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Abstract

Recently, Non-Volatile Memory (NVM) technology has revolutionized
the landscape of memory systems. With many advantages, such as
non volatility and near zero standby power consumption, these byte-
addressable memory technologies are taking the place of DRAMs.
Nonetheless, they also present some limitations, such as limited write
endurance, which hinders their widespread use in today’s systems.
Furthermore, adjusting current data management systems to embrace
these new memory technologies and all their potential is proving
to be a nontrivial task. Because of this, a substantial amount of
research has been done, from both the database community and the
storage systems community, that tries to improve various aspects of
NVMs to integrate these technologies into the memory hierarchy. In
this tutorial we survey state-of-the-art work on deploying NVMs in
database and storage systems communities and the ways their limita-
tions are being handled within these communities. In particular, we
focus on the challenges that are related to high energy consumption,
low write endurance and extending the lifetime of NVM devices.

Keywords: Non-Volatile Memory, write endurance, energy consumption, bit
flipping
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Fig. 1 Comparison of device properties of memory technologies [4]

1 Introduction

Nowadays, we are witnessing the emergence of new non-volatile memory
(NVM) technologies that are remarkably changing the landscape of mem-
ory systems. They are persistent, have high density, byte addressable, and
require near-zero standby power [1], which makes them of great interest in the
database and storage systems communities. Furthermore, NVMs provide up to
10x higher bandwidth and 100x lower access latency compared to SSDs [2, 3].
However, because they also present some limitations, such as limited write
endurance, which is significantly lower than DRAM write endurance, and high
write energy consumption (Figure 1), adopting the current systems to use
NVM while maximizing their potential is proving to be challenging. Addi-
tionally, unlike flash storage, cells are written individually in many NVM
technologies such as PCM. This means that some cells may receive a much
higher number of writes than others during a given period, and as a result
wear out sooner. So, any system design needs to take these limitations into
consideration before deciding to utilize NVMs.

The scientific community has conducted an extensive amount of research on
integrating these new technologies in current systems. Furthermore, many com-
panies are announcing the mass production of NVMs, which implies that these
emerging technologies are carving out their own place in the memory hierar-
chy. So, in this tutorial we survey recent work in both storage and database
communities, where a substantial amount of work has been done in the adop-
tion of NVMs. In particular, we focus on the challenges related to the low
write endurance of NVM. This area did not gain enough attention in the data
management community and this tutorial will provide information on how to
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integrate recent advances from the NVM storage community into existing and
future data management systems. Additionally, we discuss how the challenges
of low write endurance are conflated with write amplification in data man-
agement systems and show that a specific treatment for low write endurance
would lead to better longevity and to extending the lifetime of NVM devices.

Contributions. In this paper, we present a survey of techniques for
improving NVM’s lifetime and energy consumption. Fig. 2 shows an overview
of this paper. In Section 2, we present a background on NVM key terms, con-
cepts, and properties. In Section 2.2, we underscore the motivation for and
challenges in improving NVM lifetime. Further, we classify the importance of
works based on three main views to give an overall view of the whole field. We
discuss three main methods for overcoming NVM limitations in Sections. 3 and
4. In Section. 4 we elaborate bit flip reduction technique, which is the main
focus of this survey. We conclude this paper in Section. 5 with a brief mention
of future research challenges.

Scope. For sake of a concise presentation, we limit the scope of this paper
as follows. We discuss the storage and hardware-level techniques focused on
decreasing bit flips, and not wear-leveling or write amplification, although some
of the ideas/techniques proposed for them are presented in Section.3, which
may also have some positive effects on decreasing the number of bit flips in
NVM. We believe that this paper will be useful for memory designers and
database and storage researchers who are new to this field and are interested
to integrate NVMs in their work.

