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Shingled magnetic recording (SMR) is a data storage recording technology used in modern hard disk drives
(HDDs) to increase the areal density capacity (ADC) of underlying media. The research on SMR drives began
around 2008, with the first SMR disk entering the market in 2013. We have performed an extensive survey
on SMR research, encompassing over 100 scientific research articles spanning nearly 17 years. Our survey
offers an in-depth analysis of the evolution of SMR disks, examining the different types of SMR architectures
and the inherent performance challenges in existing SMR disks. We have also explored how SMR technology
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use cases where hyperscalers have successfully leveraged SMR for large-scale data management. Furthermore,
as storage demands continue to escalate, there is a notable shift from various HDD technologies toward
Heat-Assisted Magnetic Recording (HAMR) disks, offering potential for increased storage densities beyond
1.5 Thit/in®. To this end, our survey also briefly discusses the research contributing to two specific HAMR
variants such as Shingled-HAMR and Heat Interlaced Magnetic Recording (HIMR).
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1 Introduction

The magnetic recording field has continuously developed over several decades, tracing back to
the pioneering work of Oberlin Smith, who conceptualized a magnetic recording apparatus in
1878 [47, 62]. Fast forward, in 1947, researchers at Manchester University invented the first high-
speed, cathode ray tube based fully electronic memory. In 1950, the U.S. company Engineering
Research Associates (ERA) developed magnetic drum memory. In 1951, the first tape storage
device, known as UNISERVO, was invented. By 1953, researchers had developed magnetic core
memory. The first hard disk drive (hereafter HDD), RAMAC (random access method of accounting
and control), was developed for the IBM 350 computer in 1957. Since then, HDDs have dominated
the storage market for several decades and continue to do so [19, 74, 119] because of its low cost-
per-gigabyte and low bit-error-rate [38, 75, 153, 231]. By 2024, due to their low cost per terabyte,
HDDs are expected to dominate over half of the world’s data storage. Based on some estimates, in
2023, approximately 330 million terabytes of data were created each day. It is even more evident
considering that the amount of data generated worldwide continues to increase progressively and
is estimated to reach 175 ZB in 2025, according to IDC [48]. The research involved in building
an HDD is interdisciplinary, including computer science, signal processing and coding, electro-
magnetics, materials science and engineering, magnetism, microfabrication, electronics, control
systems, heat transfer, and so on [248]. Consequently, the systems research in computer science
on nearly every new HDD has also been influenced by this diversification in manufacturing pro-
cesses. Among various metrics in manufacturing processes, areal density has remained one of the
crucial metrics that has steered the research in systems research regarding HDD. Areal density
measures the quantity of information bits that can be stored on a given length of track, area of
surface, or in a given volume of a computer storage medium.

Figure 1 shows the areal density versus time since the original IBM RAMAC. The vertical axis
corresponds to the areal density in Terabit per square inch (Tbit/in®), and the horizontal axis rep-
resents the levels of technology readiness in terms of Years. The graph illustrates a selection of
HDDs that employed conventional recording technology from 1960 to 2000. From 2000 onward,
the graph depicts the emergence of various magnetic recording technologies diverging from con-
ventional recording.

The storage density of an area of a disk surface in a RAMAC was only 2kbit/in?. And in the year
2003, it was already 60 Gbit/in?, a 30 million-fold increase over the past 46 years [248]. In 2003, a
3.5 HDD had a capacity of 160 GB, capable of storing nearly a thousand times more data than an
HDD of the same size just ten years ago [248]. Notably, the increase in disk density in recent years
has largely stemmed from advancements in track density tracks per inch (TPI) rather than just
linear density improvements. Estimates suggest that track density improvements have contributed
about 60% to 80% of the increases in areal density in recent HDD generations. A technical report
from 2012 [194] noted that, despite significant efforts to miniaturize components, the minimum
width of a track appeared to stabilize at approximately 50 nm [72]. However, some industry sources
reported in 2011 having observed track widths as low as 30 nm [64].

As shown in Figure 1, the sharp trajectory from 1990 onward became feasible with the advent of
Very Large-Scale Integration (VLSI), enabling the attainment of high-performance data chan-
nels, servo channels, and attachment electronics within a compact form factor [58, 199]. A crucial
aspect of this advancement was the introduction of lithographic manufacturing techniques for disk
heads. These integrated circuit-like methods allowed for the production of heads that are only a
few tens of nanometers wide, enhancing the precision and efficiency of data storage.

While gate density has increased for integrated circuits, bit density has also increased at a similar
rate or even more. Hence, as depicted in Figure 1, the HDD has followed its own version of Moore’s
Law, known as Kryder’s Law [110, 209], for decades.
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Fig. 1. Graph illustrating progression of HDD Areal Density over the years, approaching 1 Tb/in? and beyond.

Kryder’s Law has been a critical concept in understanding the evolution of HDD technology.
Named after Mark Kryder, it posits that the density of information stored on magnetic disks
has been increasing exponentially, doubling approximately every 18 months. This trend parallels
Moore’s Law in semiconductor technology but is uniquely focused on magnetic storage systems.
Kryder observed that since the introduction of the disk drive in 1956, the density of information
it can record has swelled from a paltry 2,000 bits to 100 billion bits (gigabits), all crowded in the
small space of square inch. That represents a 50-million-fold increase. Not even a Moore’s silicon
chip can boost that kind of progress.

Around 2000, it was already predicted that the physical scaling processes utilized thus far would
soon be unable to provide substantial additional capacity gains [199]. This suggested that conven-
tional magnetic recording (CMR)! disks have already attained the upper limit of their storage
density. And the rate of improvement in areal density (and consequently, cost per bit) will level
off over the next decade. This was termed superparamagnetic limit or superparamagnetic ef-
fect (SPE) (hereafter SPE) [199, 213]. Therefore, around the year 2000, the SPE began to become
a significant concern for new HDDs as data densities increased and the size of magnetic grains
decreased. The SPE is fundamentally a tradeoff between three competing parameters: the media
SNR, the write-ability of the media, and the thermal stability of the media. This tradeoff was first
coined as the media trilemma in [23]. As manufacturers attempted to increase areal density by nar-
rowing track widths, they had to reduce the width of the write head. This reduction decreased the
strength of the magnetic field generated by the write head, necessitating the use of softer (lower
coercivity) magnetic media, which could be magnetized by this weaker field.

Around the year 2006, the disk drives stored 400 Gbit/in?, and were again reported to be rapidly
approaching the density limit imposed by the SPE for perpendicular recording, estimated to be
about 1 Thit/in? [176]. In the year 2010, areal densities of over 800Gb/in? have been demonstrated
in the lab using perpendicular recording, and the highest areal density shipping in a product
was 739Gb/in® [55]. Around the same time, i.e., 2009-2010, it was mentioned that with hybrid
disk technology may be the goal of 1 Tbit/in® [152] can be increased to 4Th/sq [71, 110, 127].
Here, the term hybrid meant a new technology with minimal changes to current CMR disks.
The rationale behind the proposal was that while the SPE limit poses a significant challenge, the
areal densities of drives, around 500 Gbit/in?, are still distant from fundamental limits. This new

ICMR also stands for Connectional Magnetic Recording.
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technology was termed as Shingled Magnetic Recording (SMR). And the first SMR disk, also
termed as Shingled Write Disk (SWD) was released in year 2013.

The Figure 1 illustrates that HDDs are presently undergoing a transition from Two-
Dimensional Magnetic Recording (TDMR) to Enhanced-PMR, Microwave Assisted Mag-
netic Recording (MAMR), Heat Assisted Magnetic Recording (HAMR), and Heated Dot
Magnetic Recording (HDMR) [12, 44, 60, 109, 111, 136, 178]. Among these newly emerging disk
technologies, there will be variations of SMR in one form or another. Therefore, it is crucial to
thoroughly investigate the microarchitectural details of SMR disks from a systems research per-
spective. Furthermore, to the best of our knowledge, there has been no prior work to date that has
examined the significant advancements in the SMR domain while integrating various important
research contributions that have contributed to SMR research over the last 17 years. We have per-
formed an extensive study in the area of SMR research encompassing spanning nearly 17 years.
This work offers a much needed analysis of the evolution of SMR disks, encompassing both the dif-
ferent types of SMR architectures and the inherent performance challenges in existing SMR disks.
Furthermore, as storage demands continue to escalate, there is a notable shift from various HDD
technologies toward HAMR disks, offering the potential for increased storage densities beyond 1.5
Thit/in®. To this end, our survey will also briefly discuss the research that contributes to two spe-
cific HAMR variants i.e., Shingled-HAMR and Heat-Assisted Interlaced Magnetic Recording
(HIMR). Next, we will briefly describe the main SMR architecture and elaborate further on the
structure of our survey.

The remainder of this article is organized as follows: Section 2 provides an overview of SMR
architecture, detailing its fundamental principles and key components. Section 3 reviews foun-
dational research into SMR, focusing on seminal approaches to band organization and garbage
collection methodologies. Section 4, Section 5, and Section 6 explore the three primary types of
SMR: Drive-Managed SMR (DM-SMR), Host-Managed SMR (HM-SMR), and Host-Aware
SMR (HA-SMR), examining their respective design strategies and operational characteristics.
Section 8 discusses the integration of SMR with RAID, data deduplication techniques, and its
practical applications in real-world storage systems. Section 9 synthesizes lessons learned from
SMR deployments and investigates how the technology can be extended to future advancements.
Finally, Section 10 outlines the prospects for SMR technology and presents concluding remarks.

2 Shingled Magnetic Recording (SMR) Architecture

Figure 2 illustrates the microarchitecture of a SMR disk compared to a CMR, also known as PMR,
disk. Additionally, Figure 2 also shows the three main types of SMR drives: DM-SMR, HM-SMR
and HA-SMR (discussed in detail in later sections: Section 4, Section 6, and Section 5). A command
specification has been established for SMR hard disks implementing both the HM-SMR and HA-
SMR drives [52, 95]. These standardized command interfaces have been formulated by the INCITS
T10 [52] committee for SCST hard disks and by the INCITS T13 [95] committee for ATA hard disks.
However, no industry standard has been established for the Drive-Managed model, as it prioritizes
backward compatibility and transparency to hosts.

In CMR, data is written onto magnetic tracks that are arranged side-by-side with small gaps
between them, allowing each track to be independently rewritten without affecting adjacent tracks,
thus enabling efficient random write operations. In contrast, SMR takes advantage of the difference
in magnetic field strengths required for reading and writing. Since the magnetic field needed for
reading is smaller than that needed for writing, the read track can be narrower than the write track.
Specifically, the magnetic write head is typically 3-8 times larger than the read head [130, 143].
This configuration allows each data track to be written by partially overlapping the preceding
track, while leaving sufficient space for a narrower read head to access the previous track’s data.

ACM Trans. Storage, Vol. 21, No. 3, Article 22. Publication date: June 2025.



Reflecting on the Past 17 Years of Shingled Magnetic Recording 22:5

: Conventional Magnetic Recording (CMR) disk internals
! head

: assemm,{md "“d{ ‘

1

| |

1

Erase Band ) GuardiGap g,

CMR Disk

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

witer head 'w* > reader head 'r'

Shingled Magnetic Recording (SMR) disk internals

overwite (wite + destroy)

MR Track 1 ‘
read hezd{ I )\ SMRTract
SMR Track 2 l k
Band 1(B') | y
(or Zone) SMR Track 3 |

SMR Track 4

I

‘

|

|

I

|

|

|

|

I

I L

shingled guard

D v s I _shngesguarty I
I

I

‘

|

|

I

|

|

Constructs

(T ]
) [ ]
Band N (B) | -
(or Zone) £ |
i SMR Track N ]
- 1

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

‘ Host (active) ‘

‘ Host (active) ‘

I

i

SMR disk ‘

‘ SMR disk (active)

Wite Restiction: Sequential Wite

HM-SMR

Wite Restricion: None

HA-SMR

Three types of SMR disks

Fig. 2. The internal architecture of SMR compared to CMR disks, and the three types of SMR drives.

Physically, SMR disks organize these overlapping tracks into fixed-size bands or zones (shown
in Figure 2), resembling the layered arrangement of shingles on a roof or clapboards on a wall.
This shingle layout increases TPI and thereby enhances the areal density of magnetic tracks on
the disk. Common band sizes in SMR disks vary; for example, 8 TB SMR disks often use a zone
size of 256 MiB, while other configurations have band sizes ranging from 13-36 MiB or 15-40 MiB
[4, 219]. Within each band, contiguous tracks are written, with individual track sizes typically
ranging from 100 kB to 1 MB [87]. Another key parameter emphasized in earlier research was the
number of tracks shingled together. With a shingle spacing set at 10% of the write width, 90% of
the last shingle remained unused. To limit capacity overhead to 10%, each band contained around
100 shingles [65].

While SMR disks support random read operations, writing is more complex due to the overlap-
ping track structure. Modifying any part of a band in SMR, a process known as random modify-
write (RMW), requires rewriting the entire band. This approach leads to write amplification, as
multiple tracks—typically 4 to 8-are affected [87, 168] during a single write operation. As a result,
SMR disks are best suited for workloads that prioritize high data density and tolerate infrequent
modifications to stored data.

If all tracks on an SMR device were fully shingled, the disk would essentially function as a write-
once medium. Once data is written, reusing the tracks would be impossible without impacting
adjacent, non-overwritten sectors. To achieve maximum capacity, an SMR drive could be written
sequentially from beginning to end, filling all available tracks. To mitigate this limitation, guard
regions (or guard gaps) (shown in Figure 2) are introduced between zones. These small gaps pre-
vent data from being unintentionally overwritten when new data is written.

