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Abstract—It has been foreseen that some of the roles assumedelectric RAM) as a fast storage medium [1]-[6]. Especially,
by conventional rotating hard disk drives (HDDs) will migrate to  solid-state drives (SSDs), typically built with NAND flash
solid-state drives (SSDs) and emerging persistent RAM storages memory, have been slowly yet increasingly penetrating the

New persistent RAM storages have critical advantages over HDDs |
and even SSDs in terms of performance and power. Persistent market as HDD replacement or complement, and are currently

RAM technologies are flexible enough to be used for both storage Mass-produced [7]-[9]. However, undesirable artifactfash
and main memory—in future platforms, this flexibility will allow ~ memory result in design complexities of SSDs and limit

tighter integration of a system's memory and storage hierarchy. performance. For example, flash memory has a coarse-grain
On the other hand, designers are faced with new technical access unit, requires costly erase operation before wyitin

issues to address to fully exploit the benefits of persistent RAM d t t in-ol dat d i biect t it
technologies and hide their downsides. 0es not support in-place update, and 1s subject 1o write

In this paper, we introduce PRISM (PeRslstent RAM Stor- €ndurance limitations. In contrast, emerging persistesiviR
age Monitor)—our novel infrastructure that enables exploring like PCM and STT-MRAM do not come with many of these
various design trade-offs of persistent RAM storage. PRISM restrictions (see Section Il for more on this). Researchegs
allows designers to examine a persistent RAM storage’s 10W- papce actively exploring the potential of using persisRAM

level behavior and evaluate its various architectural organizatios . .
while running realistic workloads, as well as storage activities of in storage systems and how such storage systems will change

a contemporary off-the-shelf OS. PRISM builds on kernel source the overall system architecture [1], [10], [11].
code level instrumentation and the standard Linux device driver Modern storage systems are complex, comprised of multiple
mechanism to generate persistent RAM storage traces. Moreove |ayers of software and hardware components that interplay.
PR'S'lv' includes a storaRngarchitectur:e gim“'ator to faithf“”¥ They include the file system, OS block 1/O stack, device drive
H?Sftfatrga%%rvvpirﬁ('ftsv?fh whats tgréllgseM acrar‘]'v agglg otrr\]wg oSsgrtls.Weo (software components), bus, chips, and .devices like HDD and
present a case study that involves running an OLTP (on-ine SSD (hardware components). These diverse components are
transaction processing) workload. PRISM successfully provides tightly bound up with each other and affect the overall sjera
the detailed performance analysis results, while incurring accept- system performance. Therefore, it is important to maingain
;b'ae ngézfﬂgdtsdo'?af‘g?%gglé’r‘ijr:ge’;%‘?ggt‘gst' ‘I’?"i'\t/’legtec‘)’%égaggg;’wholistic view throughout the storage system design proaeds
choices ranging from OS-level resource management policy down av_0|d focusing on only a single aspect of the storage SyStemj
to chip-level storage organization. With adequate measurement and system performance analysis
tools, one can design storage software to fully mask/ekiiiei
underlying recording medium’s physical characteristioshs
as slow seek time and ease of bulk transfer (in the case
HDDs have been the choice secondary storage for modefnHDDs). Likewise, the hardware components can also be
computers since they appeared in mid-50s. Unfortunatetyystomized to utilize the software components’ charasties
they present one of the long-standing system performarsgch as the I/O scheduling policy and the file system.
bottlenecks due to slow access latency and power burningdeally, a storage researcher would run real workloads
mechanical operations. More seriously, as the DRAM tecbn a persistent RAM storage model and measure how the
nology continues to improve its speed and density every, yeaorkloads exercise the underlying persistent RAM devices
the performance gap between main memory and secondaryfully understand their interactions. Yet, to the best of o
storage becomes larger and larger. Fully addressing tbls prknowledge, there exists no publicly available tool to (19wl
lem remains a daunting challenge; researchers have pmposestorage researcher to run large realistic workloads on a
various techniques at multiple design layers includingagm persistent RAM storage model, (2) expose low-level pesist
I/0 buffering with fast RAM, host buffer caching and OS-leveRAM storage behavior (without assuming the traditionatklo
disk scheduling. These optimizations successfully haadlg 1/O interface), and (3) evaluate a variety of design choines
portions of the problem as a first-aid patch to the fundanten&ingle integrated framework. The contribution of our wosk i
limitations of the rotating HDD. to design and implement PRISM, a novel infrastructure to ex-
Recently, the storage research community is paying muplore various design trade-offs of a persistent RAM stoliage
attention to solid-state memory technologies such as flagms of performance, reliability, and energy. PRISM eeabl
memory, PCM (phase-change memory), STT-MRAM (spirthe user to look deeply into persistent RAM storage behavior
transfer-torque magneto-resistive RAM) and FeRAM (ferrainder real workloads including contemporary off-the-5kxb

