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Abstract
Shingled Magnetic Recording (SMR) is a new technique
for increasing areal data density in hard drives. Drive-
managed SMR (DM-SMR) drives employ a shingled
translation layer to mask internal data management and
support block interface to the host software. Two ma-
jor challenges of designing an efficient shingled trans-
lation layer for DM-SMR drives are metadata overhead
and garbage collection overhead.

In this paper we introduce SMaRT, an approach to
Shingled Magnetic Recording Translation which adapts
its data management scheme as the drive utilization
changes. SMaRT uses a hybrid update strategy which
performs in-place update for the qualified tracks and out-
of-place updates for the unqualified tracks. Background
Garbage Collection (GC) operations and on-demand GC
operations are used when the free space becomes too
fragmented. SMaRT also has a specially crafted space
allocation and track migration scheme that supports au-
tomatic cold data progression to minimize GC overhead
in the long term.

We implement SMaRT and compare it with a reg-
ular Hard Disk Drive (HDD) and a simulated Seagate
DM-SMR drive. The experiments with several block
I/O traces demonstrate that SMaRT performs better than
the Seagate drive and even provides comparable perfor-
mance as regular HDDs when drive space usage is below
a certain threshold.

1 Introduction

Perpendicular magnetic recording technique used by tra-
ditional HDDs is reaching its areal data density limit.
SMR addresses this challenge by overlapping the neigh-
boring tracks. Assuming the write head is two-track wide
in an SMR drive, a write will now impact 2 tracks. That
is, writing to a track may destroy the valid data in its ad-
jacent track. Consequently data is preferred to be written
onto the tracks in a sequential manner. However, random

read is still supported by SMR. In the scope of this pa-
per, for simplicity we assume the write head width is 2
tracks.

Tracks in SMR drives are usually grouped into logi-
cal units called “bands”. Band size depends on specific
designs. There are generally two types of SMR drives:
the drive-managed SMR (DM-SMR) drives and the host-
managed/host-aware SMR (HM-SMR/HA-SMR) drives.
DM-SMR drives, such as the Seagate Archive HDD (8
TB) [4] currently available on the market, maintain a
logical block addresses (LBAs) to physical block ad-
dress (PBAs) mapping layer and therefore provide block
interface to the host software such as file systems and
databases. As a result, they can be used to replace the
traditional HDDs without changes to the upper level ap-
plications. On the other hand, HM-SMR and HA-SMR
drives are simply raw devices and rely on specially de-
signed upper level applications to interact with the PBAs
directly.

Depending on the update strategy, DM-SMR drives
can further be classified into in-place update SMR (I-
SMR) drives and out-of-place update SMR (O-SMR)
drives. To perform an update operation to a previously
written track in an I-SMR drive, data on the following
tracks has to be safely read out first and then written back
to their original positions after the data on the targeted
track has been updated. To minimize this overhead, only
a few tracks (4 or 5) per band are used to avoid long up-
date propagation in some designs. There will be enough
separation between any two adjacent bands called “safety
gap” such that writing to the last track of each band will
not destroy the valid data in the following band. Im-
portantly, static LBA-to-PBA mappings are possible in
I-SMR drives requiring no mapping tables and GC op-
erations. However, a considerable percentage of drive
space may be consumed for safety gaps due to small band
size. For example, at least 20% of the total space is used
as safety gaps if the band size is 4 tracks [10]. Generally,
a bigger band size provides better space gain but worse
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update performance.
O-SMR drives provide much more space gain by us-

ing larger bands or zones. Therefore only a negligible
amount of space is used for safety gaps. To perform an
update operation in O-SMR drives, the updated data will
first be written to a new place and the old data will be in-
validated. Those invalidated data must be reclaimed later
by GC operations for reusing. A mapping table is re-
quired to keep track of these data movements. Therefore,
challenges exist for designing efficient O-SMR drives
which include the metadata overhead and the GC over-
head.

