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Figure 4: Normalized execution time (standard deviation shown above bars).
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Figure 5: Normalized energy consumption.

system code—in the ideal case—leads to performance improvement
by reducing the amount of work performed to manipulate the same
amount of data, though not by a very large amount, because the
execution time on these systems is dominated by the HDD access
time. Notice that grep hardly benefits from eliminating the work
performed in OS/FS code, because its execution is dominated by its
string-matching computation.

Comparing the HDD Baseline (HB) to the NVM Baseline (NB),
we see that replacing the hard disk drive with NVM can greatly
reduce execution time for I/O-bound workloads (those besides grep).
Yet such an approach still inherits the inefficiency from HDD-based
systems of executing system call and file system code, allocating
buffers in DRAM for managing file data, and moving data between
NVM and DRAM, as seen in the Syscall CPU and Syscall I/O time.
Using a Persistent Memory (PM) causes some of the Syscall I/O
time to instead be spent by User Memory accesses, but in general
performance is greatly improved for I/O-intensive workloads, such
as PostMark, compared to the NVM Baseline (NB) by eliminating the
traditional two-level storage interface.

Though both MySQL simple and complex benefit from using a Persis-
tent Memory, the benefits are more pronounced with MySQL complex,
due to its more I/O-intensive nature. For the CPU-bound benchmark
grep, the PM system hardly improves performance because it does
not employ DRAM, and grep makes good use of locality in DRAM.

This negative effect can be mitigated with intelligent management of
a DRAM cache, as others have shown in the context of heterogeneous
main memories [21, 30, 31, 37, 38, 49]. Developing policies for data
placement in heterogeneous memories employing some amount of
fast DRAM is a promising direction.

From this preliminary analysis, we conclude that a system with a
persistent memory can significantly improve performance by elim-
inating the instructions and data movement traditionally used to
perform I/O operations and also reducing average storage access
latency.

3.2. Energy

Energy is an increasingly important constraint in devices from cell
phones (where battery life is essential), to data centers (where energy
costs can be a substantial portion of total cost of ownership [8]).
By improving performance and reducing the number of instructions
executed by the processor (i.e., those that would have been executed
for system call or for file system code) programs executing on a
persistent memory can finish more quickly and perform less work,
consuming less static and dynamic device energy.

We modeled energy using the McPAT [27] framework and the
values assumed for device power are shown in Table 1. Figure 5
breaks down the energy consumed by the system configurations we
evaluated for each of the benchmarks, normalized to the energy of
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Observation 
•  The energy consumed executing operating 

system and file system code to access 
persistent data becomes an important 
contributor to total energy in future systems 

•  Eliminating system calls for file operations 
•  Eliminating file system operations 
•  Efficient data mapping to hybrid memory 
•  Providing security and reliability efficiently 

1.  How to tailor applications for systems with 
persistent memory? 

2.  How can hardware and software cooperate to 
support a scalable, persistent and efficient 
single-level address space? 

3.  How to provide efficient backward 
compatibility with persistent memory 
systems? 

4.  How to mitigate performance and power 
overheads that limit scalability? 

Performance Energy 

•  Coordinate the management of memory and 
storage in a single address space using 
hardware-software collaborative designs 

This is because in traditional two-level storage 
models: 
•  Software manipulates data in volatile memory 

using a load-store interface 
•  Storage systems maintain persistence in non-

volatile memory using a file-system interface 

CPU	
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  1.6	
  GHz	
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  W	
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  100	
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  sta$c	
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  160(480)	
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  sta$c	
  
Disk	
  4ms	
  6Gbps	
  
1W	
  average	
  

HB: HDD Baseline 
HW: HDD without OS/FS overhead 

NB: NVM Baseline 
PM: Persistent Memory 

cles spent executing user code (User CPU), stalling on user memory
requests (User Memory), executing system call code (Syscall CPU),
and performing device I/O during a system call (Syscall I/O).