2 Background and Motivation

We now introduce some concepts which will be useful throughout this paper.
We refer the reader to previous works for a detailed background on NVM
architecture [5–7].
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2.1 NVM Properties

Non-Volatile Memory (NVM) has the potential of transforming the memory
architecture in data management systems due to their characteristics such as
persistency, high density, byte addressability, and requiring near-zero standby
power [1]. However, NVM technologies suffer from two main challenges that
needs to be taken into consideration to efficiently utilize them. 1) NVM has
low write endurance (the number of writes that can be applied to a segment
of storage media before it becomes unreliable.) NVM write endurance is on
the order of 108–109 writes, which is significantly lower than DRAM write
endurance which is on the order of 1015 writes [4, 5]. 2) NVM write operations
demand a significant amount of current and power. For flipping an individual
bit in PCM, for instance, it requires around 50 pJ/b compared to writing a
DRAM page, which needs only 1 pJ/b [8]. Figure. 1 shows the device properties
of different memory technologies including some NVM technologies. As it is
clear in this figure, the asymmetric read and write properties of NVMs are the
main concerns of the research community who are working on NVMs. These
limitations make researchers either redesign the conventional data structures
that require fewer writes or use hardware techniques such as caching to reduce
writes.

2.2 Motivation for bit flip reduction

2.2.1 Write endurance

Recently, the topic of improving NVM write endurance has become contro-
versial among NVM research community, especially with all the commercial
claims of facts from the vendors, which state that the recently released NVMs
can tolerate years of intensive writes before they wear out [9].

Nevertheless, many recent studies have shown that although this might be
true to some extent, it does not mean that this problem is solved altogether [8,
10–14]. For example, there is no information on the type of data sets that
are used to get to these results. Using certain data sets, such as sequential,
which have predictable bit patterns, can extend the lifetime of the system
tens of times compared to some other data sets, such as uniform, which has
unpredictable patterns.

Furthermore, unlike flash storage, cells are written individually in many
NVM technologies such as PCM. This means that some cells may receive a
much higher number of writes than others during a given period, and as a result
wear out sooner. For example, in some extreme cases, even with the protection
of state-of-the-art wear-leveling schemes, wear-out attacks such as [15] and [16]
can wear out the modern NVMs as fast as 137 seconds [16]. So, improving
the lifetime of NVMs is still an open topic in NVM technologies, which can
be achieved through reducing the number of written cells in the system as
much as possible. Not only does reducing the number of written cells increase
the average lifetime of the device, but also it decrease the system’s power
consumption significantly.
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Fig. 3 Total memory energy consumption on a real Intel Optane memory device for read
and write operations with different percentages of hamming distance.

2.2.2 Energy Consumption

Bit flip reduction represents the design principle of minimizing how many bits
are flipped from 0 to 1 or 1 to 0 when a write is applied to a memory segment.
As the number of bit flips decreases, as energy efficiency and write endurance
improve.

Reducing the number of written cells also means that the energy consump-
tion of the system drops significantly. For instance, based on an experiment
conducted by [17], when the number of different bits in the write data and the
overwritten content varies from 0% to 100%, the energy consumption can vary
from nearly 0 to over 10000 pJ . So, targeting bit flip reduction is a worthy
investment in the NVM context, and there are a large body of research, such
as [8, 10–14, 17–19], targeting bit flip reduction to extend the NVM lifetime
and decrease their energy consumption.

To see how this difference affects the system’s energy consumption and
performance, we have conducted a simple experiment on a real Optane mem-
ory device. We used the Persistent Memory Development Kit (PMDK) [20],
formerly known as NVML. In this test, first, we allocate a contiguous region
of N Optane blocks of 256B. During each “round” of the experiment, we first
initialize all the blocks with random data, and then update the blocks with
new data with content that is x% different than the data that is already in the
block (hamming distance). We use PMDK’s transactions to persist writes. We
measure the energy consumption of the socket for each round. Figure 3 shows
that by overwriting similar content, which needs less bit flipping, we can save
a huge amount of energy.

2.2.3 Latency

Not only does reducing the number of bit flips save the energy consumption of
the system, but also it can improve the latency of write operations. Figure. 4
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Fig. 4 The write latency in a real Intel Optane memory device of write operation for
different percentages of hamming distance.

shows that write latency also improves when bit flips are reduced. The main
reason behind this is when the content of the old data and the data that is
being written is similar, the total number of writes can also be reduced, which
results in improving write latency. This process can reduce the number of
writes in two ways: (1) the first way is by writing new items in-place to replace
a similar old value in terms of hamming distance. This leads to decreasing
NVM word writes (i.e., the number of modified words in a cache line.) (2) In
the second way, writing similar contents decreases the number of NVM line
writes, respectively cache lines needed to be written per item. For example,
suppose that the page size in a system is 4KB as shown in Figure. 1 [11]. In
this scenario, if the items are similar to each other in terms of the hamming
distance, fewer number of cache lines are needed to fulfill the request (suppose
each part in Figure. 5 is a cache line). This enables PNW to decrease NVM
word writes in addition to NVM line writes.