In order for O-SMR drives to be adopted in the cur-
rent storage systems and used for primary workloads (in
addition to cold workloads), metadata overhead and GC
overhead must be minimized. In this paper we propose a
SMaRT scheme, a track-based shingled magnetic trans-
lation layer for DM-SMR drives that supports an address
mapping at the block level. SMaRT is motivated by two
unique properties of SMR. First, an unused/free track can
serve as a safety gap for the preceding track to qualify for
in-place updates. Second, different from an invalidated
page in Solid State Drives, an invalidated track in SMR
drives is essentially a free track and can be immediately
reused as long as its next track is free too. Based on this
property, SMaRT adopts a hybrid track update strategy
which maintains a loop of track invalidating and reusing
that minimizes the need of triggering GC operations. GC
operations are therefore invoked only when the free SMR
drive space becomes too fragmented.

Two major modules are designed in SMaRT in order
to fully exploit these two properties. One is a track level
mapping table and the other is a space management mod-
ule. The former supports LBA-to-PBA mapping or block
interface to the host software and the latter supports free
track allocations and GC operations. During a GC op-
eration, valid tracks are migrated to create bigger con-
tiguous free space. Our design of the space manage-
ment module also enables SMaRT to support an auto-
matic cold data progression feature which can separate
cold data from frequently updated or hot data over time
to minimize GC overhead.

We implement SMaRT and compare it to a regular
HDD and a simulated Seagate DM-SMR drive described
in Skylight [6]. The experiments with several work-
loads demonstrate that SMaRT performs better than this
Seagate DM-SMR drive and nearly as well as a regular
HDD.

The remainder of the paper is organized as follows.
Section 2 discusses the different layouts for I-SMR
drives and O-SMR drives. Some related studies are in-
troduced in Section 3. SMaRT is described in Section 4.
Experiments and evaluations are presented in Section 5
and some conclusion is made in Section 6.

2 SMR Layout

SMR drives generally follow the geometry of regular
HDDs except the tracks are overlapped. Similar to
HDDs, each SMR drive may contain several platters.
Physical data blocks are also addressed by Cylinder-
Head-Sector (CHS). Since outer tracks are larger than
inner tracks, the SMR drive space is divided into mul-
tiple zones. Tracks in the same zone have the same
size. Each zone can be further organized into bands if
needed. A small portion (about 1% to 3%) of the to-
tal space is usually used as unshingled random access
zone (RAZ) or conventional zone for persistent metadata
storage[7, 13, 14].

I-SMR drives and O-SMR drives organize and use
the bulk shingled access zone (SAZ) differently. Drive-
managed I-SMR drives usually organize the tracks into
small bands for a good balance between space gain and
performance as discussed and evaluated in [10]. Most
existing work on O-SMR drives divide the shingled ac-
cess zone into an E-region and an I-region. Sometimes
multiple E-regions and I-regions may be used. E-region
is essentially a persistent cache space organized as a cir-
cular log and used for buffering incoming writes, while
I-region is used for permanent data storage and orga-
nized into big bands. Obviously, writes to E-region and
I-region have to be done in a sequential manner and GC
operations are required for both regions. The E-region
size is suggested to be no more than 3% [7, 8, 9, 14].

3 Related Work

There are a few studies that have been done for I-SMR
drives. Shingled file system [13] is a host-managed de-
sign for I-SMR where the file system directly works on
SMR drive PBAs. The SMR drive space is organized
into bands of 64 MB. Files are written sequentially from
head to tail in a selected band. He et al. proposed sev-
eral static address mapping schemes for drive-managed
I-SMRs [10]. The I-SMR drive space is organized into
small bands of four tracks. By changing the order of uti-
lizing the tracks, the new address mapping schemes can
significantly reduce write amplification overhead com-
pared to the traditional mapping scheme. However, a
non-ignorable percentage of total capacity (about 20%)
has to be used as safety gaps between neighbouring
bands in order to achieve desired performance.