While the HDD-based system’s energy consumption is dominated
by accessing the disk and the static energy of DRAM, in the NVM-
based system, this fraction of energy is greatly reduced (as seen in
the Normalized Total Energy), due to the energy-efficient nature of
the device, causing the energy to execute OS and file system code
(Syscall CPU), and buffer large amounts of data in DRAM (DRAM),
to arise as large contributors to system energy. Using a persistent
memory can eliminate the fraction of energy consumed by these
operations by reducing the overhead of accessing persistent data, re-
ducing the energy to access the same amount of data (which reduces
User CPU). Note that we assume a scenario where the management
of the persistent memory has a negligible overhead in terms of per-
formance and energy in order to isolate this trend from a specific
implementation.

However, integrating a persistent memory into systems poses sev-
eral key challenges. How can data storage and retrieval be done
efficiently using a unified, single address space? How can consis-
tency, persistence, and security of data be maintained? How can
such a system be backwards-compatible with applications written
with traditional file operations, and be supported efficiently? How
can applications be designed to efficiently leverage such a system?
In this paper, we explore some of these questions and provide an
initial evaluation of how an efficient hardware/software cooperative
persistent memory can mitigate the energy overheads of traditional
two-level stores.

2. Hardware/Software Cooperative Management of Stor-
age and Memory

Our key idea is to coordinate the management of memory and storage
under a single hardware unit in a single address space to leverage the
high capacity and byte-addressability of new persistent memories, to
eliminate the operating system and file system overheads of managing
persistent data. Instead of executing operating system and file system
code to manipulate persistent data, programs can issue loads and
stores—just as if the files were mapped in memory (except their
contents will remain persistent). This can improve performance
and reduce energy by reducing the amount of work that must be
performed (i.e., the number of instructions that must be executed, or
the amount of data moved when performing a direct memory access)
in order to access and manipulate persistent data.

Figure 2 shows one potential strategy for enabling efficient hard-
ware support for persistent memory. A hardware-accelerated Per-
sistent Memory Manager (PMM) is used to coordinate the storage
and retrieval of data in a persistent memory. The PMM provides a
load/store interface for accessing data, and is responsible for handling
data layout and migration among devices, persistence management
and journaling, metadata storage and retrieval, and encryption and
security. In addition, it exposes hooks and interfaces for the soft-
ware, the OS, and the language runtime to exploit the devices in the
persistent memory.

As an example, in the code listing at the top of Figure 2, the main
function creates a new persistent object (we use a similar notation to
C’s FILE structure) with the handle “file.dat”⇤ and sets its contents
to a newly-allocated array of 64 integers. Later (perhaps in between

⇤Note that the underlying hardware may choose to assign this handle a more
machine-friendly form, such as a fixed n-bit value.

2.2.1 Efficient Hardware and Software Support: We propose to investigate the efficient software and
hardware support needed for single-level stores. A single-level store system should provide an abstraction
that maps persistent user data to physical addresses in memory. A software interface for programs would
map a pointer to the actual persistent data. Programs would be able to access any part of the data using
normal load and store instructions. Figure 2 shows two examples of high-level abstractions which could
be provided to programs to access persistent data in a single-level store system. In it, a program creates
a persistent file (Figure 2 left) or object (Figure 2 right) using the handle “file.dat” and allocates an array
of integers in it. Later—perhaps after the application or system is restarted—when the program executes
the updateValue() function, the system retrieves the persistent data for the same handle, and the program
modifies its state. With such an abstraction, a single-level store can eliminate the OS system calls to transfer
data to and from disk. In addition, it eliminates the need for a file system to track physical file addresses
by traversing metadata (such as inodes) in the OS. In this way, single-level stores provide the opportunity to
design a simple and efficient persistent data lookup system in hardware. We plan to research efficient ways
to map files or objects to the virtual address space. In such a hardware-based design, the processor would
manage how data handles correspond to physical addresses. Note that, single-level stores can use alternative
design choices, such as segments, to provide the high-level abstraction instead of files or objects. Regardless,
segments, files, or objects will be mapped to physical addresses with hardware support. Prior works tried to
make file lookup and update efficient in software [27, 28] in the presence of persistent memory, and other
works proposed using complex and potentially inefficient hardware directory techniques (e.g., [15]). Our
goal is to design fast and efficient techniques that take into account the byte addressability of persistent
memory in a single-level store. To this end, we will research the following:
• The efficient use of hash table and B-tree indices for locating files in a single-level store.
• How techniques such as key-value stores can provide fast and efficient lookups in single-level stores.
• Policies for intelligently caching some entries of these indices in hardware to improve system perfor-