I. INTRODUCTION



TABLE |
COMPARISON OF PERSISTENRAM TECHNOLOGIES[4]. *F IS THE FEATURE SIZE OF A GIVEN PROCESS TECHNOLOGY

Latency Program| Allowable | Endurance| Density
read | write [ erase| Energy | Access unit

NAND flash | 25us| 200us| 1.5ms| 10 nJ | page/block| 10°~10° | 4~5F?
PCM 20ns| 100ns| N/A | 100 pJ byte 1B~10° 5F?
STT-MRAM | 10ns| 10ns | N/A | 0.02 pJ byte 10™ 4F?
FeRAM | 75ns| 50ns | N/A 2 pd byte 1083 6F2

activities. We have implemented PRISM in the Linux 2.6.24s a direct replacement of DRAM in main memory [17]-[19];
kernel. however, they do not study persistent RAM’s storage aspect.
In the remainder of this paper, we will first describe the We expect that technological advances will continue en-
trend of persistent RAM technologies to further motivate olnancing the operational characteristics of persistent BAM
work in Section Il. In Section 1ll, we will describe PRISMas well as dropping their cost per GB. Therefore, a large
in detail and its current implementation status. We willrthepersistent RAM storage (as alternative or complement to HDD
present a case study with experimental results collectéldl waind SSD), directly accessed via the CPU’s memory interface,
PRISM to highlight its capabilities in Section IV. Lastlffter has the potential to become a reality. With this outlook, we
discussing related work briefly in Section V, Section VI wilfeel that there is an imminent need to explore key design

summarize our current and future work. aspects of a persistent RAM storage—from OS-level virtual
memory manager (VMM) to file system design to chip-level
Il. BACKGROUND organization. The fact that there is no publicly availaldelt
for us to address all these aspects strongly motivated us to
A. Emerging Persistent RAMs develop PRISM.

SSDs, primarily built with NAND flash memory today, offerg. Conventional Storage System
faster access latency, lower energy consumption and monﬁraditionally

shock resistance than HDDs. Various uses of SSDs had’@\/ice interface regardless of the underlying recordinghme

been proposed to bridge the performance gap between MAsm (e.g., HDD and SSD). As a result, storage systems
memory and secondary storage [12]-{14]. Unfortunatel;zhflat pically share key datapaths through multiple softwayeta

memory has properties that complicate the design of the loyy° ..o | the storage medium. Fig. 1 depicts the major strata
I_evel storage management software (often called ﬂasmaﬁnﬁhat spans an entire storage system in the case of the Linux
tion 'ay_e'f or FTL). A flash memory cell c_annot be oyerwntterbs_ A read or write request generated by CPU will travel from
before it s first erased (“erase—pefp re—wrlFe" constraikiore- top to bottom along the shown stack to handle the request,
over, each memory cell has limited write endurance. Af'[%trnd then traverse back to the requester with either theedksir

reaching this write endurance limit, further writes to thedl c data or acknowledgment on the completion of the requested
become unreliable. Read, write and erase units are muatrlar

than byte. Most critically, the scalability of the flash memo gperatlon.
technology is questionable [1].

New emerging persistent RAMs, such as PCM, STT-MRAM
and FeRAM, do not come with some of flash memory’s Virtual File System (VFS)
shortcomings; they are in-place updatable, byte-addbéssa Individual FS (EXT3, NTFS, HFS, TMPFS, etc)
and typically have higher write endurance. Table | capttires Eufierfigecleaic
main characteristics of the NAND flash memory, PCM, STT- Bl /1O Leviey

the secondary storage has maintained akbloc

MRAM and FeRAM technologies. While a persistent RAM’s HDD device driver
access interface is similar to that of a conventional RAM, it ‘
cell-level operation resorts to fundamentally differehygical

phenomena such as phase change (PCM), magnetization (STT-
MRAM) and polarization (FeERAM). “