Guard regions ensure that the wide write head used in SMR does not interfere with the initial
tracks of a zone while writing to the final track of the preceding zone, which is critical for maintain-
ing data integrity during write operations. In one of the earlier studies, Gibson et al. [64] noted that
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Fig. 3. Shingled Writing Geometry model for an ideal case, Gibson et al. [64].

conventional recording technology uses a track width of 25 nanometers (nm) with guard gaps of 5
nanometers (nm) between tracks. In contrast, shingled writing employs wider tracks measuring 70
nanometers (nm), with sharper edges allowing adjacent down-band tracks to be placed as close as
10 to 20 nanometers (nm) apart. This arrangement optimizes areal density while preserving track
accessibility.

2.1 Inherent Challenges of SMR Technology: Balancing Increased Areal Density and
Write Amplification

It is also important to understand the dual challenges presented by SMR technology, particularly
regarding the significant increase in areal density and the corresponding rise in write amplification.
We will discuss particular examples from various research studies that have quantified these two
factors, aiming at providing a clearer understanding of the tradeoffs involved in optimizing SMR
technology for modern storage demands.

2.1.1 Increase Factor of Areal Density. Since the motivation behind SMR technology was fun-
damentally rooted in the need for increased data storage density and capacity, the study in [64],
motivated by the work in [15], introduced a Shingling Writing Geometrical Model. This model ini-
tially provided valuable insights into how track geometry influences areal density, highlighting
the underlying mechanisms responsible for the enhanced storage capacity in SMR disks. It can be
summarized as follows:

The SMR disk space is organized by multiple bands/zones “B”, and a band consists of several
data tracks followed by a guard region “g”. In a non-shingled region of the disk, tracks of width,
denoted as “w”, are written with guard gaps, represented also by “g”, between them. Shingled
writing, characterized by wider tracks, denoted as “w*”, facilitates a more defined edge, allowing
the adjacent tracks in the down-band to be positioned as closely as “r”. A surface “S” may be divided
into two types of tracks, i.e., (1 — f) shingled and (f) unshingled. To this end, the Areal Density
increase factor (A) can be estimated as follows:

1-f)B
Increase Factor(A) = S (i + ﬁ) where s = (W i

s*  s*+B-1 r

w’ +
g) and s* = ( g) .
Given it, the increase factor in areal density can be up to 2.25 times [64], showcasing the poten-
tial of shingled writing for higher storage capacity. The work in [15] reports that the combination
of smaller grain size and increased track density leads to an areal density increase by a factor of
at least 2.5x [195] with potential gains of 3 to 5 times, according to industry sources. Greaves

et al. modeled shingled writing and identified a maximum density of 3 Thit/in® [71], representing

ACM Trans. Storage, Vol. 21, No. 3, Article 22. Publication date: June 2025.



Reflecting on the Past 17 Years of Shingled Magnetic Recording 22:7

a threefold increase over the superparamagnetic limit of 1 Thit/in?. The work in [168] mentions
that among the new technologies being explored, SMR targets an areal density increase of approx-
imately 2.3x.

2.1.2  Quantification of Write Amplification. While increasing areal density was a primary ob-
jective, quantifying write amplification emerged as equally critical. Suresh et al. [194] investigated
this relationship, particularly regarding band sizes in SMR technology. For instance, in an SMR
device with a 64 MB band size, updating merely 4 KB of data necessitates reading the entire band
into memory, modifying the 4 KB, and then writing back the whole band. This sequential write
process effectively converts a 4 KB update into a 64 MB write, resulting in substantial write amplifi-
cation. To mitigate this issue, SMR technology divides the disk surface into smaller segments called
bands, which consist of consecutive tracks separated by a gap known as the band gap. This gap
is specifically designed to prevent interference between writes to adjacent bands. Although this
approach reduces write amplification to the size of the band in worst-case scenarios, it remains far
from ideal. As a concrete example, even with a modest band size of 64 MB, an update of just 4 KB
leads to a staggering write amplification factor of 1,638,400%, as the operation involves writing the
entire 64 MB. The problem becomes even more pronounced with larger band sizes, highlighting
the significant challenges in effectively managing write amplification in SMR technology.

2.2 Literature Analysis

We have performed an extensive study in the area of SMR research encompassing over 100 sci-
entific research articles spanning nearly 17 years, sourced from leading systems and storage
conferences.

Table 1 provides a comprehensive overview of SMR related research studies. Check-marks (v')
are used to indicate alignment with specific categories while the sign (X) is used to indicate oth-
erwise. The table is primarily classified based on the types of SMR drives: DM-SMR, HM-SMR,
and HA-SMR. Additionally, we also included a relatively new SMR type called Hybrid-SMR (H-
SMR) discussed in later sections (refer to Section 7). For brevity, the table Table 1 encompasses
research studies related only to SMR. It excludes the work on future technologies covered in later
sections (Section 9). However, a detailed bibliography is provided to ensure that readers can access
a broader range of relevant literature. Since most of the SMR research studies have further cate-
gorized the DM-SMR drives into three subcategories (explained later in (Section 4.1, Section 4.2,
and Section 4.3), our Table 1 follows the same pattern. Although the majority of the work cited in
Table 1 is peer-reviewed, it’s important to note that SMR research over the years also includes sig-
nificant contributions from technical reports and similar sources (pioneering patents). Hence, the
“Misc” category indicates work that falls into this classification. Furthermore, some of the work
has been open-source, contributing immensely to SMR research. We have explicitly mentioned
such contributions where applicable under the category “Code”.

3 Seminal Approaches to Shingled Magnetic Recording Foundational Research:
Bands and Garbage Collection Methodologies

From 2009 to 2016, extensive academic research [14, 15, 116, 169, 170, 173]-alongside critical dis-
cussions among industry practitioners [1, 9-11, 37, 45, 46, 63, 83, 83, 90, 102, 140, 156, 161, 167,
174, 201, 203], significantly influenced overall trajectory of SMR research. Figure 4 illustrates the
progression toward the standardization of SMR technology, mapping its development through two
primary pathways i.e., academic research and collaboration with the stakeholders in the industry.
This early stage research had profound implications for practical aspects such as manufacturing
processes, cost considerations, and compatibility with existing file systems. A key challenge during
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Table 1. Classification of SMRResearch in Systems

DM-SMR Source Evaluation

Ref O-SMR | LSMR | hybria | TMSMR | HASMRHSMR | 50 ise | Shingled | Sim/CMR | €%
[31, 65, 81, 113, 128, 139, 145, 164, 189, 235]
[24, 32, 33, 100, 101, 130, 144, 207, 236]
[25, 36, 41, 116, 132, 137, 142, 143, 147, 148]
(14, 15,21, 77, 124, 146, 170, 181, 196, 210,212] |, X X X X X s 1 ox X / X
[88, 115] X 4 X X X X v X X X X
[87] [187] X X v X X X v X X X X
[3-5, 188, 192] 7 X X X X X 7 7 X 7
193] v X X v X X v v v
211, 227, 246] 7 7 v X
76, 79] X X X v v v v v v
220, 224, 230, 233, 234, 240]
[78, 228, 229, 232, 242]

X X X X v X v X v X X
[29, 125, 131, 133-135] X X X X 7 X v x X 7 X
[85, 98, 117, 129, 171] X X X X X X X X X X
[27, 103, 138, 217, 218, 237, 238] X X X X X X X | x X X

X X X v X X v X X v X
[30, 149, 150, 155] X X X v X X v X v X X
[239, 245] X X X v X X v X v X v
[64, 168] 4 X X X X X X v X v X
[6, 50] 4 X X X X X X v 4 X X
[194] X X X v X X X v X v X
[107] X X X v X X X v v X X
[221, 222] X X X X X v v X X v X
[184] X X X X X v X v X v X

Abbreviations: DM-SMR - Drive-Managed SMR; O-SMR- Out-of-place update SMR; I-SMR- In-place update SMR;
HM-SMR - Host-Managed SMR; HA-SMR - Host-Aware SMR; H-SMR - Hybrid SMR; Peer - Peer Reviewed Article;
Misc - Miscellaneous (Patent/Report); Eval - Evaluation; Shingled - Evaluated on real Shingled Disk; Other - CMR or
Simulator; Code - source Code available;

this period was ensuring backward compatibility with legacy systems that predominantly utilized
CMR technology. To address these challenges, researchers rigorously evaluated multiple proposals
based on theoretical models, simulations, and empirical testing, focusing on understanding write
amplification in SMR, the challenges posed by random writes in SMR, the significance of SMR band
structures, and the role of garbage collection in affecting SMR disk performance. We categorize
the early research on SMR into three main categories: (1) design space exploration of SMR bands,
(2) Garbage Collection algorithms, and (3) earlier research on potential SMR filesystems. These
research efforts led to the release of first consumer-grade DM-SMR in 2013, HM-SMR in 2014,
and Linux mainline support for SMR that same year, followed by the release of HA-SMR drive
in 2016.

3.1 Design Space Exploration of SMR Bands: Zones, Layout, and Workload

A Log-structured File System (LFS), first introduced in the 1990s, is designed to perform all
writes to disk sequentially, structuring data in a continuous, log-like (circular buffer) manner [18,
163, 179, 186]. This design optimizes high write throughput by aggregating small write operations
into larger, contiguous blocks, reducing the performance penalties associated with random writes.
Building on these principles, log-structured designs offered a compelling approach for SMR disks,
where sequential, log-like writes help manage SMR’s inherent constraints. SMR disks increase data
density by overlapping, or shingling disk tracks, which requires that writes proceed in a strictly
sequential manner within a given area to avoid overwriting neighboring data. This sequential
structure aligns closely with LFS principles, where data is written in contiguous blocks, making
LFS-based designs naturally suitable for managing SMR constraints.
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One of the earliest contributions to this area, presented in the form of a patent by Kasiraj et al.
[105], organized the disk into bands, with each band storing a single file, such as a large multimedia
file. Bands were separated by a gap of tracks to prevent a write to the last track in a band from
overwriting data in the first track of the subsequent band. LFS segments and SMR bands are similar
in concept, and band compaction in an SMR disk parallels segment cleaning in an LFS [101].

In two related studies conducted in 2009 and 2011, Gibson et al. [64, 65] explored the operational
implications of shingled writing and suggested that shingled-write disks be managed as collections
of append-only logs, echoing the log-based approach inherent in LFS. The study suggested that
increase in disk density, although advantageous, introduces complexity in SMR, as altering a disk
sector risks corrupting other data on the overlapped tracks, necessitating copying to prevent data
loss. Instead of imposing this task on the host (or application), the SMR disk should maintain
compatibility with existing CMR drives by incorporating a functionality inside the firmware that
emulates the block interface. To this end, the authors mentioned that an internal software in the
shingled disk controller can mask the changes imposed by shingled-writing (SW), similar to how
the Flash Translation Layer (FTL) in NAND-based SSDs [8, 42, 59, 86, 118, 172] masks the need
to erase a block before writing any part of it. Additionally, the work mentions the potential use of
SSD technology for embedded disk cache technology, enabling hybrid solutions that combine the
capacity of shingled-write with the small random read and write performance of SSDs. In case of
SMR disk, the software is called a Shingled Translation Layer (hereafter STL).

3.1.1  Design of Bands and Zones on SMR. As illustrated in Figure 2 and Figure 3, the disk surface
is divided into bands. While most of these bands are shingled, SMR technology allows for certain
bands to remain unshingled, enabling random writes without the risk of overwriting adjacent data
or incurring a read-modify-write penalty. To this end, early SMR research was based on the work
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that significantly influenced the strategies for partitioning bands on an SMR drive. We will discuss
two specific studies that explored the partitioning of shingled and unshingled bands on SMR drives.

In their exploration of system-level design parameters for shingled write disks, Amer et al.[14,
15, 116, 173] delved into a spectrum of possibilities, considering alternative interfaces like object-
based stores or file system-based (log-structured file systems) approaches to adapt to the new
disk behavior. They discussed a partitioning scheme for shingled write disks, dividing them into
two distinct regions: Log Access Zones (LAZ) and Random Access Zones (RAZs). A RAZ was
defined by maintaining k1 unused tracks between each pair of tracks. The remainder of the disk,
designated as the LAZ (comprising shingled tracks), remained organized into bands. The RAZ
could be viewed as consisting of bands that contained a single track or as thicker bands, specifically
k + 1 times the thickness of LAZ tracks, with the last track in the LAZ matching the width of the
RAZ.RAZ can be interspersed with LAZ, allowing for the placement of metadata in a RAZ close to
the data in the nearby LAZ. Additionally, using cylinders instead of tracks for forming RAZ might
prove advantageous.

In addition to this, the authors in a study [194] also explored the same concept under a section
titled differences in disk geometry. The authors discussed that another area of difference might be
the location of the unshingled band on the device concerning the shingled bands. Since metadata
updates are written to the unshingled partition while all file data is written to the shingled bands,
the disk arm may need to move between these two types of bands more frequently than in tradi-
tional HDDs. However, optimal placement of the unshingled band could mitigate this issue. For
example, positioning the unshingled band in the center of the disk surface, with shingled bands
on either side, would equalize the overall displacement of the disk arm. Furthermore, coalescing
multiple metadata updates into a single write on the host could further alleviate this problem.

3.1.2  Band Layout. The subsequent discussion was on band layout. The work in [15] mentioned
that there are two basic layouts that a SMR disk may use. One option is to keep moving live data
at the tail of the log to the head of the log and then considering the cleansed part free. A second
option is to clean bands atomically in this approach, we either write complete bands or bands or
append to them until they are filled. In the first case, the circular log would need an additional
buffer between its head and tail of at least k tracks. We now discuss the tradeoffs involved in
determining the best band usage, the best number of logs, and the reclamation of space. (1) band
usage, and (2) number of logs

In case of band usage, four approaches were proposed to enhance band management: (1) com-
plete band writes, (2) append-only writes, (3) circular log, and (4) flexible band sizes. The first ap-
proach involved writing entire bands containing segments of the LFS, which results in highly
effective writes. The second approach appends data to bands without overwriting them. The third
approach introduced a circular log in each band, requiring band sizes to be at least doubled com-
pared to designs that clean entire bands atomically. To avoid overwriting active data at the head
with incoming writes to the tail, an additional gap (k-track intra-band gap) is often needed be-
tween the two ends of the log. To reclaim free space, a cleaning process moves active data from
the tail to the head, freeing up space by not copying it forward. However, if the log starts within
k tracks of the band’s beginning, this gap becomes unnecessary. This circular log design reflects a
shift from Rosenblum’s segmented LFS back toward Ousterhout and Douglis’s original proposal,
which did not partition the log into segments.