mance.
Every access in the single-level store needs to be translated from a virtual address used by a program to

a physical address used to access a device. We will investigate how to efficiently manage address translation
so that locating data is simple and fast. We intend to explore the following directions to solve this problem:
• We will design mechanisms to predict access patterns based on program behavior and pre-compute

virtual-to-physical address translations. We are interested in answering questions such as: What is the
pattern of data accesses to a single-level store, and how can prefetching techniques be redesigned with
single-level stores in mind to enable efficient address translation? How can simple application-level or
profile-based hints on access patterns be communicated to and used by hardware to make address translation
and prefetching efficient?
• We will design efficient translation lookaside buffer (TLB)-like structures which will cache the trans-

lation between virtual and physical addresses but for a much larger amount of physical memory than in
existing systems. In the presence of such a single-level store, many disparate data accesses could need a
large translation table to be serviced effectively. To reduce overhead of such hardware, we are interested in
exploring whether TLB-like structures should favor storing translations only for particular classes of data,
such as data with locality or data which is on the critical path of execution, which get the most benefit
out of the limited structure space. In addition, we will investigate centralized versus distributed translation
structures to design techniques that, for example, buffer private data translation entries near the processor,
while distributing shared entries across processors to minimize translation overheads. Such translation struc-

1 int main(void) {
2 // data in file.dat is persistent
3 FILE myData = "file.dat";
4 myData = new int[64];
5 }
6 void updateValue(int n, int value) {
7 FILE myData = "file.dat";
8 myData[n] = value; // value is persistent
9 }

1 int main(void) {
2 // data in file.dat is persistent
3 int *myData = new PersistentObject("file.dat");
4 myData = new int[64];
5 }
6 void updateValue(int n, int value) {
7 int *myData = PersistentObject.open("file.dat");
8 myData[n] = value; // value is persistent
9 }

Figure 2: Sample program with access to file-based (left) and object-based (right) persistent data.
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Figure 2: Hardware-based storage and memory management.

executions of the same program, or after restarting the system), in the
updateValue function, the persistent object with the same handle
(“file.dat”) is accessed, and the value of one of its elements is updated,
just as it would be if it were allocated in memory, except that now the
PMM ensures that its data is mapped to persistent memory, can be lo-
cated efficiently, and will remain persistent even if the machine were
to crash after the program updates the value. This behavior should
be satisfied even in the presence of a storage area network (SAN),
or other storage in a distributed system, as well, and could extend
existing software-based work in persistent main memories [33] with
more efficient hardware support.

A hardware/software cooperative approach to providing persistent
memory yields three major benefits. First, it can eliminate the ex-
ecution of instructions in the operating system and file system that
are typically used to manipulate persistent data (i.e., system calls
such as open, read, and write, and file system management code
such as that responsible for inode lookup and journaling). Second,
employing persistent memory reduces the data movement associated
with accessing persistent data from block-based devices such as HDD
or Flash, which typically involves copying data from the device to a
buffer in DRAM—even if it is then immediately written back to the
persistent device. Third, it can help exploit the full parallelism and
bandwidth of the underlying devices in the persistent memory. All
of these benefits can lead to significant improvements in system per-
formance and energy consumption for applications that manipulate
persistent data.

2.1. Comparison to Related Work

To our knowledge, this is the first paper that explores the implications
of efficient hardware-based coordinated management of storage and
memory for improved system energy efficiency and performance.