Because persistent RAMs are byte-addressable, resemrcher
have evaluated their potential as CPU addressable menwry. F Fig. 1. Conventional storage system stack.
example, [15], [16] utilize FeERAM as fast intermediate atye
to improve the file system performance. However, their work For further exemplification, let us consider how a read
evaluated a file system under a unrealistically miniatarizeoperation is handled. Once a user application issuesstu)
environment with only 8 to 16 MB of FeRAM. Meanwhile,system call, the request is first passed to the VFS (Virtual Fi
computer architects are actively evaluating persistenMRA System) layer, a generic abstraction layer on which diverse



file systems can co-exist. Then the request is transferred to memory—a persistent RAM storage design is still ex-
the specific file system where the desired data resides. In an pected to incorporate a wear leveling scheme. However,
ensuing process, the kernel looks up its page cache thas hold wear leveling can be merged into the existing OS's page

in-memory file objects; if the requested data object is nohtb allocation/reclamation policy. As a result, such a strateg
there, the read request keeps journeying down the stackeln t can not only obviate the need for a heavy FTL common
block 1/O layer, an internal I/O request entry is assigned fo in flash memory based storages, but also enable smart

this read, and then queued up until the request proceeds to th  wear leveling control with system-wide knowledge of
head of the queue and the device driver is ready to handle the memory-storage interaction.
request. The device driver will communicate with the handwa 4) Exploiting parallelism: A HDD does not by itself

disk controller to perform necessary low-level data trarsf expose parallelism when retrieving recorded dafen
The disk controller will eventually notify the device drive offset the cost of mechanical head-arm movement,
of the completion of transfers with the requested data. iauri disk scheduling algorithms consider multiple disk ac-
data transfer, data will be stored as in-memory file objexts a cess requests simultaneously and cluster them based
the user application resumes its execution with the deslatal on their proximity on the platter. On the other hand,
after the kernel finishes copying the data from the kernedspa with persistent RAM, data access parallelism is revealed
to the user space. by introducing multiple channels to chips/modules and
Given the large number of layers a request and data have to banks (aka planes) within chips. Hence, data mapping
go through, obviously, streamlining the storage 1/0 datapa and interleaving must be carefully coordinated in the
can bring sizable performance benefits. Recently, some SSDs hardware design as well as the OS-level management
deviate from this “conventional” stack architecture to bgp a policy.

few layers. For example, FusionlO's ioExtreme [9] makes ugg| these architectural and system design consideratiams c
of a specialized file system, a simplified OS block 1/O layegramatically affect the performance of a persistent RAM
and the PCle (PCI Express) interface. Such design changgsrage—its access latency, reliability, energy consummpti
are likely to happen for persistent RAM storage systems gfq storage utilization. Now, the following section will -de
well due to their drastically different physical charatd#ts scripe PRISM, a novel infrastructure that enables a persist
from rotating HDDs. RAM storage designer to explore these considerations in an
integrated manner.
C. Designing Persistent RAM Storage

Major architectural and system design changes are artiécipa . PRISM
with the introduction of persistent RAM as the main storag& Overall Architecture

medium: . ) o
To consider all key design aspects together, we take a ieolist

1) File system: Since the storage medium is uniformlyemulation approach in PRISM design, involving the OS, file
random addressable and does not mandate block—grargg

X X §tem, and storage hardware architecture. The primargrdes
operation as a HDD or SS_D does, a rjatural file SYStefibals of PRISM are: (1) realistic but fast storage system
design strategy CO,UId be.amrm.emory file systenThis monitoring, (2) ease of functional extension by modular de-
strategy he!ps avoid dea_l |ng_W|th an unnecessary and Q gn, (3) flexible user configurability, and (4) automatedada
ten expensive block device interface on accessing a fI%alysis. To achieve the goals, PRISM is structured into two
To a9h|eve the_ hest perform.an.ce, a new file SyStem,mlﬂﬁéjor components as Fig. 2 depicts: the front-end tracer tha
consider physical g:haractensucs of the target PErsIStqh cks and records various storage activities (Fig. 2(aj)the
RAM storage medium. : i #Jack—end (off-line) simulator calleBSDSim(Persistent RAM

2) 0S so_ftware stack: Thgnks to desirable properties 0Storage Device Simulator) that post-processes a tracedbase
a persistent RAM medium, the depth of the OS stora the user-defined storage configuration (Fig. 2(b)).