In case of number of logs, the authors mentioned that while a primarily write-by-append device
might use a LFS with a single log, there are benefits to employing multiple logs. These included
separating metadata from data due to differences in update frequency and optimizing read access
for scenarios such as media streaming. They also discussed the use of a hierarchical log system to
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Table 2. List of GC Frameworks in Earlier Stages of SMR Research

Year | Garbage Collection Frameworks in SMR

2010 | set-associative and S-blocks [21]

2012 | intraband GC, normal GC, and forced GC [128]?

2012 | short block (E-region and I-region) [81, 82]°

2014 | Round Robin mapping schemes: R(4123), 124R(3), 14R(23) [88]
2015 | empty weight (greedy) and cold weight [101]

Each framework consisted of a number of GC algorithms.

improve write efficiency by managing hot and cold data, thereby reducing the need for frequent
cleaning. However, the authors noted that using multiple logs comes with the drawback of in-
creased head movement during writes, which could negatively impact performance under heavy
write loads.

3.2 Compaction and Space Reclamation in SMR: Garbage Collection Algorithms

To reclaim space in SMR disks, band compaction is employed to consolidate overwritten data, much
like the cleaning process in LFS [18, 101, 163, 179, 186]. This process involves identifying and re-
locating valid data within SMR bands to create contiguous free space for future writes. Factors
such as band size and configuration can significantly affect the efficiency of compaction, as larger
bands may require more extensive data relocation, increasing resource demands and compaction
duration. Frequent compaction not only consumes resources but can also delay I/O operations,
creating a potential bottleneck that impacts overall system responsiveness. Therefore, optimized
compaction strategies are critical to minimize resource consumption and maintain system perfor-
mance. Table 2 lists some of the garbage collection (GC) frameworks designed to address these
challenges. A range of STL approaches is found in the patent literature [56, 57, 82, 97, 99, 179, 186].

3.2.1  Two Indirection GC Algorithms: Set-associative and S-BLOCKS (2010). Cassuto et al. [21]
from Hitachi Global Storage Technologies (HGSTs) were among the first to address the
random-write restrictions inherent in SMR disks. Their work introduced two indirection sys-
tems, or translation layers, comprising data structures and algorithms that map logical block
addresses (LBAs) to physical block addresses (PBAs). The first (1) system proposed a shingled
set-associative disk-cache-based architecture designed to enable unrestricted writes, while the sec-
ond (2), more intricate system utilized circular buffers integrated with S-blocks to alleviate access
limitations and enhance performance.

The disk-cache based architecture provides unrestricted access with a manageable drop in per-
formance. It utilizes a disk cache to mask access restrictions and optimize performance in shingled
recording drives. At the same time, the S-block architecture utilizes a new storage unit called
S-block. It is designed to allow good sustained random-write performance through a dynamic
system dividing the disk into circular write buffers with head and tail pointers. Furthermore, the
work utilized a discrete-event simulation to implement and simulate the two proposed indirection
systems for SMR drives. The simulator for evaluating shingled-recording architectures included
a core indirection module for LBAs to PBAs and a physical drive model to provide access-time
information. The outputs of the simulator include logs of PBA access, the time taken for accesses,
average read/write throughput, and internal statistics on the indirection system. The results of the
study provided insights into the tradeoff between capacity and performance in SMR drives. They
highlighted the need for better algorithms at the firmware level to optimize performance based

2Most consumer grade SMR drives till to date have E-region STL
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on workload conditions. Considering the impact of their work, the current DM-SMRs can also be
termed Cassuto drives.

3.2.2  Hot Data Identification-based Shingled Write Disk (H-SWD) (2012). Although the work by
Cassuto et al. was instrumental, like any research work, it raised some further open questions. One
such question was how to mitigate the overhead of garbage collection. Further research works
[81, 82, 128] addressed the performance pitfalls related to garbage collection. In this article, we
propose both a novel SWD design (called H-SWD) to considerably reduce the garbage collection
overhead by adopting our hot data identification mechanism and an address mapping scheme for
our SWD. The H-SWD had three basic GC policies: (1) intraband GC, (2) normal GC, and (3) forced
GC. These fundamental polices were exploited by both hot bands and cold bands. The intra-band
GC reads a block in the tail position of a band and checks if it is valid (i.e., live) or invalid (i.e.,
outdated). If it is a valid block, it is moved to the head of the band. Otherwise, it is freed. The
normal GC is a fundamental GC policy in the H-SWD design. This includes the aforementioned
intra-band GC and adds one more policy: it tries to reclaim valid data blocks. The forced GC is a
more aggressive GC policy, which is invoked only when the SMR disk cannot prepare a specified
amount of free space even after the normal GC process.

3.2.3  Short Block (Large I-region and Small E-region) (2012). Hall et al. [81, 82] first explored
an alternative strategy where SMR drive constraints are enforced autonomously, without signif-
icant modifications to the host system. They developed a data handling algorithm that achieves
excellent short-block random write performance under SMR constraints, while still asymptotically
maintaining expected random read and sequential performance. In the second part, they address
the development of optimal autonomous algorithms for longer block random writes.

The authors organized the majority of HDD data into host-sequential shingled regions called
I-regions. These I-regions mimic the layout of a conventional HDD but with key differences:
they are optimized for efficient refresh operations under SMR constraints and include additional
tracks serving as guard and refresh buffers. Although the I-regions store host data sequentially,
the physical location of this data gradually shifts around the region as it is refreshed. An indirection
system within the HDD dynamically translates host addresses to the updated physical locations.
I-regions derive their name from this indirection mechanism. Additionally, a separate shingled
region, termed the E-region (on-media cache), functions as a circular write log, accepting new
writes without regard to logical addressing. A number of STL mechanisms have been proposed
to date; however based on measurements of shipping drives, the dominant ones may be termed
E-Region STLs [187].

3.24 Mapping Schemes (2074). In 2014, He et al. [88] proposed several static LBA to PBA ad-
dress mapping schemes to minimize re-writes for in-place updates, assuming the file system could
compact data into the lower end of the block address range, with further enhancements incorpo-
rating a track-based translation layer. The first (1) scheme, “R(4123),"distributes LBAs across the
tracks of all bands in a round-robin manner: the initial 25% of LBAs map to the 4th tracks, the next
25% to the 1st tracks, followed by the 2nd and 3rd tracks, evenly distributing updates but increas-
ing seek overhead. The second scheme (2), “124R(3),’maps 75% of LBAs sequentially to the first,
second, and fourth tracks and the remaining 25% to the third tracks again in a round-robin manner,
offering better spatial locality and reduced seek overhead but risking write amplification under
50% usage, highlighting a tradeoff between amplification and seek efficiency. A third variant (3)
maps 50% of LBAs sequentially to the first and fourth tracks, the next 25% in a round-robin manner
to the second tracks, and the last 25% similarly to the third tracks.
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3.25 Empty and Cold Weight GC Algorithms. Jones et al. [101] highlighted that the longer a
shingled disk spends in band compaction, the more resources it wastes, potentially causing I/O
operations to block and reducing system responsiveness. To address this, the authors proposed
developing band compaction strategies that minimize system costs. They suggested that by
separating frequently updated blocks (hot) from those that are infrequently updated (cold),
they can reduce the number of blocks moved over time. The authors developed a methodology
that used write heat, defined by the frequency of writes to a logical block address (LBA), to
guide band compaction. By classifying data blocks as (hot) or (cold), the methodology aims at
reducing the likelihood of mixed bands, which are more expensive to compact. Hot bands are
compacted less often, while cold bands, being more stable, can be compacted more frequently
without leaving many holes. This classification helps decrease the number of bands read and the
overall amount of data copied during the compaction process, ultimately improving efficiency in
SMR media usage. To this end, they developed two algorithms: (1) empty (greedy naive) and (2)
cold-weight.

The naive empty (greedy naive) algorithm always attempts to find an empty band for compaction.
If no empty bands are available, it selects bands with the least amount of live data, compacting only
the necessary number of bands based on the compaction requirement. In contrast, the cold-weight
algorithm considers both the free space in a band and the distribution of hot and cold blocks. It
selects bands based on a formula that incorporates the fraction of free space, the fraction of cold
data, and the fraction of hot data. This approach helps optimize band compaction by prioritiz-
ing bands with more stable data while reducing the overall data movement required during the
process.

3.3 FileSystems and Workload

Furthermore, the early-stage discussions were also aimed at developing specialized file systems
and optimizing workload management to address the unique characteristics of overlapping tracks
inherent to this storage technology. This section reviews two key works that have significantly
contributed to the advancement of SMR file systems and workload optimization, providing insights
into the challenges and innovations in this domain.

3.3.1 Filesystem (2012): In 2012, the authors [194] developed an SMR device emulator and an
SMR file system. The emulator implements a subset of the Banded Device Command Set to facili-
tate an API for effective data management by the SMR file system. This setup enables the intelligent
placement of data on the emulated device, mitigating the challenges posed by the sequential write
nature of SMR. The authors explored the fundamentals of SMR, including its architectural features
and performance implications. Evaluation workloads were crucial for assessing the effectiveness
of the SMR infrastructure. For this purpose, the authors selected Hadoop/HDFS, a widely used
workload generator.

3.3.2 Workload (2012): Le et al. [116, 173] evaluated the impact of diverse workloads, derived
from real-world traces, on a shingled write disk model. They highlighted how different workloads
influenced the strategies of remapping and restoring blocks, demonstrating that write-heavy work-
loads could provide a performance advantage for shingled-write disks. To ensure robust analysis,
the authors developed flexible models and gathered universal performance metrics, focusing on
the functional characteristics of shingled drives rather than specific physical assumptions about
future disks. Three Key metrics included (1) logical block distance, which measured block move-
ments based on the difference between sequential logical addresses, as well as (2) track and (3)
band movements, reflecting the impact of head transitions on data transfer tasks.
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Fig. 5. DM-SMR main architecture.

4 Drive-managed Shingled Magnetic Recording (DM-SMR)

Figure 5 illustrates the fundamental architecture of Drive-Managed SMR (hereafter DM-SMR) disk.
DM-SMR drives were among the earliest types of SMR disks. A substantial portion of the earlier re-
search discussed in the previous section culminated in the release of the first consumer-grade SMR
drive, known as DM-SMR, in 2013 [182] (as also shown in the Figure 4). In DM-SMR, the drive’s
firmware manages the shingling process, optimizing data placement. In some research studies, DM-
SMR drives have been referred to by alternative names. They are sometimes called autonomous
disks because they shield all management complexities from the host system (and applications),
independently handling all I/O operations. Additionally, DM-SMR has been labeled as Type-1 SMR
[194]. Due to its backward compatibility and transparency to hosts, the DM-SMR model does not
have an established industry standard like other two types of SMR disks (discussed in Section 5,
and Section 6).

As shown in Figure 5, the STL is a critical functionality of DM-SMR drives responsible for man-
aging the mapping between logical addresses (LBA or Logical Block Address) used by the host sys-
tem and physical addresses (PBA or Physical Block Addresses) on the disk platters. Since DM-SMR
drives use shingled tracks where data is written in overlapping bands, the STL plays a crucial role
in tracking the mapping of data within these shingled bands. It ensures that incoming data writes
are efficiently organized into the appropriate shingled tracks and manages the complexities asso-
ciated with shingled data placement. The STL also handles data movement and garbage collection
processes to optimize storage utilization and performance. In a (DM-SMR) drive, RMW operations
typically occur within the drive itself, specifically within the STL and associated firmware. Given
the critical role of the STL in the overall performance of DM-SMR disks, a significant portion of
DM-SMR research and seminal work has focused on experimenting with various data mapping
schemes and STL algorithms.

To the best of our knowledge, there have been approximately 60 to 70 research publications
focused solely on DM-SMR drives. Given the extensive nature of this research, it is impractical to
discuss every study in detail. Therefore, this section is organized to highlight the most significant
contributions to the development and understanding of DM-SMR drives, presenting the main ideas
and observations of each work to offer a comprehensive overview. To this end, we have structured
our discussion on DM-SMR drives into six sections as following:

The first three sections will explain the three fundamental types of DM-SMR drives. Based on
how random writes/updates or modifications to existing data are managed within the DM-SMR
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Fig. 6. Types of DM-SMR disks. These three terminologies for different types of DM- SMR were coined by
Lin et al. [128] and He et al. [87].

drive, DM-SMR drives can be further classified into three * categories (as illustrated in Figure 6):
First, the most fundamental category is out-of-place update SMR (O-SMR) drives, which are
explained in Section 4.1. Second, we have in-place update SMR (I-SMR) drives, detailed in Sec-
tion 4.2. Lastly, the third category is a hybrid combination of both, that is, a hybrid of I-SMR and
O-SMR, explained in Section 4.3. It is important to note that these three terminologies for different
types of DM-SMR drives were not coined by us; they were introduced by Lin et al. [128] and He
et al. [87].

Furthermore, in the fourth section, Section 4.4, we will discuss the seminal research framework
that reverse-engineered the internals of DM-SMR drives and laid the groundwork for various sub-
sequent frameworks in the study of SMR drives. In the next two sections, we will provide a brief
overview of the research studies related to on-disk persistent cache in Section 4.5 and hybrid drives:
SSDs and DM-SMR in Section 4.6. These sections will be followed by a final discussion in Section 4.7
regarding the performance pitfalls present in existing DM-SMRs.