Several studies have also been done for drive-managed
O-SMR drives. For example, Cassuto et al. proposed
two indirection systems in [8]. Both systems use two
types of data regions, one for caching incoming write re-
quests and the other for permanent data storage. They
proposed an S-block concept in their second scheme. S-
blocks have the same size and each S-block consists of a
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pre-defined number of sequential regular blocks/sectors
such as 2000 blocks as used in [8]. GC operations have
to be performed in both data regions in an on-demand
way. Hall et al. proposed a background GC algorithm
[9] to refresh the tracks in the I-region while data is con-
tinuously written into the E-region buffer. The tracks in
the I-region have to be sequentially refreshed at a very
fast rate in order to ensure enough space in the E-region,
which is expensive and creates performance and power
consumption issues.

Host-managed O-SMR is another new design trend.
Jin et al. proposed the HiSMRfs [11] which is a host-
managed solution. HiSMRfs pairs some amount of SSD
with the SMR drive so that file metadata (hot data) can
be stored in the SSD while file data (cold data) can be
stored in the SMR drive. HiSMRfs uses file-based or
band-based GC operations to reclaim the invalid space
created by file deletions and file updates. However, the
details of the GC operations are not discussed. Caveat-
Scriptor [12] is another host-managed design which pro-
tects valid data with a Drive Isolation Distance (DID)
and a Drive Prefix Isolation Distance (DPID). It is imple-
mented as SMRfs which is a simple FUSE-based file sys-
tem. Caveat-Scriptor supports a Free Cleaning scheme
to delay and reduce on-demand GC operations. Differ-
ent from HiSMRfs and Caveat-Scriptor, SMRDB [17]
is a host-managed design for key-value store that is file
system free. SMRDB defines a set of data access oper-
ations including GET/PUT/DELETE/SCAN to comply
with the successful KV data access model used in recent
cloud storage systems.

The disk drive industry has introduced several openly
available SMR drives on the market including the Sea-
gate Archive HDD (8 TB) [4] and the Western Digital Ul-
trastar Archive Ha10 (10 TB) [5]. These drives are spe-
cially designed for cold workloads such as archive sys-
tems and backup systems. Aghayev and Desnoyers con-
ducted a series of microbenchmarks and video recording
through a drilled hole on the drive shell to reverse en-
gineer Seagate SMR drives [6]. Their observations re-
vealed the presence of an on-disk persistent cache with
a lazy write back policy and they further studied other
aspects including the cache size and band size. We use
these information to implement a simulated Seagate DM-
SMR drive in our experiments. Recently, Wu et al. con-
ducted evaluations on special features of real HA-SMR
sample drives such as open zone issue and media cache
cleaning efficiency. They also proposed a host-controlled
indirection buffer to improve I/O performance [18].

4 SMaRT Scheme

In this section, we describe the proposed SMaRT scheme
and discuss its designs and implementations. There are

two major function modules in SMaRT: a track-based
mapping table (Section 4.1) that supports LBA-to-PBA
mapping and a space management module (Section 4.2)
that manages free track allocations and GCs.

4.1 Track Level Mapping Table
The first main function module of SMaRT is a LBA-to-
PBA mapping table at a track level which enables SMR
drives to communicate with the host software using the
block interface. Therefore SMR drives can be used in ex-
isting storage systems in a drop-in manner. The mapping
table is updated when: 1) A used track is updated to a
new location, 2) Used tracks are migrated during GCs or
3) Tracks are allocated for new data.

Given an LBA, SMaRT will first calculate its corre-
sponding logical track number (LTN) and its offset in-
side this track based on the number of zones and the track
size in each zone. It then looks up the mapping table and
translates LTN into physical track number (PTN). The fi-
nal PBA can be easily computed with PTN and the offset
inside the physical track.

Assuming an average track size of 1 MB, an 8 TB
SMR drive requires at most a 64 MB track level mapping
table (assuming 4 bytes for each LTN and PTN). The
mapping table is initially empty and gradually grows as
the space utilization increases. Therefore, the metadata
overhead of the track level mapping table is reasonably
low considering the fact that the standard DRAM size for
large capacity HDDs/SMRs on the market today is 128
MB [4] or 256 MB [5].

As a comparison, the Seagate DM-SMR drive de-
scribed in [6] uses a persistent cache (E-region). When
adopting a block-level mapping scheme, an E-region of
size 80 GB ( = 1% of 8 TB) yields a 160 MB mapping
table based on 4 KB block size or 1280 MB based on
512 B block size. Alternatively, extent mapping [6] can
be used to reduce the mapping table size which however
provides less effective persistent cache size to the host
writes.