2.3 Solutions

There have been plenty of methods proposed for improving NVM write
endurance and energy consumption from hardware-focused methods to
software-focused ones. According to their general strategies, these methods can
be categorized into three main groups:

1) the storage community developed write optimization techniques that
are mostly based on a Read-Before-Write (RBW) pattern [21]. In RBW, a
write operation w to a memory location x is always preceded with a read of
x. The value to be written by w is compared with the old content of x, and
only the bits that are different are written. This reduces the number of flipped
bits, which increases write endurance [21]. Other approaches built on RBW to
increase write endurance by masking or changing the value to be written if it
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Fig. 5 An example of replacing a memory content with a similar content used in PNW [11]

leads to reducing bit flips [22–26]. Flip-N-Write (FNW), for example, checks
whether flipping the bits of the write operation would lead to decreasing the
number of bit flips [22].

2) the data management community tackled the problem of write
endurance by minimize write operations via techniques such as caching [27–
29] and delayed merging [30, 31], or by designing specialized data structures
that require fewer writes [10]. Therefore, data structures that are designed to
be deployed on NVM should be designed in a way to exploit the advantages
and avoid the disadvantages of the technologies. For example, data structures
for disks are block-oriented and work the best for sequential access. However,
those designed for flash reduce write amplification, which is the main concern
in flash technologies [8]. As we will explain later, techniques that focus on
reducing write amplification can result in increasing write endurance although
this is not always the case [8].

3) The proposed methods in the third group also increase the write
endurance of NVMs through a new approach called memory-aware. The main
idea behind this approach is to take advantage of having knowledge of the
memory content in advance because read operations are less expensive than
write operations in NVMs. Prior methods pick the memory location for a write
operation arbitrarily (new data items select an arbitrary location in mem-
ory, and updates to data items overwrite the previously-chosen location.) The
methods in this group judiciously pick a memory location that is similar to
the value to be written. When the new value and the value to be overwritten
are similar, this means that the number of bit flips is going to be lower. There
are lots of methods that use this approach as the backbones of their methods,
which will be explored in Section. 4.2.

3 Techniques for Protecting NVM

In this section, we present the main concerns, challenges, and limitations of
state-of-the-art methods that have utilized NVMs in their designs by dividing
them into three main groups based on the trends and solutions they propose
to solve the problem of write endurance and energy consumption. We also
identify the short- and long-term research opportunities in this space.

3.1 Wear leveling

Wear leveling has been studied extensively for Flash-based storage devices [32–
36]. In these methods, the wear-leveling algorithms usually keep track of the
storage blocks and remap those blocks that are written heavily in a given time
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quanta to the lowest wear-out blocks. In storage class memory, wear level-
ing has almost the same objective, which is extending the lifetime of NVM
devices by distributing the writes evenly across the memory blocks of NVM
so that no hot area reaches its maximum lifespan by extremely high concen-
tration of write operations [13, 17, 22, 23, 37–39]. These methods usually are
implemented in the memory controller level to protect NVMs. Wear-leveling is
usually transparent for upper-level applications and they can simply access to
the same content using the same logical address (they are unaware of the phys-
ical address where the data are stored.) According to the mapping strategies,
existing wear-leveling schemes can be divided into two main groups:

(1) table-based wear-leveling (TBWL) techniques that store the logical
addresses (LA), their corresponding physical addresses (PA), and the frequency
of accesses. In this way, the storage table of the wear-leveling can be eliminated.
When the number of writes to a specific physical address (PA) goes beyond a
threshold, its content is swapped by the wear-leveling method [13, 40].