4.1 Out-of-place Update SMR (O-SMR)

An out-of-place update SMR (hereafter O-SMR) disk is a type of SMR device where data up-
dates are managed by writing the updated data to a new location rather than directly overwrit-
ing the existing data. To mitigate potential performance degradation caused by random writes
and updates, most SMR designs typically utilize out-of-place updates. This technique is akin to
the **copy-on-write™ (COW) method, where instead of modifying the original data, a copy
is created at a new location, preserving the integrity of the existing data until the new write is
confirmed. COW. Specifically, when an update is issued, the storage device invalidates the old
data blocks and writes the updated data to clean (i.e., free) blocks. While this approach helps
avoid performance issues associated with in-place updates, it necessitates an address mapping
table to maintain the relationship between PBAs and LBAs. Additionally, the out-of-place up-
date method results in numerous invalid data blocks on the storage device, leading to a grad-
ual reduction in the number of available clean blocks. Consequently, a specialized reclama-
tion mechanism, commonly referred to as garbage collection, is required to reclaim and reuse
these invalid blocks. O-SMR drives provide much more space gain by using larger bands or
zones. Therefore, only a negligible amount of space is used for safety gaps. This approach
means that most of the earlier research we have discussed in Section 3 falls into this category
[14, 15, 41, 81, 82, 87, 88, 116, 124, 128, 131, 173].

3these three types do not mean three types of consumer-grade drives
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4.2 In-place Update SMR (I-SMR)

As mentioned in Section 4, I-SMR drives are slightly different from O-SMR drives. To execute an
update operation on a previously written track in an I-SMR drive, it is necessary to first securely
read out the data on the subsequent tracks and then rewrite them back to their original positions
after updating the data on the targeted track. Notably, static LBA-to-PBA mappings are feasible
in I-SMR drives, eliminating the need for mapping tables and garbage collection operations. To be
more precise, no garbage collection mechanism at all.

This method stands in contrast to O-SMR drives, wherein updated data is written to a new
location, preserving the old data until it is eventually overwritten. The work in [187] has also
termed I-SMR drives as drives that have track mapping STLs, where translation is performed after
mapping an LBA to a track/head/sector location. In-place SMR can present challenges in managing
data updates efficiently due to the overlapping nature of data tracks on SMR disks, which resemble
shingles on a roof. However, it may still be used in certain scenarios depending on the specific
requirements and capabilities of the storage system. The work by He et al. [88] is the first work that
has incorporated the I-SMR drive. The work has presented several new address mapping schemes
for in-place update in SMR disk. By appropriately changing the order of space allocation, the new
mapping schemes were implemented improve the write amplification overhead significantly. The
work by Shafaei et al. [187] has also presented an in-place methodology. The work implements a
static mapping translation layer designed for SMR drives at the track level. It facilitates in-place
data writing by caching data from the next track in the shingling direction, thereby enabling direct
overwriting of sectors in the target track.

4.3 In-place Update SMR (I-SMR) + Out-of-place Update SMR (O-SMR)

In a hybrid approach, combining I-SMR and O-SMR, the DM-SMR can adjust its data manage-
ment scheme according to the drive’s utilization changes. To the best of our knowledge there is
only one research work that have implemented this hybrid design. In work [87] He et al. intro-
duced an methodology termed as SMaRT tailored for drive-managed SMR drives, leveraging two
distinctive properties inherent in SMR drives. SMaRT employs copy-on-write updates exclusively
when in-place updates are not possible. By integrating track-level mapping with a novel space
management scheme, the system can automatically identify and filter out cold data to minimize
data migration overhead for GC operations.

4.4 Reverse Engineering and Modeling DM-SMR

The framework Skylight in research article by Aghayev et al. [3, 4] remains one of the most influen-
tial contributions. It laid a critical foundation for subsequent studies, providing a comprehensive
understanding of DM-SMR disk internals. As a result, it has widely served as a benchmark for the
development and evaluation of other SMR research frameworks. The framework’s implementation
included detailed microarchitectural modeling of the Seagate 8TB DM-SMR disk, utilizing practi-
cal tools such as a high-speed camera and slow-motion replay to meticulously examine the head
assembly movements. Additionally, they developed an SMR emulator to explore the disk’s behav-
ior further. Their observations revealed an on-disk persistent cache with a lazy write-back policy
and provided insights into the cache size and band size characteristics. The practical implications
of this work have significantly advanced the understanding of SMR drives, guiding their applica-
tion and development across various domains. Furthermore, in related research [5], Aghayev et al.
presented optimizations for the ext4 file system specifically tailored to DM-SMR disks. Their study
detailed how ext4’s data layout mechanism operates on these disks and demonstrated the effective
use of a generic kernel layer to facilitate journaling.

ACM Trans. Storage, Vol. 21, No. 3, Article 22. Publication date: June 2025.



Reflecting on the Past 17 Years of Shingled Magnetic Recording 22:17

The researchers in two other studies [220, 234] compared Skylight reverse-engineered work with
more modern SMR drives, such as the Seagate ST6000NM0034, focusing particularly on the perfor-
mance characteristics associated with the newly introduced zoned block APIs. For instance, they
analyzed the impact of zone sequential and non-sequential writes based on the number of zones
in the active writing set, addressing issues related to open zones and non-sequential access pat-
terns. Additionally, since the efficiency of media cache cleaning is crucial for non-sequential write
performance, they examined how different workloads influence media cache cleaning efficiency.

The work by Shafei et al. [188] further investigated early advancements in DM-SMR disk mod-
eling, a task complicated by the proprietary nature of the algorithms that drive their internal oper-
ations. The initial model demonstrated the capability to predict mean latency with high accuracy,
maintaining an RMS cumulative latency error of 25% or less across a wide range of workloads.
Despite these variations, which are non-trivial, the model’s behavior was deemed realistic, falling
within the variability range seen among ostensibly identical drives. This work underlined the ne-
cessity of addressing drive-specific performance intricacies, similar to conventional hard drives,
where tools like DiskSim had been instrumental. It also set the stage for the creation of a validated
library of SMR disk models, essential for facilitating robust system performance simulations across
diverse SMR devices.

4.5 Frameworks based on Persistent Cache in DM-SMR

The following subsections describe various cache management schemes that have been proposed
to efficiently handle data in DM-SMR drives, each aiming at improving performance. For the sake of
brevity, we have selected five related frameworks, which are discussed in the following subsections.
A more detailed understanding of various other approaches is provided in Table 1.

4.5.1 Dual-buffer [145]. The work in [145] introduced a cache management scheme called Dual-
buffer to optimize the management of SMR disk space by partitioning the persistent cache into a
persistent buffer and a filter buffer. Dual-buffer employs a two-level buffer cache architecture to
defer frequent write-back operations of hot blocks. Leveraging this architecture, a prediction-based
dynamic configuration mechanism is proposed to partition the persistent cache efficiently, utilizing
a fine-grained prediction model to maximize space utilization. Additionally, a dual-buffer-aware
space management and allocation strategy is presented to enhance the efficiency of data handling
within the persistent cache. Experimental results indicate that this scheme can significantly reduce
unnecessary read-modify-write operations and achieve improved access latency.

4.5.2 SWC? [31]. This article proposes SWC? management with two critical components: an
adaptive cache allocation mechanism, which dynamically allocates cache space for frequently up-
dated file data, and an overhead-aware cleaning method that passively reclaims cache space as
needed. Additionally, it separates cached data based on their hotness to minimize cache space
reclaim overhead. The SWC? management approach was implemented within the Linux system,
emulating DM-SMR drive behavior using the device mapper layer. Experimental results demon-
strated a reduction in both overall write latency and cache cleaning latency, validating the efficacy
of the proposed solution.

4.5.3 KFR [146]. DM-SMR disks are known to experience high performance recovery time
(PRT) due to the challenge of “SMR space reclamation.” This article introduces an optimal cache
management strategy called K-Framed Reclamation (KFR) to address and minimize PRT in DM-
SMR disks. The motivation, design, evaluations, and analysis of KFR are thoroughly discussed. To
mitigate the issue of prolonged blocking time caused by SMR reclamation processes, KFR decom-
poses the large-scale reclamation task into more manageable, fine-grained K-Framed reclamation
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processes. By employing the K-Framed Write policy, KFR significantly delays the initiation of recla-
mation processes, and under ideal circumstances, it can even eliminate the need for reclamation.
Experimental results demonstrate that KFR effectively reduces performance recovery time by sev-
eral orders of magnitude.

4.5.4 Tiler [144]. The authors in [144] introduced an approach called Tiler, which manages
SMR disks by segmenting the physical space into small autonomous regions (ARs). Each AR
independently handles space allocation, address mapping, and cleaning operations. By employing
a log-structured management method for these ARs, Tiler effectively avoids RMWs and simpli-
fies data updates, particularly when adjacent tracks do not contain valid data. Additionally, Tiler
partitions large-scale cleaning tasks into smaller, self-contained cleaning processes, ensuring that
data relocation is confined within individual ARs and thereby reducing performance overhead.
Experimental results indicate that Tiler successfully minimizes overall system response time and
decreases cleaning duration.

4.5.5 SAC [192]. The authors in [192] developed SMR-Aware Co-design cache algorithm
(SAC). SAC employs a hardware/software co-design strategy to address the specific characteristics
of SMR disks, focusing on optimizing RMW operations. It balances conflicting factors, such as data
popularity versus SMR write amplification and the distribution of clean versus dirty cache space, to
enhance performance. Additionally, the authors introduced the Clean/Dirty Comparator (CDC)
module, a standalone cache balancer designed for SMR-based high-density disks. This module can
be used alongside other cache algorithms to dynamically optimize eviction policies based on real-
time workload characteristics, further boosting performance. In practical evaluations using real-
world traces, SAC demonstrated significant improvements in mixed read-write scenarios compared
to Least Recently Used (LRU).

4.6 SSD (NAND) Caching in DM-SMR Drives

In this section, we will discuss four studies that have focused on NAND SSD caching for SMR
drives.

4.6.1 HWSR. The work in [138, 210] proposes a hybrid wave-like shingled recording
(HWSR) disk system aimed at enhancing both the performance and capacity of shingled recording
disks. HWSR integrates three different storage media: memory, SSD, and hard disk. The memory,
designed to be a small capacity component, such as 100 MB in the proposed setup, serves as a
buffer for hot writes to minimize overall cost. The SSD functions as a disk cache to boost random
read performance, complementing the overall architecture and contributing to the system’s effi-
ciency. Additionally, a new LRU algorithm based on minimizing write amplification is designed to
optimize overall I/O performance. HWSR has been prototyped as a stand-alone kernel module in
the Linux kernel version 2.6.35.6.

4.6.2  Apas. This article [132] discusses how the general persistent cache in current SMR disk
designs typically serves as a first-level cache to buffer all incoming writes across the entire SMR
storage system in order to mitigate the adverse effects of RMW operations. Instead, a better ap-
proach termed as Apas: an Application Aware Hybrid Storage System, is proposed, where the cache
functionality is redefined. Specifically, incoming data are categorized based on their write-back
behavior, and data that would trigger RMWs are stored in a built-in NAND flash cache called
RMW-free Cache (RMW-F) to prevent RMW operations. Furthermore, RMW-F enhances clean-
ing efficiency through a model that considers both write-back cost and data popularity. The exper-
imental evaluations demonstrated that RMW-F significantly improved both system performance
and cleaning efficiency.
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4.6.3 PORE. The article [211] introduces a novel hardware/software co-design framework for
SMR-oriented caching, termed Partially Open Region for Eviction (PORE). This framework
strategically limits the LBA range of evicted data from SSD caches to enhance the overall perfor-
mance of the hybrid storage system. By optimizing the tradeoff between the popularity of cached
data and the write amplification associated with SMR, PORE effectively addresses the challenges
inherent in hybrid storage architectures. Experimental evaluations conducted using real-world
traces demonstrate the efficacy of the proposed framework.

4.6.4  Flash-cache (FC). The proposed approach in [147, 148] addresses the challenge of min-
imizing unnecessary RMW operations in embedded flash with SMR (EF-SMR) disk storage
systems. The authors developed novel a translation layernamed MU-RMW, specifically designed
for EF-SMR disks. By implementing concentrated address mapping and a lazy RMW reclamation
strategy, MU-RMW significantly reduces the frequency of unnecessary RMW operations.

4.7 Performance Pitfalls in DM-SMR: Unpredictability and Black Box

4.7.1  Unpredictability in DM-SMRs. Considering that DM-SMR drives have been the first im-
plementation of SMR technology, incorporating STL to address the complexities of rewriting data
on overlapping tracks, our first analysis will predominantly center on performance dynamics, par-
ticularly regarding the difference between STL and FTL (NAND flash). Because synergy expected
between DM-SMR’s STL and FTL has yielded notable performance implications. The work in [41]
has very aptly discussed it. A notable distinction between flash memory and SMR drives is their
treatment of seek latency during read or write operations. Flash memory does not incur seek la-
tency during read or write operations, whereas the seek latency factor significantly impacts the
performance of the STL in SMR drives. Moreover, the constraints that govern the FTL and STL
vary significantly. While SMR drives necessitate sequential-write constraints to prevent overwrit-
ing and eliminate the need for erase operations, the FTL must adhere to erase-before-write con-
straints and consider asymmetric program/erase units. Furthermore, the work in [77, 79] has also
discussed the performance implication due to cleaning operations in STL layer. Cleaning opera-
tions in SMR disks involve significantly larger units compared to flash memory (256 MB zones
as compared to 2-16 MB erase units), equating to 1-2 seconds of transfer time for writing and an
equivalent time for reading. These cleaning operations may necessitate reading or writing a 256
MiB zone of data three or more times, leading to potentially lengthy delays.