4.1.1 Hybrid Track Update

SMaRT uses a hybrid track update strategy that up-
dates qualified tracks in place and updates the unquali-
fied tracks out of place. Track update has been proven
to be beneficial and affordable because it creates a track
invalidating and reusing loop. When a track is invali-
dated, it actually becomes a free track and can be reused
as long as its next track is free or as soon as its next
track becomes free. As a result, track updates in SMaRT
continuously invalidate tracks and turn them into free
tracks without triggering explicit on-demand GC oper-
ations. This greatly reduces the frequency of invoking
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GCs which compensates for the cost of the track update
operations. Explicit on-demand GC operations are only
invoked when the free SMR space becomes too frag-
mented as discussed in Section 4.2.4.

4.2 Space Management
The second main component of SMaRT is a space man-
agement module which is responsible for free track al-
location and garbage collections. Space management is
done for each zone separately.

Free track allocation means that when a track is up-
dated, SMaRT has to choose a new track position from
the available usable free tracks. The updated track will
be written to the new position and the old track is invali-
dated/freed.

As described previously, usable free tracks and un-
usable free tracks coexist. Garbage collection is essen-
tially a free space consolidation that can turn unusable
free tracks into usable free tracks by migrating the used
tracks.

We now introduce a concept of “space element” and
a “fragmentation ratio” before describing the details of
SMaRT.

4.2.1 Space Elements

There are two types of tracks in an SMR drive: the used
(or valid) tracks and the free tracks. When a used track
is invalidated, it becomes a free track but it is not consid-
ered as a usable free track if its following track is not free.
However, a free but unusable track can at least serve as a
safety gap and allow its preceding track to be updated in
place.

All the used tracks constitute the used space and all
the free tracks constitute the free space. We call a group
of consecutive used tracks or free tracks a space element
which is used to describe the current track usage. For
the example of Figure 1, we say the used space includes
elements {0, 1, 2, 3}, {6}, {10, 11, 12}, {14, 15, 16,
17} and {20, 21} while the free space includes elements
{4, 5}, {7,8,9}, {13}, {18, 19} and {22, 23}. The size
of a particular space element is defined as the number
of tracks in it. The last track in each free space element
is not usable and can not be written because writing to
this last track will destroy the valid data on the follow-
ing track which is a used track. Particularly, a free space
element of size 1 contains no usable free track such as
element {13}. The number of elements and their sizes
continuously change as incoming requests are processed.
A free track that is previously unusable can become us-
able later as soon as its following track becomes free too.
Accordingly the last track in a used space element can be
updated in place because its next track is a free track.

0                            5                          10                         15                        20

Free space: [4, 5], [7,8,9], [13], [18, 19], [23, 24]

Used space: [0, 1, 2, 3], [6], [10, 11, 12], [14, 15, 16, 17], [20, 21]

Fragmentation ratio = 10/5 = 2

Used track Free track

Figure 1: SMR Usage State

4.2.2 Fragmentation Ratio

We define the free space fragmentation ratio to help de-
cide when to invoke on-demand GCs in each zone. As-
suming the total number of free tracks in a selected zone
is F and the total number of free space elements is N, the
free space fragmentation ratio (R) for this zone can be
computed according to Equation 1. In fact, the fragmen-
tation ratio represents the percentage of usable free tracks
in all the free tracks. Fragmentation ratio of 0 means the
free space is too fragmented. In fact, 0 means all free
space elements are of size 1 and thus no track can be
used.

R =
F −N

F
,where 1 ≤ N ≤ F (1)

We conduct a series of permutation tests to study
the impacts of the fragmentation ratio threshold (R) on
SMaRT performance which show that neither a small R
threshold nor a large R threshold produces good perfor-
mance. A small R makes SMaRT adopt a lazy garbage
collection strategy. On-demand GC operations are only
invoked when the free space is extremely fragmented
which requires more victim elements to be migrated in
a single GC operation and causes I/O burstiness. A big R
ratio is not suggested either since frequent unnecessary
GCs will be invoked even though the free space is not
fragmented. A larger ratio also means a smaller N and
thus a smaller number of tracks that support in-place up-
dates. We use 0.5 in our experiments to allow SMaRT to
maintain relatively big contiguous free space and trigger
a GC only if necessary.