For example, In [41], the authors propose Fine-Grain Wear Leveling
(FGWL), which shifts cache lines within a page to achieve uniform wear out
of all lines in the page. Also, when a PCM page is read, it is realigned. The
pages are written from the Write Queue to the PCM in a line-shifted format.
For a system with 4 lines per page, for instance, the rotate amount is between
0 and 3 lines. The rotate value of 0 means the page is stored in a traditional
manner. If it is 1, then the Line 0 of the address is being shifted one line and
stored in Line 1 of the physical PCM page, line 1 of the address in stored in
line 2, line 2 in 3, and finally, line 3 of address space is stored in Line 0. When
a PCM page is read, it is realigned. The pages are written from the Write
Queue to the PCM in a line-shifted format.

Self-adaptive wear-leveling (SAWL) algorithm [13] is another wear-leveling
scheme that dynamically adjusts the wear-leveling granularity to accommodate
more useful addresses in the cache, thus improving cache hit rate. This method
distributes the writes across the cells of entire memory, thus achieving suitable
tradeoff between the lifetime and cache hit rate.

(2) Algebraic-based wear-leveling methods [38, 42, 43] are another group
that try to distribute the incoming writes to avoid concentrating writes on
specific physical locations and creating the hot areas. To this end, they usually
replace the address-mapping table in the table-based wear-leveling algorithms
with hardware structure, which are more space efficient [38]. In this way, they
can increase the lifetime of NVMs orders of magnitude compared to the based
line where there is no wear-leveling.

Start-Gap [38] is one of the first methods that proposed a wear-leveling
method based on the algebraic mapping between the logical and physical
addresses. In this technique, there are two registers (Start and Gap) that do
the wear-leveling. When a new write comes to the memory, Start-Gap moves
one line from its location to a neighboring location. While the Gap register
keeps track of the number of lines moved, Start register counts the number of
times that all the available lines have moved. Finally, the mapping between
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logical and physical address is done by a simple arithmetic operation of Gap
and Start registers, which eliminates the need for storing the address-mapping
table in the memory.

In [44], the authors propose a hardware-based wear-leveling scheme named
Security Refresh, which performs dynamic randomization for placing PCM
data. In this method, an embedded controller inside each PCM is responsible
for preventing adversaries from tampering the bus interface or aggregating
meaningful information via side channels [44]. They also applied designed some
attacks to analyze the wear-out distribution using Security Refresh.

Although wear-leveling strategies have been successful in preventing cre-
ation of hot locations and extending the lifetime of NVMs, the controller
cannot guarantee that some cells will not wear out much faster than the aver-
age. The reason is that distributing writes evenly across the memory space
does not necessarily mean that the individual cells within the words also be
flipped/written evenly. That is why, in some extreme cases, even with the
protection of state-of-the-art wear-leveling schemes, wear-out attacks such as
Remapping Timing Attack[15] and Row Buffer Hit [16] can wear out NVM as
fast as 137 seconds [16]. Therefore, hardware techniques such as FNW [22],
CDE [23], FPC [45], and Flip-Mirror-Rotate [25], which will be explained in
the next section, have been proposed to focus on reducing the number of bit
flips within a given word instead of just distributing writes uniformly across
the device.

3.2 Reducing write amplification

Many data storage and indexing solutions target the reduction of write ampli-
fication to optimize the utilization of I/O bandwidth. This is done via various
techniques, including delaying the consolidation of writes [30, 31], caching [27–
29], and others [10]. With the introduction of NVM to the memory hierarchy,
it turns out that reducing write amplification can have the positive side-effect
of increasing NVM write endurance since less data is written. However, this
is not an easy task to do due to the fact that all the existing data structures
and database systems have been designed for DRAMs and HDDs, where the
challenges of the lifespan of memory segments and the energy consumption
of writes are not as significant in DRAM/HDD as they are in NVM. How-
ever, as discussed before, when it comes to NVMs, write operation needs to
be performed wisely. So, the proposed methods in this group reduce the write
amplification in an attempt to decrease the average number of updated cells
and as a result increases the lifetime of NVMs.