4.7.2  DM-SMR Black Box Model. The DM-SMR drive operates with a black-box model, lacking
the standardized command [52, 95] set found in other SMR drives. This discrepancy poses a sig-
nificant challenge for system engineers aiming at optimizing the performance of DM-SMR drives
within storage systems. The issue becomes particularly noticeable in scenarios where the DM-SMR
drive struggles to differentiate between metadata and user data. Given that metadata undergoes
more frequent updates than user data, it is crucial for storage systems to handle metadata with care
to prevent write amplification problems. Unlike SSDs, which can store metadata in per-page out-of-
band regions, modern disks adhere to a fixed sector size of 4 KB, restricting per-sector metadata
access to low-level drive firmware. Furthermore, recent research, as illustrated in [108], empha-
sizes the variability among disks, even those of the same make and model. This underscores the
transition from uniform sets of disks to the inherent heterogeneity of multi-disk systems. Manufac-
turers are increasingly adopting adaptive zoning techniques, leveraging manufacturing variations
to configure per-head zone arrangements and resulting in distinct performance characteristics for
each disk. The observed heterogeneity in disk performance has notable implications for DM-SMR
drives, necessitating tailored approaches to address their unique operational challenges.
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Fig. 7. HM-SMR main architecture.

5 Pushing the Intelligence up: Host-managed Shingled Magnetic Recording
(HM-SMR)

Research into Host-Managed Shingled Magnetic Recording (hereafter HM-SMR) disks began
around 2012 onwards [30, 85, 103, 129, 149, 150, 155, 171, 218, 237-239]. The first consumer-grade
HM-SMR disk was indeed released by HGST (a Western Digital subsidiary, formerly Hitachi Global
Storage Technologies) in 2014 [191]. The implementation of HM-SMR disks likely gained traction
shortly after the introduction of SMR technology, as it became evident that host-managed ap-
proaches could offer advantages in terms of flexibility and performance optimization for specific
use cases compared to DM-SMRs.

The technical report [194] hinted at performance bottlenecks with GC-based DM-SMR and pro-
posed an alternative drive termed the Type-II SMR disk. A proposal followed this in [96, 200] that
categorized HM-SMR disks into two categories: Strictly Append SMR and Exposed SMR (Caveat)
Scriptor SMR. One of the main performance improvements expected was the predictable perfor-
mance by HM-SMR to mitigate the unpredictability of DM-SMRs.

As depicted in Figure 7, unlike DM-SMRs, HM-SMRs do not autonomously manage data, placing
the responsibility on the host system. Consequently, interface modifications may be necessary
to expose data layout specifics to the host. Such a drive model will necessitate either changes
in current filesystem implementations or the development of new filesystems. Furthermore, HM-
SMR disks use T10 Zoned Block Commands (hereafter ZBC) and Zoned Device ATA Command
Set (hereafter ZAC) in the context of Serial ATA (SATA) or Small Computer System Interface
(SCSI) standards [52, 95].

The primary purpose of ZBC, ANSI INCITS 536, is to facilitate the management of zones within
a storage device. Each zone in a zoned block device must be written sequentially, meaning that
data cannot be randomly overwritten; instead, a write pointer tracks the next available position for
writing data within each zone. Similar to ZBC, ZAC is defined by ANSIINCITS 537 and is designed
for ATA devices, including SATA drives. The objectives and functionalities of ZAC closely mirror
those of ZBC, providing commands tailored for managing zones in zoned ATA devices.

These standards provide a framework for implementing HM-SMR functionality and enabling
host systems to interact with SMR drives effectively. As shown in Figure 8, we have categorized
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the research work related to HM-SMR into two categories.? First, the work is based on filesystem
research. Second, the work is implementing Key-Value stores in HM-SMRs.

5.1 HM-SMR Based Filesystems and Block I/O Layer

According to the work in [200], mirroring the three main types of SMR drives (DM-SMR, HM-
SMR, and HA-SMR), there exist three corresponding categories of Shingle-Aware File Systems
(SAFS) [240]. Specifically, for DM-SMR drives, the filesystem is referred to as Device-side SAFS
(DSAFS). For HM-SMRy, it is denoted as Host-side SAFS (HSAFS). Finally, for HA-SMR drives, it
is designated as Cooperative SAFS (CSAFS).

Before explaining the work related to HM-SMR-based filesystems, it is important to explain
the two types of HM-SMRs, namely Strictly Append (or Strict Append) HM-SMR and Exposed (or
Caveat Scriptor) HM-SMR. Strict-Append HM-SMR limits host writes, confining them exclusively
to the write cursors of bands. These cursors signify the next sector available for writing within
a band. Writes implicitly move the write cursor forward; the only write operation is appended.
During band cleaning, prompted by inter-track interference, the write cursor reverts to the initial
sector of the band. It cannot be relocated elsewhere within the band apart from its beginning
[103, 200]. In simple terms, this is similar to LFS [179]. Most SMR research mentioned in previous
DM-SMR (Section 4.1) have implemented Strict-Append variants of LFS. In contrast, Exposed SMR
(hereafter: Caveat Scriptor) represents a distinct category within HM-SMR, characterized by the
host’s awareness of the disk’s layout and mapping. The host gains insight into the precise location
of bands through interface specifications. Static mapping is typically adopted, wherein each band
constitutes a consecutive set of LBAs. Given this knowledge, the host understands that writing to
an LBA nullifies the data retention of all subsequent LBAs until the end of the band. Unlike other
SMR types, Caveat Scriptor does not impose restrictions on host accesses; instead, it transfers the
responsibility of the data retention model to the host. This shift carries implications for defect
management and other reliability considerations [103, 200].

5.1.1 ShingledFS (Strict Append + Caveat-Scriptor) SMRfs. The work in [194] is one of the
earliest works on HM-SMR specific filesystems. It introduces two software components: an
SMR Emulator and ShingledFS, a second-generation SMR-aware FUSE-based file system. The
tools offer a platform for assessing the suitability of SMR devices for Big Data workloads within
the Hadoop/HDFS framework. The SMR device emulator incorporates a subset of the Banded
Device Command Set, proposed to the T13 Technical Committee, to provide an API to the
SMR-aware file system. This API organizes data on the emulated device to obscure its sequential

“This classification does not mean there are two types of consumer-grade HM-SMR drives
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write characteristics. It supports Strict-Append and Caveat-Scriptor modes and operates atop a
traditional raw disk partition [103].

5.1.2  Shingled File System (SFS). The work in [117] introduced the Shingled File System (SFS),
offering a host-side HM-SMR specific solution to random updates in SMR disks. Unlike firmware-
based solutions like DM-SMR, SFS leverages its comprehensive understanding of the usage status
of all sectors to manage track shingling and minimize the burden of random updates. It was mainly
designed for video servers and assumed 64 MB bands and the presence of both random and sequen-
tial shingled zones on the same disk [103].

5.1.3  HiSMRfs (Append Only). Similarly, the work in [98] developed a POSIX interface filesys-
tem called HiSMRfs, an abbreviation for High-Performance File System for Shingled Storage Array.
It supports append-only semantics, relies on unshingled partitions, and adds a RAID module to sup-
port striping across multiple shingled drives. It integrated an SSD to store file system metadata,
aiming at reducing random writes to the SMR disk, as file system metadata accesses constitute a
significant portion of random writes.

5.1.4 HM-SMR Specific Block 1/O Layer. In [149], the authors developed an HM-SMR frame-
work on the block layer within the Linux kernel 3.13 as an independent kernel module, requiring
no alterations to the Linux kernel itself. The underlying Host-Managed Software-Defined (SWD)
setup comprises two partitions: a conventional zone and a sequential-write-required zone. In their
HMSS implementation, they utilized an SSD to mimic the behavior of the conventional zone, while
a traditional HDD emulated the sequential-write-required zone. They employed a dynamic address
mapping table to ensure that data was sequentially appended to the bands requiring sequential
writes.

5.1.5 DM-zoned Device Mapper. Western Digital introduced the dm-zoned device mapper tar-
get as an open-source solution for managing HM-SMR devices [43, 49, 84, 159, 244]. Designed
to expose zoned block devices compliant with ZBC and ZAC standards as regular block devices,
dm-zoned allows these devices to operate without the write pattern constraints typical of host-
managed zones. This essentially emulates a drive-managed zoned block device that abstracts away
the sequential write restrictions of host-managed devices, enabling applications or filesystems ac-
cessing the block device to bypass the limitations otherwise imposed by these constraints.

The dm-zoned algorithm categorizes the device’s zones into twotypes: metadata zones and
data zones. Metadata zones are conventional zones designated solely for storing metadata and are
not included in the device’s reported usable capacity. Data zones comprise the remaining zones,
with most configured as sequential zones dedicated exclusively to user data storage. Conventional
zones within this category can also serve as temporary buffers for random writes, where data
initially placed in these conventional zones may later be migrated to sequential zones. This migra-
tion allows conventional zones to be reused for buffering new random write requests, optimizing
storage efficiency and performance.

5.2 Key-value Store on HM-SMR Drives

Research on Key-Value stores on HM-SMR disks focused on exploring innovative data storage and
management approaches tailored to the unique characteristics of HM-SMR technology. For the
sake of brevity, here we will focus on some of the research works that have investigated key-based
access methods within the context of HM-SMR environments [30, 140, 171, 237-239].

5.2.1 SMDB. The work in [171] termed as SMRDB, a key-value data store for SMR disks, utilizes
the proclivity of SMR disks for sequential writes. The performance of SMRDB is evaluated against
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a state-of-the-art LSM-tree-based key-value database engine, LevelDB, on conventional disks. The
article discusses previous research related to alternate data management approaches for SMR disks,
including the use of log-structured layouts, STL, and block-based indirection systems. It highlights
the challenges and limitations of these approaches and emphasizes the need for SMR-aware data
management solutions.

5.2.2  SMORE. The authors in [150] have developed an object storage system, namely SMORE,
for storing large, infrequently changing data objects on host-managed SMR disks. In particular,
SMORE limits the amount of SSD storage it uses, storing only a single copy of the metadata index
on flash and using log records embedded in zone sets to provide failure recovery. It uses a separate
garbage collection thread to migrate live data out of empty zones for space reclamation. Overall,
SMORE demonstrates the effectiveness of its design and implementation for storing large, seldom-
changing data objects on HM-SMR drives.

5.2.3 Ton et al. Ton et al. represent some of the most significant advancements in KV imple-
mentation on SMR drives. Their initial work [237, 238], known as SEALDB, introduces a Log-
Structured Merge tree (LSM-tree) based key-value store optimized specifically for SMR drives.
It effectively addresses issues related to poor random writes and severe I/O amplification. SEALDB
employs several strategies to enhance performance on SMR drives. Firstly, it concatenates the
SSTables of each compaction and organizes them into sets, improving compaction efficiency by re-
ducing random I/Os. Secondly, it introduces dynamic bands on HM-SMR drives, accommodating
the storage of sets and eliminating auxiliary write amplification associated with SMR drives. Their
subsequent work in [239], known as GearDB, presents a GC-free KV store tailored for HM-SMR
drives. It proposes three new techniques: a new on-disk data layout, compaction windows, and a
novel gear compaction algorithm.

5.3 Performance Pitfalls in HM-SMR Drives: Uphill Battle with Linux Mainline Kernel

Until now, research on HM-SMR has indicated that the effort required to overhaul the I/O stack,
particularly filesystems, for HM-SMR workloads is substantial. There have been efforts to initiate
this revamp, but the challenges remain significant. Under these circumstances, the most suitable
applications for HM-SMR drives are data backup or archival purposes. Another significant per-
formance pitfall of HM-SMR disks was the inherent difficulty in ensuring sequential writes, as
most I/O software stacks were designed to re-order accesses, leading to out-of-order writes and
resulting in I/O errors. For instance, the Linux kernel community observed such errors when us-
ing the CFQ scheduler [51] with host-managed SMR disks [160]. As a temporary workaround, the
deadline I/O scheduler [175], which was SMR-aware, was recommended, since other schedulers
almost always resulted in out-of-order writes to zones, causing errors. The kernel community
had currently forced the use of the deadline scheduler for HM-SMR devices, but the long-term
goal was to implement a dispatch layer that could work with all I/O schedulers, removing this
limitation [160].

6 Host-aware Shingled Magnetic Recording (HA-SMR)

The research studies on Host-Aware (HA) Shingled Magnetic Recording (hereafter HA-SMR) be-
gan around the year 2013. The first consumer-grade HA-SMR disk was released by Seagate in 2016
[183, 190]. Figure 9 shows the fundamental architecture of HA-SMR. [90]. The methodology for HA-
SMR was initially introduced in the [200] under the nomenclature Cooperatively Managed SMR Pro-
posal (hereafter referred to as COOP) [200]. Subsequently, technical discussions were presented at
leading storage conferences starting from 2013 onwards [1, 37, 45, 46, 83, 90, 102, 156, 174, 201, 219].
To the best of our knowledge, academic research articles focusing on systems research related to
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HA-SMR were first published from 2017 onwards [78, 117, 125, 131, 134, 135, 220, 224, 228, 230,
232-234, 240, 242]. The initial evaluation of a real HA-SMR drive was presented in [224].

In the initial proposal [200], the core idea behind HA-SMR was to integrate the data retention
model of DM-SMR with the performance traits of HM-SMR, especially under a constrained band
reuse model enforced by the host. HA-SMR is tailored for applications primarily characterized by
sequential writes across large LBA extents, optionally accompanied by a small subset of randomly
written extents.

Moreover, HA-SMR is designed to accommodate applications where occasional deviations from
sequential write behavior may occur, even outside the randomly written extents. To achieve this
goal, the primary distinction of HA-SMR lies in its intelligent host policies. Compared to the HM-
SMR model, HA-SMR offers better backward compatibility, enabling applications to derive benefits
without necessitating a substantial overhaul of the Linux block I/O stack. Moreover, HA-SMR pro-
vides essential functionalities to overcome the inherent SMR sequential-write constraint observed
in HM-SMR. Similarly, in contrast to the DM-SMR model, HA-SMR offers the potential for more
consistent performance by leveraging intelligent host policies through host APIs. Unlike DM-SMR
drives, HA-SMR drives do not present a unified, logically consecutive space for upper-layer appli-
cations. Overall, the HA-SMR Drive represents a superset of DM-SMR and HM-SMR, equipped
with disk firmware capable of managing random and sequential writes.

