we could further achieve 8% of energy saving
and 3.8 years of lifetime with 17% of chpi area overhead coegbavith the baseline designs.

C. Instant Checkpointing for Exascale Computing

To assess how the eNVM can be the disruptive technology theés the high performance overhead problem caused by
today’s HDD-based checkpointing, we first derive a localbgll hybrid checkpointing performance model, and using thddel
we estimate the checkpointing overhead from a current h&@&S system to a future projected exaFLOPS system. Fig. 10
shows the performance overhead increment trend for HDBéaheckpointing and eNVM-based hybrid checkpointing.

123/4 HDD-based checkpointing
0
_11%3? eNVM-based local and HDD-based global checkpointing
0
8% eNVM-based local and eNVM-based global checkpointing
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Fig. 10. The performance overhead of eNVM-based checkipgimanging from petascale systems to exascale systemsdfined to the computation time).

The results show that the slow HDD checkpointing has trosickding beyond 1 petaFLOPS without taking a heavy hit
in performance. The introduction of local eNVM checkpangtihelps scale beyond 5 petaFLOPS, the poor scaling of HDD
bandwidth hampers the benefit beyond 20 petaFLOPS. The usB\df1 for both local and global checkpoints eventually
raises the bar to a exascale system.

D. Contribution

Several technical conference and journal papers have beelisiped during the progress of this research [21]-[30]. We
believe that such research will initiate a novel researakctipn in high-performance system design and investitfage
impact of eNVM technologies on future computing systemsulécess, this research will support the deployment of nmoder
microprocessor designs that use eNVM technologies.
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