4.2.3 Space Allocation

SMaRT always designates the largest free space element
as an “allocation pool” and maintains a dedicated track
pointer called “write cursor” that initially points to the
first track of the allocation pool, as shown in Figure 2a.
The free tracks in this allocation pool are allocated to ac-
commodate updated tracks as well as new write data in a
sequential manner in the shingling direction. A modified
track is always written to the free track pointed by the
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Figure 2: The Process of SMaRT

write cursor which will be incremented accordingly. Af-
ter the write cursor reaches the end of the allocation pool,
SMaRT will select the latest largest free space element as
the new allocation pool and update the write cursor to its
first track.

Specially, SMaRT defines data that is recently updated
as hot. New write (first write) data and data not up-
dated for some time will be treated as cold. For exam-
ple, the least recently updated track is definitely cold and
the most recently updated track is hot. SMaRT will allo-
cate an extra guarding track for a hot data track when the
drive utilization is lower than a certain threshold (such
as 50%) because there are a sufficient amount of free
tracks to be allocated as safety tracks. Therefore these
hot data tracks now support in-place updates which re-
duces unnecessary out-of-place updates. This feature is
disabled once the space utilization goes over a threshold
and will be re-enabled when space utilization falls below
the threshold. The transition is fully transparent.

4.2.4 Space Consolidation

A garbage collection in SMaRT is essentially a free
space consolidation. There are two types of GCs in
SMaRT: background GCs and on-demand GCs. Back-
ground GC operations are only performed during the

drive idle times. When a time period between two writes
is longer than a threshold value, it is considered as an
idle time [6]. Background GC operations keep running
until 1) space fragmentation ratio surpasses its thresh-
old or 2) idle time ends. On the other hand, the frag-
mentation ratio is checked upon each incoming write
request. If it is equal to or smaller than the threshold
value, an on-demand GC operation will be invoked to
migrate used tracks and combine the small free space el-
ements into bigger elements. This will improve I/O per-
formance for big writes and updates, as well as increase
usable free space. An on-demand GC usually immedi-
ately stops after one element has been moved so as to
minimize the overhead of a single GC operation. This
minimizes the performance interference on serving the
incoming requests. The fragmentation ratio sometimes
remains below its threshold after the current GC oper-
ation. The next GC operation in this zone will continue
to improve the fragmentation. Moving multiple elements
happens only when there is not enough usable free tracks
to accommodate the updated track(s) or new tracks.

To perform a GC operation, SMaRT searches for a
victim element starting from the leftmost used space el-
ement of this zone and proceeding in the shingling di-
rection. A victim element has a size of smaller than a
threshold W. W is initialized to be a small value based
on the current SMR drive space usage U . It can be cal-
culated according to Equation 2. In fact, W practically
represents the used space to free space ratio. The the-
ory behind this equation is that the average used space
element size is bigger when the SMR space utilization
is higher. For example, W will be initially set to 2 if
the current SMR drive usage is 60% or 9 if the usage is
90%. If no element is found to be smaller than W, W will
be doubled and SMaRT will redo a search based on the
new W. This will be repeated until a satisfying element
is found.

W =
U

1− U
,where 0 < U < 1 (2)

SMaRT always tries to append a victim element to the
leftmost free space element that fits the victim element1.
If no free space to the left can accommodate the victim
element, SMaRT simply shifts it left (against shingling
direction) and appends it to its left used space element
neighbour. Besides, if the victim element resides in the
allocation pool, it will also be appended to the left neigh-
bour because this victim element contains recently writ-
ten/updated tracks and thus is deemed as possibly hot
which should not be appended to cold data.