Prior works proposed to take advantage of emerging non-volatile
memory by integrating file systems with persistent memory (e.g.,
[6, 7, 13, 15, 17, 28]), providing software support for checkpoint-
ing distributed system states (e.g., [48]) and providing hardware
support to manage Flash devices [47] or NVM devices for storage
purposes [11]. To fully exploit the advantages of these technologies
and reduce programmer burden, optimized hardware-software coop-
erative support needs to be designed for systems that are aware of the
various trade-offs and limitations of their non-volatile devices.

Providing programming language support for persistent objects
has been proposed previously (e.g., [2–5, 10, 14, 23, 34, 39, 45]).
None of these works take into account hardware management of
persistent objects. Persistence guarantees within the software layer
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Abstract
Most applications manipulate persistent data, yet traditional sys-

tems decouple data manipulation from persistence in a two-level
storage model. Programming languages and system software manip-
ulate data in one set of formats in volatile main memory (DRAM)
using a load/store interface, while storage systems maintain persis-
tence in another set of formats in non-volatile memories, such as
Flash and hard disk drives in traditional systems, using a file system
interface. Unfortunately, such an approach suffers from the system
performance and energy overheads of locating data, moving data,
and translating data between the different formats of these two levels
of storage that are accessed via two vastly different interfaces.

Yet today, new non-volatile memory (NVM) technologies show
the promise of storage capacity and endurance similar to or better
than Flash at latencies comparable to DRAM, making them prime
candidates for providing applications a persistent single-level store
with a single load/store interface to access all system data. Our
key insight is that in future systems equipped with NVM, the energy
consumed executing operating system and file system code to access
persistent data in traditional systems becomes an increasingly large
contributor to total energy. The goal of this work is to explore
the design of a Persistent Memory Manager that coordinates the
management of memory and storage under a single hardware unit
in a single address space. Our initial simulation-based exploration
shows that such a system with a persistent memory can improve
energy efficiency and performance by eliminating the instructions
and data movement traditionally used to perform I/O operations.

1. Introduction and Motivation

Applications—whether those running on a mobile platform or on a
server in a warehouse-scale computer—create, modify, and process
persistent data. Yet, though manipulating persistent data is a funda-
mental property of most applications, traditional systems decouple
data manipulation from persistence, and provide different program-
ming interfaces for each. For example, programming languages and
system software manipulate data in one set of formats using load
and store instructions issued to volatile memory (DRAM), while
storage systems maintain persistence in another set of file system
formats in non-volatile memories, such as hard disk drives and Flash.
Unfortunately, such a decoupled memory/storage model suffers from
large inefficiencies in locating data, moving data, and translating data
between the different formats of these two levels of storage that are
accessed via two vastly different interfaces—leading to potentially
large amounts of wasted work and energy. Such wasted energy sig-
nificantly affects modern devices. Cell phones need to be energy
efficient to minimize battery usage, and servers must be energy ef-
ficient as the cost of energy in data centers is a substantial portion
of the total cost [8]. With energy as a key constraint, and in light
of modern high-density, non-volatile devices, we believe it is time
to rethink the relationship between storage and memory to improve
system performance and energy efficiency.

While such disparate memory and storage interfaces arose in sys-
tems due to the widely different access latencies of traditional mem-
ory and storage devices (i.e., fast but low capacity DRAM versus

slow but high capacity hard disk drives), such stereotypical device
characteristics are being challenged by new research in non-volatile
memory (NVM) devices. New byte-addressable NVM technologies
such as phase-change memory (PCM) [46], spin-transfer torque RAM
(STT-RAM) [12, 25], and resistive RAM (RRAM), are expected to
have storage capacity and endurance similar to Flash—at latencies
comparable to DRAM. These characteristics make them prime candi-
dates for use in new system designs that provide applications with a
byte-addressable interface to both volatile memory and non-volatile
storage devices.