We have categorized the HA-SMR sections into three sub-sections. First, we will provide a brief
overview of the cache and zone structures in HA-SMR. In the second section, we will briefly explain
how the combination of T10 ZBC and T13 ZAC host APIs and disk firmware in HA-SMR disk
handles non-sequential writes, thus mitigating the limitations of HM-SMR. Similarly, within this
section, we will highlight where exactly HA-SMR addresses the specific limitations of DM-SMR.
In the last section of HA-SMR, we will explain whether HA-SMR drives had a significant impact,
namely, whether it has improved performance compared to DM-SMR and HM-SMR.

6.1 Cache and Zones in HA-SMR

The cache in HA-SMR drives operates transparently to the host, meaning that the host does not
need to be aware of its existence or management. This cache is utilized to temporarily store non-
sequential writes, which are then later organized and written sequentially to the appropriate SMR
zones. This process helps mitigate performance issues associated with non-sequential data writes,
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which can introduce significant latency in traditional storage systems. When a non-sequential
write occurs, the HA-SMR drive redirects this data to the persistent cache. A flag is set for the
corresponding SMR zone, indicating that subsequent writes will also be directed to the cache until
a cleaning process is performed. This cleaning process involves migrating the buffered data back
to its original SMR zone, thus maintaining data integrity and optimizing performance.

In HA-SMR drives, SMR zones are segments of the disk optimized for sequential data writing,
with each zone typically ranging from tens to hundreds of megabytes in size. These zones are
classified as sequential-write-preferred, allowing for efficient data storage while accommodating
some non-sequential writes through a hidden (or virtual) persistent cache. When a non-sequential
write occurs, the data is temporarily redirected to this cache, and the corresponding zone is marked
as non-sequential. Later, during a cleaning process, the cached data is migrated back to its original
zone using a Read-Modify-Write operation, restoring the zone’s sequential state. Zones can be
open or closed, with open zones available for new writes and closed zones filled to capacity.

6.2 Non-sequential Writes in HA-SMR Drive

The work in [234] has provided a detailed explanation of the operations of HA-SMR. For the sake of
brevity, we will focus solely on the core operations. As illustrated in Figure 9, HA-SMR consists of a
significant quantity of sequential-write-preferred SMR Zones designated for storing user data. Each
SMR Zone typically spans tens to hundreds of megabytes (MBs), and an HA-SMR drive typically
comprises several thousand such SMR Zones. All of the sequential-write-preferred SMR zones
form a linear and contiguous storage space, where the smallest LBA is mapped to the beginning
of the SMR Zone Z), and the largest LBA is mapped to the end of the last SMR Zone Zy_;.

To write data into SMR Zones, the host will send “sequential writes” to populate an SMR zone
sequentially, appending data to the location specified by the zone’s corresponding write pointer.
The figure shows that the write data can be appended to SMR Zone Z,. Once an SMR Zone has been
sequentially filled, the host system can also issue the special RESET _WRITE_PTR() ZBC command
to reset the write pointer for this zone, enabling it to accommodate new writes. However, before
resetting an SMR Zone by resetting its corresponding write pointer, the host must ensure that
there is no valid data remaining in this zone. This condition is essential to ensure that data is
not lost. Next, the true distinguishing factor emerges within the data model as compared to HM-
SMR. When the host sends “non-sequential writes” to store non-sequential data at a location not
indicated by the write pointer of any SMR zone, instead of reporting an ILLEGAL_REQUEST as
the HM-SMR drive does, the HA-SMR drive will automatically redirect all non-sequential writes
to a “Persistent Cache” to avoid violating the SMR sequential-write constraint. For example, in
Figure 9, write data in the first zone is not written to the current write pointer position of SMR
Zone Zy, so the HA-SMR drive will automatically redirect writedata to the cache. Finally, at certain
intervals, the HA-SMR drive will transfer these temporarily stored data from the Cache back to
their respective SMR Zones using the RMW operation.

We have taken another concrete example from [228] to explicitly explain the write operation in
6 steps as depicted in Figure 10. @ Initially, incoming write requests. @ Sequential write is written
into the sequential HA-SMR zone. € Conversely, non-sequential writes are rerouted to the media
cache, awaiting further processing. @ Even a write aimed at the write pointer of a non-sequential
HA-SMR zone falls under the range of non-sequential writes. @ Notably, a non-sequential write
poised to yield obsolete data during the subsequent cleaning process underscores the complexities
inherent in SMR technology. @ To address this, the media cache undergoes clearance through the
RMW operation, ensuring data integrity and optimal storage utilization.
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Fig. 10. Write Request from initial zone state to cache cleaning in HA-SMR [228].

6.3 DM-SMR and HM-SMR Bottleneck Mitigations in HA-SMR

Given that the HA-SMR drive aims at addressing the performance limitations of DM-SMR and
HM-SMR, exploring some of the research efforts in this area is essential. Tail latency, characterized
by prolonged response times due to blocking cleaning in STL, emerged as a primary performance
bottleneck in DM-SMR drives, as discussed in preceding sections (Section 4.7). Consequently, much
of the research in HA-SMR has also focused on mitigating tail latency (unpredictability). This
bottleneck is particularly significant considering that tail latency in DM-SMR drives has previously
been measured in seconds even for a single I/O request [3, 4]. Additionally, we will explore some
of the research dedicated to filesystems specific to HA-SMR drives, offering a fair comparison to
HM-SMR implementations.

6.3.1 Wu et al. on Evaluation of Real HA-SMR Drive. Yang et al. [220, 224] evaluated the perfor-
mance of HA-SMR drives, focusing on features like the open zone issue and media cache cleaning
efficiency. This was the first work that has evaluated HA-SMR comprehensively. It proposes a
host-controlled indirection buffer to enhance the drive’s I/O performance. The open zone issue
refers to performance degradation when the recommended maximum number of open zones in
HA-SMR drives is exceeded. HA-SMR drives have specific open zones, areas where data can be
written without affecting adjacent tracks. When the number of open zones exceeds the recom-
mended limit, the performance of sequential writes can significantly decrease. The work creates
sustained non-sequential write workloads to evaluate the performance of HA-SMR drives in han-
dling a large number of zones. The testing program varies the update ratio, IO request number,
and IO request size to analyze their impact on the average band cleaning time of HA-SMR drives.

6.3.2 HA-SMR Mitigating the Long Latency. The work introduced in [233, 234] presents a
comprehensive Virtual Persistent Cache design aimed at addressing the prolonged latency chal-
lenges observed in HA-SMR drives. While the work focuses on HA-SMR drives, its implications
suggest that it could contribute to mitigating the prolonged latency bottleneck prevalent in
DM-SMR drives as well. Similarly, the work in [242] also targets to mitigate the long latency
in HA-SMR drives. Inspired by the varying performance impacts of idle and blocking cleanings,
the work explores a potential strategy for mitigating the substantial tail response time resulting
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from blocking cleanings through Artificially Triggered Idle Cleanings (AT-IC). AT-IC aims at
alleviating the performance degradation caused by blocking cleanings by simulating idle periods
during workload execution. During these artificially induced idle durations, I/O requests are
delayed and processed in subsequent execution duration. This allows for the invocation of idle
cleanings, ensuring that cleaning operations proceed uninterrupted for a predefined idle duration.

6.3.3 HA-SMR Filesystem CosaFS. To the best of our knowledge, the work [240] termed as
CosaFS (cooperative shingle-aware file system) is the first work that has presented an HA-SMR
based filesystem. The basic idea of CosaFS is to classify objects as hot or cold, where hot objects
are served by SSDs and cold objects are stored on SMR drives. The authors conducted evaluations of
CosaFS in comparison to filesystems based on DM-SMR and HM-SMR technologies. The findings
of this study demonstrate improvements in throughput and reductions in latency when compared
to DM-SMR and HM-SMR baseline performances. While the authors highlight the separation of
metadata from file data as a primary distinguishing feature of CosaFS, aiming at optimizing SMR
drive bandwidth utilization, our research suggests that similar decoupling of metadata is also fea-
sible in various HM-SMR-based file systems.

7 Dynamic Hybrid-Shingled Magnetic Recording (H-SMR)

Dynamic H-SMR [202, 206, 221, 222] is a drive technology that enhances the flexibility and effi-
ciency of hard disk drives (HDDs) by enabling dynamic reconfiguration between two recording
zones (or regions): CMR zone and SMR zone. The CMR zones are typically positioned in the middle
of the disk, situated halfway between the inner and outer tracks. This strategic placement is ad-
vantageous because the head, fixed to the head assembly, maintains a perfectly tangential position
to the disk at this point, thereby minimizing data access errors.

The concept involves distributing hot data storage across a group of disk drives by allocating
CMR regions for hot data on each drive instead of dedicating the entire disk surface to hot data.
This strategy aims at enhancing data access speed. Meanwhile, the remaining portion of an H-
SMR drive is designated for storing cold data within an SMR region. The original concept for
H-SMR was introduced under the title “Flex Dynamic Recording” in [202]. Simultaneously, other
hard disk vendors also presented their initial set of requirements [17, 19, 112, 151, 184, 202, 214].
The alternative names to the H-SMR were Flex and Realms.

Importantly, the adoption of H-SMR facilitates SKU reduction, allowing manufacturers to ship
a single drive model that can be reprogrammed to accommodate different customer preferences
for CMR zone allocation, based on their unique use cases and engineering requirements [206].

We stick to H-SMR as it simplifies the understanding of its microarchitectural details. To our
knowledge, only three research studies have specifically addressed H-SMR technology [202, 221,
222]. Moreover, in [78], the term “re-writable” zones is introduced, which shares a similar concept.
This work presents an SMR translation layer employing re-writable zones to diminish garbage
collection overhead and enhance performance.

As depicted in the Figure 11, the H-SMR physical media can be organized into either CMR zones
(occupying the lower address space) or SMR zones (occupying the higher address space). Here, a
zone refers to a contiguous LBA space measuring 256 MiB in size. When there’s a combination of
SMR and CMR regions on the disk, it’s possible to assign frequently updated data to the CMR zone
while reserving the SMR zone for less frequently accessed or cold data. The host has the capability
to convert any desired number of zones from one format to another through H-SMR APIs. These
APIs enable the host to take a consecutive set of zones from one format offline and bring the
corresponding zones in the other format online. In this context, ‘online” refers to the zone being
supported by the physical disk area, while “offline” indicates the opposite. Because CMR and SMR
have different areal densities, the number of zones typically changes after conversion compared
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ALGORITHM 1: Hybrid-Shingled Magnetic Recording (H-SMR) Stroke principle

1: hg, he,t,p, sp, hp, Ny, vy < HotDataLBAStart, HotDataLBAEnd, TotalLBA, StrokePercentage,
ShortStrokePercentage, HotDataPercentage, NumVolumes, VolumePercentage

2: procedure SS(hg, he, t,p)

3 sy e el 100

4: return s,

5: end procedure

6: procedure PD(t, n,)

7: Up %

8: fori < 1ton, do

9: Allocate Volume i with v,% of Stroke
10: end for

11: end procedure
12: procedure AD(d)
13: if d within HotDataRange then

14: Use ShortStroking

15: else

16: Access Data using Regular Stroke
17: end if

18: end procedure

to before. Implementing such a data allocation methodology can decrease the overhead associated
with SMR updates mentioned in previous sections. This is because the application can directly
update data in the CMR area in place, thus avoiding the SMR update overhead.

Building upon the core concept described in [202], the precise microarchitectural aspects are
further explained in Algorithm 1. The term “stroke” in disk terminology refers to the range of
disk tracks accessed by an application, correlating with the movement range of the heads. When
an application accesses the entire LBA space, it utilizes 100% of the stroke. Partitioning a disk
into ten volumes means each volume utilizes roughly 10% of the stroke. This correlation between
logical addresses and physical radius assumes the conventional mapping of the logical-to-physical
disk, where lower LBAs are situated on the outer tracks. With this partitioning scheme, if the
disk workload is confined to a single partition, then the application utilizes approximately 10% of
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the stroke. As access time is influenced by disk seek distance, this restricted workload operates
significantly faster compared to a workload spanning 100% of the stroke.

In practice, speeding up accesses to hot data (CMR Zone) can be achieved by confining it to a
restricted range of LBAs, a technique commonly referred to as short stroking. Likewise, cold data,
in contrast to hot data, can typically be sequentially written using the SMR zone. This not only
boosts the (IOPS) but also significantly enhances the performance density (IOPS per TB) as the
denominator of that metric reduces. However, adapting to dynamic workloads still remains a hard
problem. Overall, the exploration and implementation of H-SMR architecture, particularly in the
context of the first commercial HAMR disk, presents an interesting avenue for research within
the storage community. By combining the advantages of both SMR and HAMR technologies, H-
SMR offers the potential to significantly enhance storage density while maintaining acceptable
performance levels.

8 RAID, Deduplication, and Real-world Applications of SMR Technology

With a comprehensive and in-depth understanding of the technical evolution of SMR technology
in previous sections, this section provides a comprehensive overview of how SMR technology
integrates with contemporary data storage solutions. RAID [16, 26, 141, 165, 197, 198] systems
exploit the high capacity and cost-effectiveness of SMR drives, enabling enhanced storage perfor-
mance and data redundancy. In conjunction with deduplication techniques [54, 154, 158, 162, 166,
208, 226], SMR storage solutions facilitate significant reductions in data redundancy, thereby op-
timizing storage efficiency and resource utilization. Additionally, various industrial applications
[89, 177, 247, 250] utilized the advantages of SMR technology, which is particularly well-suited
for environments characterized by large-scale data storage needs. These applications span diverse
sectors, including cloud computing, big data analytics, and archival storage, showcasing the effec-
tiveness of SMR in meeting modern storage challenges. The next three sub-sections (Section 8.1,
Section 8.2, and Section 8.3) will provide a brief and concise discussion of RAID, deduplication,
and industrial use cases of SMR technology.