In Figure 1, R is 0.5 by Equation 1 and W is 2 by Equa-
tion 2. Assuming an on-demand GC is triggered, SMaRT
will select the used space element {6} as the victim and

1The used space element containing track 0 is a special case.
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append it to element {0, 1, 2, 3}. Consequently, the free
space elements {4, 5} and {7, 8, 9} will be consolidated
into a single bigger element {5, 6, 7, 8, 9}. The resulting
fragmentation ratio R is 0.6. SMaRT will detect upon the
next request that R is above the threshold and thus it will
not invoke another GC operation.

4.2.5 Cold Data Progression

The track-based mapping and data migrations provide
a good opportunity of automatic cold data progression.
This is achieved as part of the free track allocation
and GC operations, requiring no dedicated hot/cold data
identification algorithms. The cold data progression in
SMaRT is illustrated in Figure 2b. The allocation pool
accumulates the recently updated tracks or hot tracks.
Cold data gets migrated against the shingling direction
to the left by GC operations. Eventually the cold data
will mostly stay at the left side of the zones and hot data
gets updated and pushed to the right side of the zones
which reduces unnecessary cold data movements during
GC operations.

The downside of this is that cold data (least recently
updated data) will eventually reside on the outer tracks
which possibly wastes the sequential I/O performance of
the outer tracks. We provide one argument and one so-
lution to this concern. We argue that cold data can be
frequently read by our definition. Least recently updated
data can be most frequently read data and/or most re-
cently read data.

To directly address this concern, we can reverse the
shingling direction by shingling from ID (Inner Diame-
ter) to OD (Outer Diameter) so that writes start with inner
tracks and move toward outer tracks. This way, cold data
will be gradually moved to the inner tracks. Note that
we assume the normal shingling direction in our experi-
ments.

4.3 I/O Processing Summary
The overall I/O procedure for read requests is straightfor-
ward. SMaRT simply reads the data after translating the
LBAs into PBAs. Multiple reads will be issued if read is
fragmented.

On receiving a write request, SMaRT first checks the
fragmentation ratio to decide if a GC operation should
be invoked. After a necessary GC operation completes,
SMaRT checks whether the write request operates on
existing data by consulting the mapping table. For
new data, SMaRT will allocate free tracks and add cor-
responding new mapping entries. For existing data,
SMaRT checks whether a track supports in-place update.
If not, SMaRT allocates new tracks and updates the ex-
isting mapping entries.

During the workload, once an idle time is identified
and meanwhile the free space fragmentation ratio is be-
low the threshold, background GCs will be launched.

4.4 SMaRT for Cold Write Workload
SMaRT performs extremely like a regular HDD for cold
workloads such as backup, archive and RAID rebuild
workloads. Data will be written sequentially into the
allocation pool without extra guarding safety tracks be-
cause new write data is treated as cold. Data can still
be updated based on the hybrid update strategy if ever
needed. No changes to the space management scheme
are needed.

4.5 Reliability
The mapping table of SMaRT is periodically synchro-
nized to a persistent mapping table copy in the random
access zone on disk. However, there is still a risk that a
power failure occurs before the latest mapping table up-
dates are pushed to the disk. This is a common reliability
challenge to flash translation layers (FTLs) and shingled
translation layers (STLs). Here we sketch a low-cost
scheme for SMaRT inspired by a Backpointer-Assisted
Lazy Indexing[15].

Since SMaRT always writes new tracks and updated
tracks to the allocation pool, SMaRT can simply trigger a
synchronization whenever an allocation pool is fully con-
sumed and flush the mapping table updates to the disk.
Upon flush completion, SMaRT records the timestamp
and picks a new allocation pool. Tracks updated after the
latest synchronization are ensured to reside in the latest
allocation pool only. When writing a new track or up-
dating an existing track to a new position, a backpointer
to the logical track number (LTN) along with the cur-
rent timestamp will be stored together with the track such
that each physical track internally has a PTN-to-LTN re-
verse mapping entry. We assume there will be some tiny
spare space associated with each physical track that can
be used to store the LTN and the timestamp. Otherwise,
we can simply reserve a sector or block in each physical
track to be used for storing these extra information.