In this way, emerging high-performance NVM technologies en-
able a renewed focus on the unification of storage and memory:
a hardware-accelerated single-level store, or persistent memory,
which exposes a large, persistent virtual address space supported
by hardware-accelerated management of heterogeneous storage and
memory devices. The implications of such an interface for system
efficiency are immense: A persistent memory can provide a unified
load/store-like interface to access all data in a system without the
overhead of software-managed metadata storage and retrieval and
with hardware-assisted data persistence guarantees. Previous single-
level store proposals either focused on providing persistence through
the software layer (e.g., [4, 16, 42, 45]), or were inefficient in pro-
viding hardware support for fast and cheap data access, migration,
and protection (e.g., [9, 24, 40, 41, 43]). As we will show, with the
use of emerging NVM technologies, the energy required to execute
operating system and file system code to access persistent data will
consume a large amount of total system energy, presenting an op-
portunity for coordinating the management of memory and storage
between hardware and software in a single address space. Such a sys-
tem can improve energy efficiency by reducing the amount of work
performed by the operating system and file system when accessing
persistent data, and also reduce execution time.

For example, Figure 1 shows a breakdown of how energy is con-
sumed in three systems running an I/O-intensive program on Linux
with: (left) a traditional HDD-based storage system, (middle) a sys-
tem with the HDD replaced with NVM, and (right) a persistent mem-
ory system with NVM for all storage and memory (our experimental
methodology is discussed in Section 3). It shows the number of cy-
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Figure 1: A breakdown of energy consumption for an I/O-intensive
benchmark, PostMark.
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Figure 4: Normalized execution time (standard deviation shown above bars).
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Figure 5: Normalized energy consumption.

system code—in the ideal case—leads to performance improvement
by reducing the amount of work performed to manipulate the same
amount of data, though not by a very large amount, because the
execution time on these systems is dominated by the HDD access
time. Notice that grep hardly benefits from eliminating the work
performed in OS/FS code, because its execution is dominated by its
string-matching computation.

Comparing the HDD Baseline (HB) to the NVM Baseline (NB),
we see that replacing the hard disk drive with NVM can greatly
reduce execution time for I/O-bound workloads (those besides grep).
Yet such an approach still inherits the inefficiency from HDD-based
systems of executing system call and file system code, allocating
buffers in DRAM for managing file data, and moving data between
NVM and DRAM, as seen in the Syscall CPU and Syscall I/O time.
Using a Persistent Memory (PM) causes some of the Syscall I/O
time to instead be spent by User Memory accesses, but in general
performance is greatly improved for I/O-intensive workloads, such
as PostMark, compared to the NVM Baseline (NB) by eliminating the
traditional two-level storage interface.

Though both MySQL simple and complex benefit from using a Persis-
tent Memory, the benefits are more pronounced with MySQL complex,
due to its more I/O-intensive nature. For the CPU-bound benchmark
grep, the PM system hardly improves performance because it does
not employ DRAM, and grep makes good use of locality in DRAM.

This negative effect can be mitigated with intelligent management of
a DRAM cache, as others have shown in the context of heterogeneous
main memories [21, 30, 31, 37, 38, 49]. Developing policies for data
placement in heterogeneous memories employing some amount of
fast DRAM is a promising direction.

From this preliminary analysis, we conclude that a system with a
persistent memory can significantly improve performance by elim-
inating the instructions and data movement traditionally used to
perform I/O operations and also reducing average storage access
latency.

3.2. Energy

Energy is an increasingly important constraint in devices from cell
phones (where battery life is essential), to data centers (where energy
costs can be a substantial portion of total cost of ownership [8]).
By improving performance and reducing the number of instructions
executed by the processor (i.e., those that would have been executed
for system call or for file system code) programs executing on a
persistent memory can finish more quickly and perform less work,
consuming less static and dynamic device energy.

We modeled energy using the McPAT [27] framework and the
values assumed for device power are shown in Table 1. Figure 5
breaks down the energy consumed by the system configurations we
evaluated for each of the benchmarks, normalized to the energy of
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