related software stack can be greatly reduced, resumngConceptually, a user would trace OS-level file /O actigtie

in atrlllmr:er, more efff|C|ent sof:\:/vare stackl and 'mprlf\ée\glith the PRISM probing facility that is deeply embedded
overall storagé performance. or €xample, a sma ide the kernel. The collected traces are then fed to P8DSi

update request does not need 1o incur block-gran 8nfigured with the user input. Lastly, the user extracts the

operations (e.g., creating, copying, and transferring dsired information e .
X g .g., wearing of cells) and evaluate a
block with DMA) because a persistent RAM can addre articular aspect of the storage design (e.g., wear layelin

bytes and support in-place updates. Moreover, a per é?@orithm) under consideration. Note that the two comptsen

tent R'SM,S fulygorm fast acgess Ia}.‘eniyd\/\:'/lghelﬁ Sdla;%an be either coupled together to work on-line or decoupled
a number.o queues and complicate scheduling, needed; we describe them separately in the next subsectio

schemes. .
. . . to contrast their roles.
3) Wear leveling: Since some persistent RAMs such as

PCM are S_Ut_)je_Ct to limited write cycles—although the 1At the system level, parallel data access is enabled byimgimultiple
expected limit is much larger than that of NAND flastHDDs when data are interleaved among them, e.g., RAID-5.
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Fig. 2. PRISM architecture.

B. PRISM Components tracer” can keep track of the changes in file metadata such as

Front-end tracer. In this work, we have modified Linux UPdates in the node structure.
2.6.24, especially thenpf s file system [20] and the generic PRISM provides a convenient method with which a user
file system layers to trace file 1/O activitiesopf s is a main ¢an specify his or her own tracer and how it connects to other
memory based file system and was originally invented for pésernel modules. Much like a typical Linux device driver, kac
formance enhancement of short-lived file accesses by agpidPRISM tracer is implemented as a kernel module utilizing the
costly disk I/0. Because its main focus is to handle temporap! oc file system interface for interacting with the kernel and
file objects efficiently, it does not assume a persistent omadi 1099ing. Whenever a specific activity happens in the kerhel, t
to store file data. call-back function of the corresponding tracer will be iked
While its original design objective is different from ours!o perform a designated tracing task. By modularizing trsice
t npf s offers an attractive framework for use in PRISM fonly necessary tracers will be loaded into the kernel so that
several reasons. First of alt,npfs is an in-memory file PRISM can keep kernel operations lightweight during trgcin
system that has already been built in the mainline Linukack-end simulator (PSDSim).Raw file I/O traces that we
kernel. Second, it serves our design objectives well in the@llect with the PRISM front-end are fed to the back-end
it “emulates” byte-addressable file data update and islyigh@rchitecture simulator. Hardware and device driver destgn
coupled with the kernel’s resource management policie sueften ask if a particular storage organization improves the
as page allocation and reclamation. Moreowempf s can overall system performance, power, and lifespan. PSDSim
resize its allocated memory resource dynamically withie tHacilitates exploring persistent RAM storage design trade
capacity set by the user (unlike other popular RAM drives likoffs by allowing the user to define a persistent RAM chip
randi sk). t npf s can even increase its size beyond the sy§onfiguration, an interconnection topology, a wear legglin
tem’s main memory capacity, to as much as the main memd#gorithm, and an energy consumption model.
plus the system swap space. Additionatiypf s enables us  Fig. 2(b) shows the hardware specific back-end modules:
to observe how well a persistent RAM storage cooperates wiiersistent RAM storage controller (PSC), wear leveling em-
the existing virtual memory policies (much tuned to workiwit ulating system (WES) and persistent RAM storage energy
a HDD), even before we design a specialized file system fonodel (PEM). PSC simulates bank conflicts and implements
persistent RAM storage. This will help file system designeggnflict resolution policies (e.g., round-robin for seevifair-
by identifying what they have to change and support. ness). It works with WES to lessen biased writes to specific
Various “pluggable” tracers within the PRISM front-endpersistent RAM banks with no direct intervention with the
can trace specific storage access behavior. Note that a PRISS VMM. PEM enables us to estimate energy consumption
tracer tracks file /O activities on the byte-addressaldeagle Of storage access activities.
model instead of the block storage device model like HDD Finally, to aid users with fast and intuitive data analysis,
or SSD. For example, our “write pattern tracer” can gath&SDSim includes a statistics analysis module (PSA). PSA
information on file data being written, such as virtual angarses and formats a set of traces according to a user spec-
physical addresses accessed, write size, and actual \atie dfication. It also automates the process of visualizatiothwi
Similarly, a “read pattern tracer” can capture informatimrch  Ssimple scripting support.
as accessed addresses and requested data size. A “metad&ar higher flexibility of architectural exploration, PSD$i