8.1 RAID

Redundant Array of Independent Disks (RAID) [16, 26, 165, 197, 198], once termed as a black
art [215], is a robust storage architecture that aggregates multiple physical disks to enhance redun-
dancy, performance, and data accessibility. With the adoption of SMR drives, researchers revisited
traditional RAID techniques, focusing specifically on RAID 4 and RAID 5 to address SMR’s unique
properties [98, 113-115, 129, 130, 139]. One of the motivations for this exploration arose from the
increasing demand for cloud storage solutions, which resulted in the accumulation of massive data
within their mass storage systems. These systems needed to scale extensively while maintaining
low costs, particularly as cloud storage was predominantly utilized for data archiving, character-
ized by frequent writes, limited reads, and virtually no updates to archived data. This presented
an optimal scenario for the implementation of SMR disks, given their increased areal density and
cost efficiency, thereby offering significant advantages for such workloads.

8.1.1 HiSMRfs: HiSMRfs [98] is a file system designed specifically for SMR drives, featuring a
standard POSIX interface. HiSMRfs incorporated a file/object-based RAID 5 module tailored for
SMR/HDD arrays, which computed parity for individual files or objects, ensuring that both data
and parity writing occurred sequentially and fully within a stripe. This file system was also com-
patible with hybrid storage systems that integrated conventional HDDs and SSDs.

8.1.2 RAID 4S:. Le et al. [113, 115] proposed a novel application of SMR disks in conjunction
with conventional disks, termed RAID 4S, which had the potential to enhance the performance of
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storage systems. Their evaluation demonstrated that RAID 4S effectively showcased the feasibility
of utilizing SMR disks within a RAID 4 array, outperforming the use of SMR disks in standard
RAID 4 configurations with in-place updates.

8.1.3 DVS:. The authors [139] proposed a dynamic variable-width striping RAID specifically
designed for SWDs to reduce the costs associated with parity updating. Their contributions were
summarized as follows: First, they introduced DVS-RAID for SWDs, which dynamically generated
new full or partial stripes and appended new data to the tail of the existing data. Second, they
designed a write cache management system that took into account the unique properties of SWDs
for DVS-RAID. Finally, they implemented a DVS-RAID simulator and evaluated its performance
under various workloads. The results indicated that DVS-RAID outperformed traditional HDD-
based RAID systems, particularly under read-dominant and sequential write-dominant workloads.

8.1.4 HSMR-RAID:. Lin et al. [129] proposed an SMR-friendly RAID 5 storage system, named
HSMR-RAID, which was developed within a pure SMR environment without the use of addi-
tional storage drives. HSMR-RAID was based on a host-managed SMR architecture. The funda-
mental principle of HSMR-RAID was to leverage data information from the host system to group
data blocks that would be invalidated simultaneously within the same stripe. This approach effec-
tively reduced the amount of data movement and minimized the need to recalculate parity data,
thereby lessening garbage collection overhead. Experimental results demonstrated that the pro-
posed scheme could enhance garbage collection performance.

8.2 Deduplication

In data storage systems, deduplication has been a critical technique for reducing storage demands
and optimizing capacity [20, 54, 154, 158, 166, 208, 226]. By identifying and eliminating redun-
dant data blocks, deduplication minimizes the amount of data stored, thereby enhancing stor-
age efficiency and cost-effectiveness. This process is particularly valuable in environments with
rapidly growing data volumes, where redundant data can consume significant storage resources
and impact system performance. When applied to SMR drives, deduplication offers the potential
for both space savings and increased storage density, addressing the rising data demands in various
applications.

8.2.1 SMR-aware Fingerprint Store. The first work that applied deduplication techniques to
SMR was in 2018. Wu et al. discussed that naively applying deduplication techniques on SMR
drives may downgrade the runtime performance of data storage services, because of the time-
consuming SMR space reclamation processes. Therefore, the authors advocated a vertical integra-
tion solution by jointly managing the HM-SMR drives with a deduplication system, in order to
essentially relieve the time-consuming SMR space reclamation problem. To effectively improve
the runtime performance, the work leveraged the new design flexibility provided by the HM-SMR
drives to develop an SMR aware fingerprint store to jointly manage the HM-SMR drives with the
deduplication system. In particular, the proposed design exploited the concept of chunk lifetime to
effectively reduce the runtime performance delay of SMR zone reclamation processes. The emu-
lated SMR drive was developed based on the Skylight emulator [4], to emulate the characteristics
of a host-managed SMR drive. Moreover, the authors used block I/O storage tool fio (version 2.6)
to replay the evaluated traces and to precisely measure the performance results. To the best of
our knowledge, there are four research publications that apply deduplication techniques to SMR
drives. Later in year 2022 the authors extended their existing work [217].

8.2.2 SMRTS. [20] The authors designed and implemented SMRTS, a performance optimized
file system for SSD SMR Tiered Storage. In SMRTS, SSDs and SMR drives were used as two
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storage tiers, called the SSD-tier and SMR-tier, respectively. First, metadata, the deduplication
index, and frequently accessed files (hot files) were stored in the SSD-tier. Periodically, the data
of rarely accessed files (cold files) were migrated to the SMR-tier to reclaim space in the SSD-tier.
During the migration to the SMR-tier, files were deduplicated, and only unique data chunks were
accumulatively stored in a container buffer, which was written to the SMR-tier sequentially once
full. When these deduplicated files were requested, they were restored to the SSD-tier as the
original files. Additionally, a fine-grained read/write logic was designed.

8.2.3 LaDy. Theresearchersin arecent publication [24] proposed a framework, Locality Aware
Deduplication technology, named LaDy, to address both the overhead of writing duplicate data and
the impact on data locality. The framework determined the necessity of writing duplicate data to
optimize performance. The researchers integrated LaDy with DiskSim, an open-source simulation
tool, and modified it to model an SMR-based drive. Experimental results demonstrated that the
framework significantly reduced response times in the best-case scenario compared with the well-
known deduplication method CAFTL on an SMR drive. LaDy achieved this by selectively writing
duplicate data, thereby preserving data locality and improving read performance.

8.3 Industrial Use cases

8.3.1 Dropbox. Dropbox [53] collaborated with Western Digital to incorporate Host-Managed
SMR disks, revolutionizing large-scale cloud storage with purpose-built solutions optimized for
sequential data zones. This integration allowed Dropbox to scale efficiently, leveraging advanced
storage architecture to handle exabyte-scale data. Western Digital supported this endeavor by pro-
viding essential open-source tools and contributing to zoned storage standards, which were crucial
for re-architecting storage management practices at Dropbox. The deployment of 14 TB Ultrastar®
DC HC620 SMR drives enabled Dropbox to achieve up to 25% more capacity compared to the prior
12 TB models, significantly enhancing storage density and optimizing data storage for modern
cloud applications.

8.3.2 Alibaba’s SMRSTORE. The researchers from Alibaba [13] developed a framework, SMR-
STORE [247], which is a high-performance user-space storage engine designed to leverage HM-
SMR drives for standard-class cloud object storage. The problem statement highlighted that exist-
ing HM-SMR solutions are unsuitable for standard-class Alibaba Cloud Object Storage Service
(OSS) due to significant throughput drops. Furthermore, although both archival-class and standard-
class OSS share the same data abstraction (object), their differing Service Level Objectives (SLOs)
imply that designs effective for archival storage may not adequately meet the performance re-
quirements for standard-class needs. To tackle these performance challenges, Alibaba engineered
SMRSTORE with a fully log-structured design, direct chunk store interfaces over SMR drives, and
strategic data placement to minimize GC impact. Evaluations showed that SMRSTORE achieved
performance comparable to Ext4 on CMR drives and outperformed F2FS on SMR drives by up to
2.16 times.

8.3.3 IBM Zone Slice Storage (ZSS) and SoftwAre Log-Structured Array (SALSA). To the best of
our knowledge, there are two notable works by IBM that have leveraged SMR drives. First, IBM
Cloud Object Storage (COS) research and development team developed a specialized storage en-
gine called Zone Slice Storage (ZSS) to optimize data handling on SMR drives, which effectively
utilized the drives’ sequential write characteristics to minimize performance degradation, a com-
mon issue in traditional garbage collection schemes. Second, IBM introduced the SoftwAre Log-
Structured Array (SALSA), a unified software stack that manages low-cost Flash-based SSDs as
well as SMR hard disks. SALSA enhances the performance and endurance of low-cost, commodity
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Flash SSDs to meet the requirements of data centers for specific classes of workloads. Addition-
ally, SALSA enables SMR hard disks to be accessed over the traditional block interface with in-
creased performance, allowing them to serve as drop-in replacements for conventional hard disks
[89, 107, 177, 250].

8.3.4 Ceph’s Bluestore and SMR. Aghayev et al. [2] integrated SMR drives into the Ceph [7, 22]
distributed storage system. Modifications were made to BlueFS, a user-space file system, and
RocksDB to operate directly on SMR drives, bypassing the typical translation layer and thereby
reducing the associated overhead. The adaptation of BlueStore, Ceph’s purpose-built storage back-
end, to zoned devices demonstrated how Ceph could leverage the additional storage capacity of
SMR drives, achieving better throughput while minimizing tail latency.

8.3.5 Google’s Advocacy for Caveat Scriptor. Presented at the 14th USENIX Conference on File
and Storage Technologies in 2016, the whitepaper Disks for Data Centers highlighted the critical
role of disks in cloud-based storage systems [19]. In this context, authors mentioned that SMR
emerges as a significant technological advancement, allowing hard disks to achieve a higher areal
density, which is crucial given the exponential demand for storage in data centers. However, SMR’s
write restrictions can complicate data management, necessitating innovative solutions to optimize
performance. One such solution is through host-managed SMR abstractions, such as the Caveat
Scriptor proposal [112]. This approach not only reduces GC overhead but also enhances overall
disk performance by facilitating dynamic resizability of SMR zones and supporting diverse write
patterns.

8.3.6 Huawei. To the best of our knowledge, only two notable studies have utilized SMR disks.
The first [140], published in 2015, explored the integration of SMR technology into object storage
systems, emphasizing its advantages for managing large-scale data. This work detailed the archi-
tecture and performance benefits of employing a key-value store model, which enhances data
retrieval efficiency and scalability, while also discussing practical applications and deployment
strategies for cloud storage solutions. The second study, conducted by Huawei [157], focused on
integrating 20 TB SMR drives into its OceanStor Pacific storage array. This mass data storage so-
lution is optimized for the demands of the 5G era, featuring a scale-out architecture capable of
supporting configurations from three to 4,096 clustered nodes, thereby ensuring reliable and scal-
able data storage.

9 Lessons Learned from Current SMR Technology and Extending SMR to Future
Technologies in Systems Research

As explained in previous sections, the evolution of SMR disks has seen significant advancements in
its architecture over a relatively short period of around 17 years. Initially, SMR drives operated un-
der a black-box model known as DM-SMR, where the drive autonomously managed data placement
without transparency to the host system. Subsequently, a more predictable model emerged with
HM-SMR, enabling control by the host for improved performance. Concurrently, HA-SMR com-
bines aspects of both DM-SMR and HM-SMR architectures, offering a balance between autonomy
and host control. Despite these advancements, performance challenges highlighted in previous sec-
tions have somewhat hindered the wide adoption of SMR disks in performance-critical ecosystems.
In brief, the performance gains initially anticipated from SMR drives are still not achievable.
However, it’s crucial to acknowledge that shingled magnetic technology remains relevant and
will undergo a transitional phase toward future disk media. Given this, exploring future disk media
became imperative. The two most recent roadmaps discussed in [12, 178], as illustrated in Figure 1,
which also integrates the roadmap from the Advanced Storage Research Consortium (ASRC),
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have projected advancements in HDD areal density. These advancements are envisioned through
the adoption of energy-assisted magnetic recording and the reduction of magnetic media grain size.

TDMR [23] and MAMR [249] represent two key advancements in magnetic recording technolo-
gies. TDMR improves areal density by using multiple read heads to enhance signal quality and
reduce interference between tracks, but it does not completely eliminate the inherent limitations
of SMR. On the other hand, MAMR is an energy-assisted magnetic recording technology that uses
microwave energy to assist in the recording process. This allows for higher data density without
compromising write performance and is viewed as a promising step toward more efficient and
scalable disk storage solutions.

Additionally, technologies such as bit patterned media (briefly discussed in Section 10) are ex-
pected to be implemented, which define separate islands of magnetic media. One significant ap-
proach in energy-assisted magnetic recording is Heat Assisted Magnetic Recording (hereafter
HAMR).

HAMR has emerged as the leading candidate for the next generation of magnetic recording
technology, anticipated to surpass densities of 1.5 Tbit/in? and potentially reaching densities of up
to 5 Thit/in?. Moreover, substantial research in HAMR is evident from the filing of over 400 patents
for HAMR drives [39]. Although research on HAMR spans several decades, for brevity, the pivotal
work in [109, 180, 185] laid the groundwork for the practical realization of HAMR technology.
HAMR drives incorporate advancements in physics and magnetics, fields beyond our expertise as
system researchers. Therefore, our discussion will focus solely on the most fundamental aspects of
HAMR drives. HAMR is a magnetic storage technology for increasing the amount of data that can
be stored on a magnetic device such as a HDD by temporarily heating the disk material during
writing, which makes it much more receptive to magnetic effects and allows writing to much
smaller regions (and much higher levels of data on a disk).

A sketch illustrating the HAMR writing process (or recording mechanism of HAMR) is shown
in part (a) of Figure 12. As system researchers, without delving into the magnetics, material science
and physical intricacies of the writing process in HAMR drives, it’s crucial to grasp the underlying
principle. Essentially, temporarily elevating (or laser heating) the temperature at the writing spot
facilitates the establishment of the required magnetic field and enables writing to a smaller region.
This process effectively boosts areal density, enhancing storage capacity. In simpler terms, HAMR
circumvents the performance drawbacks linked with drives based on SMR or CMR by preheating
the drive before writing data to it. As previously acknowledged, existing scientific literature pre-
dominantly delves into the physical aspects, such as material science and magnetics, of HAMR
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drives. However, there is a noticeable lack of emphasis on systems-level considerations regarding
HAMR drives.