To achieve this, many methods re-design existing data structures and
database systems to mitigate the write amplification issue caused by them
instead of designing and building new ones from scratch. The reason behind
this is that existing data structures and database systems have undergone
decades of research that makes them extremely efficient and makes building
alternatives from scratch an arduous task.
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Log-Structured Merge-tree (LSM-tree) is one of those data structures that
has been widely adopted for use in the storage layer of modern NoSQL systems,
and as a result, has attracted a large body of research, from both the database
community and the storage systems community, that try to improve various
aspects of LSM-trees by using NVMs [31, 46, 47]. NoveLSM [31] is one of these
methods. This method is a persistent LSM-based key-value storage system
designed to take advantage of having a non-volatile memory in its design.
To tackle NVM’s limited write endurance, NoveLSM comes up with a new
design, where only the parts of the key/value store that do not need to be
changed frequently, such as immutable memtables, are handled by NVM. On
the other hand, other parts, such as mutable memtables, which need constant
updates and data movements, are placed on DRAM, which do not have any
restrictions on write operation. WiscKey [46] is another work, which proposes
a persistent LSM-tree-based key-value store, which has been derived from the
popular LSM-tree implementation, LevelDB. Although, like the other methods
in this category, WiscKey focuses on decreasing write amplification, it achieve
this through a different and simple way, which is separating keys from values.
This method observes that since the indexing is done by keys, and not values,
they do not need to be bundled together when they are stored in the LSM-tree.
So, in this method, only keys are kept sorted in the LSM-tree, while values
are stored separately in a log. Through this insight, they have reduced write
amplification by avoiding the unnecessary movement of values while sorting.
Although this technique is originally proposed for SSDs, it can be generalized
to storage class memories, which suffer from the same limitation.

Another data structure that has been redesigned to utilize NVMs is
B+-Trees, which is used widely in K/V data stores [28, 48]. Fingerprinting
Persistent Tree (FPTree) [29] is a hybrid SCM-DRAM persistent and concur-
rent B+-Tree that is designed specifically for NVMs. This method aims to
decrease write amplification on NVMs. To do so, in this method, leaf nodes
are persisted in SCM while inner nodes are placed in DRAM and rebuilt upon
recovery.

Hash-based indexing structures have also been good candidates to utilize
NVMs due to their nature of typically causing high write amplification and
that they are vastly used in various applications and systems [10, 14, 49, 50]. A
lot of effort has been made to improve hash-based indexing structures for byte-
addressable persistent memory, and almost all of them focus on decreasing
the write amplification to reach their goal. Path hashing [10] is an example of
these hash-based indexes, which is designed specifically for NVMs. The basic
idea of path hashing is to leverage a position sharing method to resolve the
hash-collision problem, which usually results in a high number of extra writes
or write amplifications.

All these methods offer different advantages and disadvantages. These
methods invite exploring how they can be integrated with existing data man-
agement systems to enable them to improve the lifetime of NVMs. Some of
these methods are independent from the application (and often implemented as
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Fig. 6 Read Before Write (RBW) technique.

a hardware method) which means that augmenting them within existing data
management systems is a straight-forward task. Other approaches—especially
ones based on masking—require domain knowledge on the application using
them. There is an opportunity for data management researchers to find ways
to adapt these methods to work with existing data management systems. This
would entail learning the write patterns of data management systems and
translating this knowledge into appropriate masking techniques that are based
on the methods presented above.

4 Bit Flip Reduction

Although reducing write amplification is a promising way to extend the NVMs’
lifespan, it does not necessarily lead to the best opportunities to reduce bit
flipping and increasing write endurance [8, 11]. This is because—unlike flash—
NVM cells are written individually, which means that the number of flipped
bits is more important to optimize than the number of written words [8].
Therefore, focusing on reducing bit flips is a viable solution that can both
save energy and extend the life of NVMs. For example, in [8], the authors
modifies the common data structures based on the idea of pointer distance to
minimize the number of bit flips on NVMs. In this method, instead of building
a doubly-linked list, for instance, XOR linked lists are used, which allows each
node to store only the XOR between the previous and next node instead of
storing the previous and next nodes. The results show that storing the XOR
of two pointers, which are likely to contain similar higher-order bits, reduces
the number of bit flips, which can lead to reducing power consumption.