takes the following design requirements into account: as well as at the file system level. Although our current
« Persistent RAM chip configuration: It has not been implementation leaves room for further improvement in term
fully understood what is the best internal organizatiofif tracing overheads, our experiment shows that the oveehea

for a persistent RAM chip for storage systems. Fctre very moderate (Section IV-C). Trace modules are small in
example, how many banks per chip will be good? Wha&bject size. The heaviest tracer module is about 134 KB.

are adequate read and write bandwidth sustained by eacfror the PRISM back-end simulator, we have implemented
bank? How many entries do we need in an on-chip wrignd validated the most important functionalities of a gjera
queue? To answer these questions, the user must hg@¥ice. PSDSim can currently take and parse raw tracescpasse
ability to configure the internal hardware organization dfom the front-end tracers and run architectural simufetio

a persistent RAM chip. according to a user-defined storage configuration. In our

. Storage device configuration:We also want to be able current implementation, the timing-accurate PSC can feandl
to configure a storage device—a physically or logicalljead and write requests to the modeled persistent RAM arrays
separable hardware unit that hosts the storage capa@fid the WES can realize a perfect wear leveling scheme
seen by the user (e.g., persistent RAMs mounted onbased on a per-page write counting mechanism similar to [34]
DIMM (dual in-line memory module)). The most im-In addition, the PEM supports a simple energy consumption
portant parameter here is the total storage capacity afi@del based on the cell access energy information (e.g.,
how the capacity is split into different (chip or DIMM) Table 1). Another model we have adapted in the PEM uses
packages. Furthermore, it is desirable to model a stora@jéblished device characteristics, e.g., [35]. Our neamte
system having multiple storage devices, e.g., organizé#ure work includes: Testing PSDSim with a multiple starag
in a RAID-like arrangement to exploit device-level pardevice configuration by additionally implementing elaliera
allelism and enable failure recovery. Therefore, PSDSifiterconnect models and supporting a storage system level
need the ability to model and evaluate the performance ®fergy consumption model.
multlple_ storage devices connected in diverse intercannec IV. CASE STUDY WITH PRISM
topologies.

. Management granularity: Although the persistent RAM In this section, we present a case study to illustrate whatea u
storage envisioned in this work is byte-addressable, than do with PRISM. Before describing our experiment further
storage may utilize a larger unit than a single byte #t us make two assumptions. First, we assume a persistent
efficiently implement certain management policies sudRAM storage managed directly by the Linux VMM without
as wear leveling and garbage collection. To this end, P&-dedicated storage management software layer such as FTL
DSim should support configuration of “page size,” whicfin SSD. Our storage models mimic a single address space
is the minimum unit with which the system managemeriiémory and storage system [1]. Second, we are interested
software keeps track of wearing information and reclainig observing write patterns (rather than read patternsheéo t
resource. persistent RAM medium for enhancing write endurance. We

« Wear leveling strategy: Since some persistent RAMschoose this scenario because wear leveling issues may still
have limited write cycles, PSDSim must provide a framgemain an important problem in the future for the persistent
work to compare different wear leveling strategies. AIRAM storage.
though there have been many wear leveling strategilgs
developed for SSDs and some of them may be relatively
easily adapted to the the persistent RAM storage, PSDSHfr experiments, we employ an on-line transaction proogssi
should provide high flexibility for the user to explore newpenchmark (TPC-C) [21] that has a sufficiently large number
wear leveling ideas specifically targeted to the persiste?f file update operations to exercise and wear individuat sto
RAM storage. age cells meaningfully. TPC-C is a representative benckmar

« Energy model: To provide fast and accurate energyo €evaluate the transaction processing performance of mod-
estimation, PSDSim should include a configurable ef!n database systems. The benchmark first creates database
ergy model to Compute energy Consumption of a giv@phemas that result in nine Separate tables and then pierpulat
persistent RAM storage. The energy model should [ﬁ@Ch table having different cardinality according to th&Ci®
sufficiently detailed and should separately report energfandard requisites. Once all the tables are preparedetiehb
due to chip-level structures like address decoder, memdRark starts processing queries requested by a pre-detstmin
cell array and sense amp”ﬁers, as well as more Systefﬂlmber of users. This simulates a typlcal on-line transacti