To recover from a power failure, only the latest al-
location pool needs to be scanned instead of the whole
disk. The synchronization interval can also be the time
to consume a list of most recent allocation pools. In this
case, the manufacturing cost of SMR drives is minimal
because no extra media is introduced. To perform a re-
cover, SMaRT scans the latest allocation pool and iden-
tifies tracks with timestamps newer than that of the lat-
est synchronization. SMaRT then reads their associated
LTNs and PTNs to construct the corresponding LTN-to-
PTN mapping entries which will be merged to the map-
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ping table copy on disk so that the latest LTN-to-PTN
table will be restored.

Alternatively, Non-Volatile Memory and flash media
can be used to persist the mapping table when the cost of
the former and the durability of the latter become accept-
able.

5 Evaluations

In this section, we evaluate the performance of SMaRT
and make comparisons with other schemes.

5.1 Competing Schemes
We compare SMaRT to a regular HDD and a simulated
Seagate DM-SMR drive. Since our objective is to design
SMR drives that can perform well under primary work-
loads in existing storage systems, we choose the regular
HDD as the baseline for comparison. We are hoping the
performance of the new design can be close to that of
HDDs.

We also implement a Seagate DM-SMR drive based
on the configurations and schemes explored and de-
scribed in Skylight [6]. We denote this SMR drive as
Skylight which is configured with a single 2 GB per-
sistent cache at OD, 40 MB band size, static address
mapping for bands and aggressive GC operation with a
1242ms triggering idle window. Incoming writes go to
the cache first. A Skylight background GC would be trig-
gered if there is a 1242ms idle time window in the work-
load since the last request. It keeps running until the next
request comes in. A GC operation scans from the tail
of the circular-log structured persistent cache, reads all
the sibling blocks that belongs to the same band as the
tail block and read-modify-writes the band. In our ex-
periments, we find that on-demand GCs are also needed
when there are not enough idle times in the workloads.
An on-demand GC is triggered when the persistent cache
space is 80% full.

5.2 Implementations
Due to the needs of defining zone sizes and controlling
the starting/ending PBAs of the zones, we have to adopt
simulation instead of using real hard disk drives. We im-
plement these schemes on top of Disksim [2] to simu-
late an SMR drive based on the parameters of a Seagate
Cheetah disk drive [1]. This is the newest and largest
validated disk model that is available to Disksim. It has
a capacity of 146 GB (based on 512 B sector size) 2. We
divide the total capacity into 3 parts: one 2 GB random
access zone, one 2 GB perstistent cache (i.e., E-region)

2The drive capacity is about 1.1 TB based on 4 KB sector size.

Table 1: Trace Statistics

Trace MAX LBA factor Req. Size Write%
mds_0 71,127,264 5 18 88.11%
proj_0 34,057,712 10 76 87.52%
stg_0 22,680,944 12 23 84.81%
rsrch_0 35,423,624 10 17 90.67%

and the rest of the 142 GB for persistent storage space
(i.e., I-region). The random access zone and the E-region
will not be allocated if they are not used in a specific
scheme. Particularly, both the random access zone and
the E-region are not used in HDD. And the E-region is
not used in SMaRT. On receiving disk I/O requests (in
the form of LBAs), these schemes will translate the block
addresses into PBAs based on their own implementation
logic. The translated requests (in the form of PBAs) are
then passed to the Disksim for processing.

5.3 Trace Information
Four write intensive MSR traces [3, 16] are used in our
experiments since other read intensive traces may not
trigger media cache cleaning. The characteristics of the
MSR traces are shown in Table 1 which include the max-
imum LBA, the average request size (R.S.) in blocks and
the write ratio. We scale up the LBAs in the four traces
to make sure the whole 142GB space is covered. Based
on the maximum LBA, a different scale up factor is used
for each trace.

5.4 Experiment Design
We test the schemes at different drive space utilizations
including 30%, 60% and 90% which allow us to under-
stand the impact of space utilizations on the drive perfor-
mance. The drives will be pre-populated with data ac-
cording to the utilization which is done by manipulating
the metadata or mapping table in each scheme. Over-
sized LBAs in the traces will be trimmed with modular
operation to fit in the accessed LBA range.