In the following sections, we will explore the current state-of-the-art in systems-level aspects
related to HAMR drives. The current research clearly indicates that shingled technology will con-
tinue to play a role as one of the variants of HAMR drives. This integration signifies a hybrid
approach, leveraging the benefits of both disk media to further enhance storage capacity and
performance. Specifically, we will delve into the current research on Shingled Heat Assisted
Magnetic Recording (S-HAMR) as depicted in part (b) of Figure 12 as depicted in part (b) of
Figure 12. Furthermore, as sketched in Figure 12, we will discuss another variant of HAMR media
known as Interlaced Magnetic Recording (IMR). Both of these technologies are currently the
subject of active investigation within the storage research.

9.1 Shingled Heat Assisted Magnetic Recording (S-HAMR)

Shingled Heat Assisted Magnetic Recording (hereafter S-HAMR) represents a significant advance-
ment in data storage technology by combining the benefits of SMR with the precision and high-
density capabilities of HAMR. Hence, it is essential to briefly discuss some of the relevant research
that explains the shingling variant in HAMR [35, 67-69, 73, 91, 92, 106, 216].

Again, the primary emphasis of the discussed research has been on the physical aspects of the
S-HAMR drive. The work in [73] discusses the results of simulations of Shingled recording with
Thermally Assisted Magnetic Recording (STAMR) with an areal density target of 8 Thit/in?.
The results hinted that an areal density of 8 Thit/in? could be achieved with a shingled track width
if demanding conditions on the heat spot and recording medium parameters were met. The authors
of work [35] propose to use a wide near field transducer (NFT) [216] to write narrower HAMR
tracks by writing tracks sequentially overlapping with previous tracks (i.e., shingling) to increase
track density and areal density.

It introduces the concept of SH-HAMR. Then, the work performs the experimental verifica-
tion of Shingled HAMR. The concept of SH-HAMR shows the proposed HAMR writing process.
Recorded HAMR tracks are sequentially overlapped with previous tracks with overlapped ther-
mal spots (/write bubbles) for both bits and tracks. The research presented in [67] investigated
the potential areal density capabilities of HAMR CMR, HAMR SMR, and HAMR IMR combined.
The study reported that the track layout architecture of HAMR IMR allows for a further increase
in HAMR areal density. Additionally, the gains observed in HAMR SMR primarily stem from re-
ductions in track pitch. The work in [68] compared the areal density of HAMR-CMR and HAMR-
SMR at various reader clearances with integrated HAMR readers and tested narrow high SNR
readers.

In the context of HAMR drives, reader technology usually includes components such as read
heads or read sensors, which are designed to detect and interpret the magnetic signals recorded
on the disk surface. In a more recent study by the same authors [69], they experimentally compared
the dependence of writer current on HAMR areal density for both CMR-HAMR and SMR-HAMR
configurations. This comparison was conducted on a spinstand with 6x adjacent track writes for
CMR and 1x adjacent track writes for SMR. In HAMR technology, the write head typically com-
prises a magnetic writer and a laser diode. The writer’s current is utilized to generate a magnetic
field, aligning the magnetic domains in the recording medium to encode the data.

The work in [91] is based on a comparison of Adjacent Track Erasure (ATE) in C-HAMR
and SH-HAMR. ATE is a phenomenon in disk recording where data written on one track of a disk
medium unintentionally affects data on adjacent tracks. This interference typically occurs due to
the magnetic field generated during the writing process, which can extend beyond the intended
track and affect neighboring tracks. In brief, while comparing the CMR-HAMR and SH-HAMR,
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the work [91] is based on improving the areal density of SH-HAMR, focusing on further mitigat-
ing the ATE-related limitations in SH-HAMR. 3D HAMR, as also mentioned in recent roadmap
[178], refers to an advancement in HAMR technology that involves stacking multiple layers of
magnetic recording media on top of each other within a single HDD [204]. The comparison be-
tween SH-HAMR and 3D HAMR is an important requirement to determine the advantages of 3D
HAMR, especially in terms of recording density and interference management. The authors in
[106] compared 4 Tbpsi SH-HAMR and 2 Tbpsi/layer 3D HAMR.

Considering the relevance of multi-layer HAMR drives, in a recent article, authors demonstrated
two-layer heat-assisted magnetic recording [205]. The research team combined experimental mea-
surements and proof of concept of multi-level recording to show that this approach to magnetic
recording could accomplish up to 4 Tbpsi areal density. According to an article [40], while SMR
upgrades of a CMR drive typically yield a 16.66% capacity increase, HAMR drives demonstrated a
smaller increase of around 6.66%. However, in the same article, it was mentioned that product offer-
ings may not fully reflect the overall gains between SMR and CMR technologies at a fundamental
level, as capacity gains with SMR on HAMR drives may vary and are not fixed.

9.2 Heat Interlaced Magnetic Recording (HIMR)

Heat Interlaced Magnetic Recording (hereafter HIMR) is an alternative recording architecture
where tracks are written in an interlaced order with different linear densities [28, 34, 61, 66, 67, 70,
80, 93, 94, 104, 120-123, 126, 223, 225, 241, 243]. IMR is different from SMR, which relies on track
overlap alongside conventional room-temperature recording techniques. It is a relatively new drive
technology, with the initial descriptions emerging in 2016 [94].

The basic architecture of HIMR is illustrated in Figure 13. In the first part (a) of Figure 13, HIMR
adopts principles from HAMR, where a precise laser heats the recording medium to its Curie point,
allowing the magnetic write head to modify the material’s magnetic orientation. By integrating
heat assistance with the interlaced track layout, HIMR aims at achieving higher data densities and
improved write performance compared to conventional magnetic recording methods. Part (b) of
Figure 13 illustrates the interlaced writing process, where tracks are written in a staggered manner.
Initially, a “bottom” layer of tracks is written, followed by the writing of a “top” layer positioned
between and partially overlapping these bottom tracks. Finally, part (c) in Figure 13 presents a
generic system-level architecture of an IMR drive.

In an IMR drive, the bottom tracks are designed to support a high linear density by being written
wide and using a high laser power, while the top tracks are narrower and require lower laser power.
However, writing directly to a bottom track can lead to the loss of data blocks already written on
neighboring top tracks. To prevent this potential data loss, the data on the affected top tracks must
be read before updating the bottom track. After the bottom track is updated, the preserved data
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from the top tracks is rewritten back to their original positions, constituting the RMW operation.
Although this approach introduces constraints on writing, they are less stringent compared to
those imposed by SMR disks. Since only the top tracks are prone to encroachment, the laser current
applied to the top tracks defines the track pitch of the entire HIMR system. It’s important to note
that the terms bottom and top are conceptual and do not imply the existence of distinct physical
layers on the IMR disk.

To the best of our knowledge, research on system-level implications involving IMR began to
emerge in 2018. Specifically, we have identified 12 research studies that explicitly focus on the
system-level aspects of IMR disks [28, 61, 80, 104, 121-123, 126, 223, 225, 241, 243]. Initial research
studies have delved into data placement algorithms tailored specifically for IMR-based drives. Addi-
tionally, investigations have been conducted into the development of filesystem designs optimized
for IMR drives, such as the interlacing of magnetic tracks.

Furthermore, studies have concentrated on evaluating the impact of IMR on various storage
workloads and identifying performance pitfalls to leverage IMR’s capabilities to enhance over-
all system performance. Collectively, these research efforts contribute to advancing our compre-
hension of IMR technology and its integration into modern storage systems, laying the ground-
work for extending IMR to HAMR-based drives. Instead of merely narrating the work, we will
specifically focus on the incremental changes brought about by each research study in improv-
ing IMR performance. Therefore, we have categorized IMR system-level research into three cate-
gories: first, the work that contributed to IMR translation layer algorithms; second, the work that
simulated or emulated the IMR drive; and third, the work that contributed to IMR-specific file
systems.

9.2.1 IMR Translation Layer. As previously mentioned, track rewriting poses a significant per-
formance challenge in IMR drives. Addressing this issue, one of the earliest research studies aimed
at mitigating the inherent track rewriting problem in IMR. Gao et al. [61, 104] proposed a three-
phase write management method. This approach involves allocating disk space based on three
phases of space usage. Initially, when space usage is below the total space of bottom tracks, data
is exclusively written to the bottom tracks without incurring any track rewriting overhead. Once
all bottom tracks are utilized, the second phase commences, wherein data is stored in every other
top track, while the remaining top tracks are reserved for data accommodation in the third phase.
Subsequently, Wu et al. [223, 225] have also developed data management techniques for IMR trans-
lation layers. Their first work [225] proposed a three-phase baseline that differs from the earlier
three-phase implementation in [61, 104] by reversing the second phase allocation direction to pre-
serve data locality.

Furthermore, whereas the three-phase implementation in [61, 104] maps data blocks statically,
their DM-IMR can adapt to the access pattern of dynamic workloads by buffering updates to the
unallocated top tracks (Top-Buffer) and swapping hot bottom track data with the cold top track
data (Block-Swap). The work in [80] performed one of the initial performance analysis of the RMW
approach IMR drives. In addition the authors proposed three new algorithms for IMR track-based
translation layer. Considering the microarchitecture of tracks in IMR, crash consistency is still a sig-
nificant topic in IMR. As explained by [80], to avoid data loss, host writes to the affected top tracks
in IMR must be blocked during the RMW operation, as they would be overwritten when data is
copied back to the tracks. Therefore, the work in [121] argues that the typical RMW update strategy
ensures the crash consistency of the track rewrite process at the expense of further-deteriorated
write performance. In contrast, the authors presented crash-consistent update strategy, namely
move-on-modify (MOM), to completely substitute the typical RMW by moving to-be-rewritten
data to a proper free top track without taking extra data migrations.
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9.2.2  Simulation and Emulation. In this category, we have examined two research studies
[122, 241]. The study in [241] introduces an open-source IMR disk simulator implemented as a
block device driver in the Linux kernel. This simulator replicates the interlaced tracks and inte-
grates fundamental IMR-specific data placement algorithms such as the two-stage allocation strat-
egy and the three-phase allocation strategy. It undergoes testing against CMR-based HDDs using
real workloads to assess the I/O performance of IMR-based HDDs. Conversely, the research in
[122] proposes a drive-level solution that mimics an IMR-based HDD on an actual CMR-based
HDD for conducting realistic evaluations. The authors utilize the widely recognized benchmark
tool fio to replay genuine I/O workloads collected by Microsoft Research (MSR) Cambridge on
both the emulated IMR-based HDD and the genuine CMR-based HDD, subsequently gathering
their performance outcomes.

9.2.3 Filesystems. Three studies have made significant contributions to IMR-specific file sys-
tems [28, 123, 126]. The study in [123] introduces a middleware termed KVIMR, which is an LSM-
tree based key-value store designed for IMR-based HDDs. It introduces a Compaction-aware Track
Allocation scheme and a Merged RMW approach aimed at enhancing efficiency and crash consis-
tency. Evaluation entails emulating an IMR-based HDD using a real CMR-based HDD, configur-
ing tracks in an interlaced layout, and implementing various track allocation schemes. The study
presented in [126] introduces a file-system-aware data management approach termed as FSIMR,
aimed at enhancing the write performance of IMR-based HDDs. This methodology involves logi-
cally partitioning the HDD into zones based on data directories, thereby reducing seek time and
eliminating RMW operations. By considering both spatial locality and data access frequency, the
approach improves write performance by organizing data according to file system characteristics.
Specifically, it segregates frequently accessed hot data to upper tracks and less frequently accessed
cold data to lower tracks, optimizing data placement to enhance overall performance. In the study
outlined in [28], the authors tackle the issue of secure data deletion within IMR drives. Their focus
is on addressing the inefficiencies associated with overwritten-based secure deletion techniques,
which are exacerbated by the interlaced track layout of IMR drives. This layout significantly am-
plifies internal write traffic and diminishes deletion efficiency. To counter these challenges, the
article proposes a strategy that leverages the track interference constraints inherent in IMR drives,
coupled with a no-update journaling data stream.

10 Future and Conclusion

Looking ahead, the landscape of HDD and disk media technologies is set for significant advance-
ment. One promising avenue for research is definitely HAMR with bit-patterned media, known
as HDMR [111], which holds potential to enhance storage density and performance beyond cur-
rent limits. This innovative approach, along with emerging technologies like HAMR, represents
the next phase in the evolution of high-capacity and efficient storage solutions. In conclusion, our
work represents a comprehensive exploration of SMR systems-specific research over the past 17
years. By examining the microarchitecture of various SMR disks, analyzing relevant research con-
tributions to the field, and discussing the performance pitfalls inherent in SMR drives, we have
provided a study that fills a significant gap in the storage community.

11 Main Glossary

The following terms, which are part of established scientific literature and have been previously
published, were not coined by us; acronyms follow the commonly used in the existing articles.

(1) Advanced Storage Research Consortium - ASRC
(2) HDD - Hard disk drive
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(3) CMR - Conventional Magnetic Recording

(4) SMR - Shingled Magnetic Recording

(5) STL - Shingled Translation Layer

(6) SPE - superparamagnetic effect

(7) ADC - areal density capacity

(8) DM-SMR - Drive-Managed SMR

(9) O-SMR - Out-of-place update SMR
(10) I-SMR - In-place update SMR
(11) HM-SMR - Host-Managed SMR
(12) HA-SMR - Host-Aware SMR
(13) HAMR - Heat Assisted Magnetic Recording
(14) H-SMR - Hybrid Shingled Magnetic Recording
(15) S-HAMR - Shingled Heat Assisted Magnetic Recording
(16) HIMR - Heat Interlaced Magnetic Recording
(17) HDMR - Heated Dot Magnetic Recording
(18) ZBC - Zoned Block Commands
(19) ZAC - Zoned Device ATA Command
(20) SFS - Shingled Filesystem
(21) TDMR - Two-dimensional Magnetic Recording
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