Experimental Setup

level structures like interconnects and controllers. processing situation that involves multiple customerg.(e.
Amazon e-market). For this study, we specifically make use
C. PRISM Developmental Stage of an implementation by Llanos [22], which includes an open-

As of this writing our PRISM front-end tracers are fullysourcePost gr eSQL 8.1.4 as database engine.

functional and are capable of tracing both data and metadat®uring measurement we run a 2-hours test with a single
accesses into a namea oc file. They can monitor storage warehouse and 10 terminals. Also, we set the 20-minute
activities within the OS kernel at the system software levehmp-up period before starting the actual measurements and
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Fig. 3. TPC-C write access patterns for file data on perdistétM storage.

do not perform hourly “vacuum” operations, which remove The result also shows that there are many smaller writes than

performance-sensitive residual information from the dase.

Table Il summarizes our experimental environment.

TABLE I
EXPERIMENTAL PLATFORM.

CPU Intel Core Duo T2300

Core Clock Speed 1.66GHz

L2 Cache 2MB

Main Memory 1GB SDRAM

(0 Linux Kernel 2.6.24.7

File System Tmpfs 10GB capacity
Workload TPC-C two hour measurement

B. Main Results

a page size, which would typically incur a full block update
in a block device like HDD or SSD (see the first column in
Fig. 3(c)). Note that the result so far is for file data writather
than metadata update. As we will discuss shortly, metadata
update is frequently on relatively small data structures. F
example, thd node structure size of the populaxt 3 file
system is only 128 bytes.

From Fig. 3(a) and Fig. 3(d), we find that VMM allo-
cates a number of pages from the low-memory (following
the Linux jargon) below the 893 MB line, while there are
highly clustered accesses to pages allocated from the high-
memory around the 1 GB line to handle high page demanding
situations. Since we perform this experiment on a 32-bit
machine (see Table 1), the Linux kernel is able to address a
maximum of 1 GB address space. Because the small number
of high-memory pages are repeatedly reused on every page
shortage situation, such references form a “spike” in tigh-i

File data update pattern. Fig. 3 and 4 depict the file datamemory region while other pages have a much smaller reuse
and metadata update patterns observed during measurenfgint of less than 10. Fig. 3(d) manifests the per-page reuse
Fig. 3(a) shows that TPC-C issues temporally dense fip@ttern of the TPC-C benchmark.

write operations for updating database tables at arour@4,0 Fig. 3(e) and Fig. 3(f) plot the inter-arrival time between
second. We also observe from Fig. 3(b) that a large portieoccessive write requests. Notably, (near) zero intévedrr

of file write operations are for 4 KB size even if the mostime is dominant and timing gaps are centered around at less
common write request size was 8 KB, as shown from Fig. 3(¢han 100 seconds. We found that (near) zero inter-arrima ti
This is due to an artifact of the Linux kernel: It first cutsoccurs frequently because: (1) our platform has dual out-of
up large file data into 4 KB pages and then performs pagerder processor cores and (2) the most common request size
size writes. The largest write request from our TPC-C traie 8 KB (greater than the 4 KB page size), thereby creating
was 57 KB, which was completed by 14 separate 4 KB writeany 4 KB requests that are issued nearly simultaneously.

operations (plus a smaller write).

Meanwhile, write requests having an inter-arrival time edd
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than 1 second have a bimodal distribution with peaks near tst®ring metadata are prone to wear out faster than cells for
ends of the 1 second span missing successive write requditsdata. While the file data are updated with explicit file
distant of nanosecond or microsecond. Storage designers maite operation, metadata are often updated with both fileewr
make use of this characteristic to determine the size anthdepnd read operation in order to keep the file information up-
of request buffers on a storage controller. to-date. For example, file reference count should be updated
File metadata update pattern.Fig. 4(a)—(c) show the accesshenever a process newly opens the file to read. Otherwise,
pattern for metadatai-node’s i _atine field. Metadata the OS may close the file prematurely when the reference
updates are particularly interesting to us because menalsy ccount is (wrongly) zero. Since the storage space to store



metadata is typically smaller than that to hold file data, tHlgorithm 1 Example write endurance management in WES
number of pages touched for metadata updates is also small{ initialize currentthreshold and counters (ucount)