Generally, the existing bit flipping reduction methods can be divided into
two main categories: RBW-based techniques and Memory-awareness.

4.1 RBW-based techniques

In the NVM storage community, this method has been one of the simplest and
most effective in dealing with the limitations of NVMs. So, there has been a
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large body of research that uses various types of this method in their works.
In this category, there are various techniques, such as caching [27–29] and the
Read-Before-Write (RBW) technique [21], to decrease the number of bit flips.

RBW is one of the most popular techniques, which has been widely uti-
lized by various approaches [22–26], to reduce the number of bit flips is the
Read-Before-Write (RBW) technique [21], in which the content of an old mem-
ory block is read before it is overwritten with the new data (Figure. 4.1).
This technique replaces each NVM write operation with a more efficient read-
modify-write operation. Reading before writing allows comparing the bits of
the old and new data, updating only the bits that differ.

Flip-n-Write (FNW) [22] is one of the most popular methods and became
the building block of many other techniques in this area. This method compares
the current content of the memory location (the old data) with the content
to-be-written (the new data). This enables FNW to decide whether to write
the new data in its original format or to flip it before writing it if that leads
to reducing the number of bit flips. (A flag is used so that future operations
know whether to flip the content before reading.) This method guarantees that
the number of bit flips in NVM is always less than half the total number of
written bits (excluding the flag bit).

DCW [23] finds common patterns and then compresses data to reduce the
number of bit flips in NVM. Like Flip-N-Write, DCW replaces a write opera-
tion with a read-modify-write process. It starts comparing the new data and
the old data from the first bit to the last one. The most significant difference
between DCW and Frip-N-Write is that in DCW, the maximum number of bit
flips is still N (the word width).

Captopril [24] is another recent proposal for reducing bit flips in NVMs.
This method masks some “hot locations”, where bits are flipped more, to
reduce the number of bit flips. In this method, the authors compare every write
with 4 predefined sequences of bits to decide which bits need to be flipped and
which ones need to be written in their original form. This method suffers from
relatively high overhead. More importantly, it is rigid and would only work on
predefined applications.

Flip-Mirror-Rotate [25] is another method that is built upon Flip-N-
Write [22] and FPC [26] to reduce the number of flipped bits. Like Captopril,
this method uses only predefined patterns to mask some bits, which means it
would only work on predefined applications.

MinShift [51] proposes reduces the total number of update bits to SCMs.
The main idea of this method is that if the hamming distance falls between
two specific bounds, the new data is rotated to change the hamming distance.
Although this method is simple, it suffers from high overhead.

In [52], the authors use a combination of MinShift and Flip-N-Write to
decrease the number of written bits. They compute the minimum amount of
some possible states to choose a pattern to encode the data. This method has
advantages and disadvantages of both methods.
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4.2 Memory-awareness

As we discussed earlier, the writing operations in NVM takes much more energy
than reading operation. To save energy, the PCM controller can avoid writing
to a cell whose content is the desired value. It means that the lifetime of the
cell and the consumed energy in the write operation depends on the number
of bits that are actually being flipped by the write rather than the number of
words or bits that are written.

Although focusing on bit flipping reduction technique seems a reasonable
choice, the methods in this category fail to achieve its full potential because the
existing methods miss a crucial opportunity. Prior methods pick the memory
location for a write operation arbitrarily (new data items select an arbitrary
location in memory, and updates to data items overwrite the previously-chosen
location.) This misses the opportunity to judiciously pick a memory location
that is similar to the value to be written. When the new value and the value
to be overwritten are similar, this means that the number of bit flips is going
to be lower. Reducing the number of bit flips increases write endurance and
reduces power consumption. This approach is called memory awareness.

4.2.1 content-aware methods

The methods in this group, by being aware of the memory content, try to
redirect write requests to overwrite specific memory locations based on their
content-aware replacement policies to decrease the energy consumption of the
system and extend the lifetime of the device. For example, the authors in
[39] proposes an encoded content-aware cache replacement policy to reduce
the total switched bits in spin-torque magnetic random-access memory (STT-
MRAM) caches. To do this, instead of replacing the LRU block, the victim
block is chosen among the blocks whose contents are most similar to the missed
one. To avoid the comparison of the entire 512 bits of the blocks, each block is
encoded using 8 bits, which incur low space overhead. The reason behind this
encoding is that when the contents of two blocks are dominated by certain
bit value, there is a good chance that the content similarity of the two blocks
is high, hence may lower the switch bits when one double word replaces the
other [39].