as shown in Fig. 4(a). However, when a storage designer has teurrent_threshold«— init_val

consider the wear leveling issue of storage cells, the nuwibe for k=1 to NUM_PAGESdo

pages touched by metadata is likely to increase becauss page pagek :: ucount— 0

holding metadata may move around all pages within storageend for

device. This leaves designers a question of how the migratio // perform write endurance check

of metadata pages should be done to achieve longer lifetimdf pagei :: ucount> current_thresholdthen

of memory cells. if there exists a page having ucoutiturrent threshold

Hardware resource utilization. The spikes in Fig. 4(b) and then

4(c) show that there are unbalanced page updates for metadat ~ Page] = getCleanPagelD)
these pages must be handled carefully to keep them from  Page]::ucountt+
rapidly reaching the write endurance limit. To investigttis else

situation in detail, we repeated experiments after orgagiz pagei :: ucount«— 1

our persistent RAM storage in relatively small 1 GB capacity current thresholdt- = 1
consisting of four packages. Each package holds two dies, €nd if

each having 8 planes. else : i
: . agei :: ucoun
Fig. 5 presents the results, from which we make severalenl?j i? i

interesting observations. First, there are unbalanceifeteht
levels. Fig. 5(a) shows that references are headed to etiffer
packages in different amounts: Low-numbered packages ¥ PRISM Overheads

ceived more references. Furthermore, two dies in each packa ] ,
are accessed differently in frequency. For example, die 1 'g#Stly, we looked into how PRISM affects a program’s I/O

package 3 is predominantly accessed, leaving its siblig dierformance by running the |0zone benchmark [23] with
0 far behind. Fig. 5(b) shows that there is additional unequa00 MB file write operations. We do not measure overheads
access pattern within a single die. Especially, plane 1 én 0_qlue to the ba_ck-end PSDSim because it can be easily offloaded
0 was updated rarely while all other planes show a relatively 'éal experiments. o . .
balanced usage. Lastly, Fig. 5(c) plots the per-plane epdat Our measurement showed that file writes with full-tracing
frequency across all packages and dies. We again find siynild?RISM have a modest slowdown ef3.5x compared with
unbalanced usages. Quantifying all these unbalanced wagdnmodified t mpf's. While our current implementation re-
memory cells (in different planes) helps the user undedstaf'a/ns room for improvement, this slowdown is acceptable for

how data must be interleaved and how wear leveling must B¥Periments involving large workloads. When compared with
done given a hardware organization. HDD, PRISM is an order of magnitude fasterX1.5x), even

Wear leveling effect. To manifest the potential write en-When sequential file write operations are performed (which i
[avorable to HDD).

durance problem of a persistent RAM storage more clearly,
we reorganize our hardware in this experiment and decrease V. RELATED WORK

the single plane capacity to 2 MB (i.e., finer-grain intevieg  There have been considerable efforts to develop tools te ana
of data). Note that we keep the overall storage capaci)ye storage behaviors and perform architectural exgtovat
unchanged. In what follows, we will summarize most notable previously
As a result, Fig. 6(a) displays the heavily skewed useeveloped tools that are closely related to our work in two
of the available planes; lower-numbered planes are sttluscategories: kernel tracers and storage-architecturelaions.
much more frequently than higher-numbered ones. To elulernel tracers. One of the better-known tracers used today
this undesirable situation, we apply a simple round-roRR) in storage system studiesh$ kt r ace [25]. It keeps track of
wear leveling policy assuming a flexible data to plane magpi/O requests to a block device by recording the logical block
capability. With RR, when a page’s update count reaches-a pagldress, type, and size of each request. While this tool gesvi
defined threshold, a “clean” page frame with a small updatietailed block I/O request information, it cannot traceaage
count is identified and the page is migrated to the selectadtivities not going through the conventional block 1/Oday
page frame. If no clean page frame is found, WES (explained in the case of a persistent RAM storage on the system’s
in Section IlI-B) globally increments the write limit by onememory busDi sknon [26] is a similar utility for the NTFS
conservatively. Algorithm 1 lists in pseudo-code the abovide system of the Windows OS.
sketched algorithm. This simple RR policy may not achieve Although it was not originally designed for storage system
the best wear leveling performance, however, is selectedttacing, pagemap [27] is another tracer to note. It traces
highlight PRISM'’s functionality. After applying the RR pgoy, Linux’s virtual memory activities on a per-process basig] a
significantly more balanced plane usage is achieved, asrshaillows a user-space program to post-process the statadtics
in Fig. 6(b). in-kernel memory usages. However, its tracing capabikty i
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Fig. 6. Wear leveling effect on metadata update.

limited only to physical frame number (PFN) mapped tand the above SSD simulators are fundamentally a block 1/0
each virtual page, swap information, PFN-based page mgppstorage simulator and are not easily re-targeted to model a
count, and a small set of page status such as page lockimgin memory based persistent RAM storage.

pagemap mandates users to trace only predefined limited Recently, Dong et al. [32] developed a simulator to study

information rather than giving users freedom to determirf@CM-based main memory and cache. Their main contribution
what information they can trace. is to provide a system-level tool beyond the device-level

Desnoyers et al. developed a more generic framework f@search of PCM by automating the process of finding an
Linux kernel tracing called TTng [28]. It features lightweight OPtimal PCM array organization, much like CACTI [33].
kernel tracing and graphical data analysis utilities. Toel t While they evaluated the performance of main memory and
targets to provide a general-purpose trace interface foida wProcessor cache built with PCM, they didn't deal with the
user base. Unfortunately, we find the tool not immediateROtential of a persistent RAM based storage; the simulator
usable for specific storage research tasks because it eeqlﬂeﬁcits the ability to trace OS kernel activities and doet no

heavy customization. PRISM is a more intuitive tool fofnodel and evaluate wear leveling schemes.
storage systems research. In comparison with the above tools, PRISM features the

Storage architecture simulators.DiskSim [29] simulates a full functionalities necessary to study a persistent RAKK-st

variety of HDD models and disk arrays, and has been ﬁgel.(llt c(:jan gzne_rattla :)yte-adc:_ress%k?le stor_a?e :rgzml?g '
widespread use. It is essentially an event-driven simplatgCr 0ads and simuiate a configurable persisten swrag

that models major architectural components in a disk systéﬂ?del' .W'tthd f?St trﬁtcet_ collec(t::on and §|mul?'i!f[)_n S?;sd and
having a block 1/O interface like SCSI. DiskSim can be use nvem:ar; ?3 co echlcion an p;rocfessw;gru " |es,t mes well
as a standalone simulator when traces have been prepareé, fuser o study Specilic aspects of a storage sysiem as we

can be used on-line in connection with a separate full-systé> the impact of variations in the hardware organization.
simulator. We note however that DiskSim was not originally VI. CONCLUSIONS ANDFUTURE WORK

developed to study persistent RAM storage or SSDs, whigh this paper, we introduced PRISM, a novel infrastructure
have quite different physical characteristics from roigti ¢ explore various design trade-offs of emerging persisten
HDD. RAM storage. While researchers are requested to evaluate
Thanks to the growing popularity and importance of SSDpersistent RAM storages, there is no publicly availabld too
there are a handful of SSD simulators developed recentliyat can run realistic workloads while exposing low, memory
Agrawal et al. [13] describes a SSD model that can be pluggledel behavior of the modeled storage. PRISM fills this gap.
into DiskSim. It offers essential configurability to spgc#nd PRISM is different from existing 1/O tracers and storage
simulate a generic SSD model. Kim et al. [30] describeshardware simulators; existing tools focus primarily ondio
standalone SSD simulator called FlashSim. Their focus is W® traffic and do not provide facilities to track low-level
explore various FTL schemes at a behavioral level assumiagtivities in a storage system that is tightly coupled whk t
the traditional block 1/O interface. Lee et al. [31] reportsystem’s main memory. Moreover, PRISM incorporates both
another relatively simple SSD simulator called CPS-SIMront-end tracing and back-end simulation as well as data
CPS-SIM tries to determine an optimal hardware organinatipost-processing utilities in a single integrated framewir
in terms of the number of buses and flash chips as weflaximize its usability.
as the interconnection. However, their work does not modelTo demonstrate the usefulness of PRISM, we presented
important 1/0 queuing effect or realistic workloads. DigkS a case study involving an OLTP workload with a goal to



enhance the write endurance of a persistent RAM storages]
Our experimental results show that PRISM offers excellent
observability and configurability during evaluating varso [19]
persistent RAM storage organizations.

As future work, we will continue to elaborate PRISM (e.g.,
timing [24]) and extensively explore the design space @fy

persistent RAM storage systems.
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