Data Content-aware (DATACON) [17] is a recent mechanism that reduces
the latency and energy of PCMwrites by redirecting the write requests to a new
physical address within memory to overwrite memory locations containing all-
zeros or all-ones depending on the content of the incoming writes. DATACON
is implemented inside the memory controller. To keep track of the all-zeros
and all-ones memory locations and their address translations, the memory
controller needs to maintain a table. Although this method takes advantage of
being content aware, it needs to be implemented inside the existing memory
controller, which is non-trivial task. Moreover, the average number of bit flips
it can save is highly dependent on the workload since it uses two fixed patterns
to save bit flips.



Springer Nature 2021 LATEX template

14 Article Title

Another method that leverages memory awareness in its structure is called
Hamming-Tree [12], which is an auxiliary data structure that can be aug-
mented with existing indexes. Hamming-Tree is a data structure that organizes
free memory locations based on their hamming distance. It can be built upon
any existing tree-based data structure—whether they are designed for NVM
or not—to improve their performance in terms of NVM write endurance. One
of the unique qualities of this method, which makes it highly adoptable by any
existing key/value stores, is its ability to be augmented with a data indexing
structure from B+-tree to LSM-based persistent K/V stores to cache opti-
mized NVM index, and write-friendly hashing schemes. In this method, the
data indexing structure handles the regular indexing of keys and values, and
Hamming-Tree handles the mapping of free memory locations for future writes
and updates. This method also reduces bit flipping considerably.

4.2.2 AI-based methods

Machine learning and deep learning are changing the world by transforming
all segments from power systems to transport to storage systems and database
systems [53–55]. Using machine learning in the field of NVMs is not new, but
utilizing a machine learning-based method to extend the lifetime of NVMs was
introduced in [11].

Predict and Write (PNW) [11] is a memory-aware mechanism that uses
machine learning to extend the lifetime of NVMs. PNW is a K/V store that is
designed specifically for NVMs. This method uses a clustering-based approach
to extend the lifetime of NVMs using machine learning. Writes are directed to
clusters with similar content to reduce the number of bit flips. Like the previ-
ous methods in Section 4.1, PNW also targets bit flip reduction but through
software techniques. PNW decreases the number of bit flips for PUT/UP-
DATE operations by determining the best memory location an updated value
should be written to. This method leverages the indirection level of K/V-stores
to freely choose the target memory location for any given write based on its
value. In this method, NVM addresses are organized in a dynamic address pool
clustered by the similarity of the data values they refer to.

This recent AI-based direction has a high potential to improve the perfor-
mance of the existing wear-leveling methods that use conventional techniques
such as fixed patterns. Also, this new direction is in its infancy and can be
improved in many ways, such as using efficient autonomous clustering meth-
ods [53, 56] or utilize advanced deep learning methods that are capable of
learning the existing patterns among the existing data dynamically [57].

5 Conclusion and future work

NVMs promise to be an indispensable part of future memory systems due to
their unique characteristics such as non volatility, byte addressability, high
density, high scalability, and requiring near-zero standby power. They can
revolutionize the performance, energy efficiency, and processing footprint of
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existing systems from storage systems to edge and cloud environments to dis-
tributed database systems and blockchain decentralized applications [5, 58–63].
However, their main limitations, especially limited write endurance and high
write energy consumption, pose serious challenges for their full adoption, which
needs to be taken into consideration to leverage their full potential.

There is an opportunity now for researchers in data management systems to
adopt solutions to overcome these limitations of NVMs that would be essential
for their adoption and success. Specifically, in this paper, we present the low-
hanging fruits and approaches of augmenting existing techniques from the
NVM storage community to be adopted in data management systems. Also, we
outline future opportunities in the area of memory-awareness that promises to
increase the efficacy of existing techniques to improve the lifetime and energy
efficiency of NVM devices.
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