5.5 Performance Comparison
We use response time, Write Amplification, Read Frag-
mentation and GC Overhead as the main performance
comparison metrics.

5.5.1 Response Time

The response time for each request is calculated by sub-
tracting the queueing time stamp from the request com-
pletion time stamp. The overall average response times
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for different schemes under different workloads at differ-
ent drive space utilizations are shown in Figures 3, 4 and
5. X-axis is the average response time and Y-axis is the
corresponding Cumulative Distribution Function (CDF).

The results show that in general HDD performs best
for all utilizations. SMaRT has better performance than
that of Skylight for the 30% and 60% utilizations and the
two schemes provide a comparable performance for the
90% utilization. The Skylight only shortly crosses over
the HDD and SMaRT in some of the low response time
ranges while lags behind for the majority of the response
times. The cross-overs are mainly contributed by more
physically sequential writes due to the using of persistent
cache.

5.5.2 Read Fragmentation

SMaRT suffers read fragmentation because of track
movements. A read request can span over multiple log-
ically consecutive but physically scattered tracks. Sky-
light incurs read fragmentation because of persistent
cache. Some blocks in a read request may exist and scat-
ter inside the persistent cache while the rest blocks still
reside in the bands. As a result, a single read request
can be fragmented into several smaller requests in both
schemes, although the total number of blocks accessed
remains the same.

We first show the percentages of fragmented reads in
both schemes in Figure 6 and then compare the read frag-
mentation ratio in Figures 7, 8 and 9. We define the read
fragmentation ratio as the number of “smaller read re-
quests” produced by a single fragmented read request.
Theoretically, the ratio is upper-bounded by the number
of tracks accessed by the read request for SMaRT while
bounded by the number of blocks in the request for Sky-
light. This is also the reason why fragmented read per-
centages in SMaRT are less affected by the space utiliza-
tions as seen in the figure.

As expected, the result shows that SMaRT has higher
fragmented read percentages (Figure 6) with lower frag-
mentation ratios (Figures 7, 8 and 9). In general, more
than 95% of the fragmented reads have a fragmentation
ratio of 3 for SMaRT.

5.5.3 Write Amplification

We define amplified write percentage as the percentage
of the write requests that trigger on-demand GCs outside
the idle times. The result is shown in Figure 10.

Note that the amplified write percentages for 30% are
all zero for SMaRT. No GC operation is incurred be-
cause the space allocation scheme in SMaRT will allo-
cate guarding safety tracks when space utilization is less
than 50% which suffices to maintain a good free frag-
mentation ratio so as to avoid triggering on-demand GCs.

Table 2: GC Statistics

Traces SMaRT Skylight
30% GC_F GC_B GC_F GC_B
mds_0 0 0 1588 118417
proj_0 0 0 1861 97314
stg_0 0 0 1823 72229
rsrch_0 0 0 2003 108665
60% GC_F GC_B GC_F GC_B
mds_0 2045 603 1840 118417
proj_0 1560 536 2278 97314
stg_0 2583 1203 2191 72229
rsrch_0 3544 789 3099 108665
90% GC_F GC_B GC_F GC_B
mds_0 18367 5226 1866 118417
proj_0 13040 4595 2646 97314
stg_0 50131 23029 2834 72229
rsrch_0 35416 9722 3921 108665

However, as space utilization increases to 60% and
90%, up to 6% of the write requests will trigger on-
demand GCs compared to 0.5% for Skylight. These per-
centage numbers are low mainly because of the contribu-
tions of background GCs.

5.5.4 GC Overhead

As described previously, there are two types of GC op-
erations in both schemes: on-demand GCs (GC_F) and
background GCs (GC_B). Table 2 shows the average
numbers of on-demand GCs and background GCs in-
curred per 1 millions write requests. The table covers
different traces and space utilizations.

In general, these numbers increase as the space utiliza-
tion climbs. SMaRT triggers more on-demand GCs and
Skylight triggers more background GCs. The fact that
SMaRT relies more on on-demand GCs makes it theoret-
ically more suitable for workloads with less idle times.

Specially, the numbers of both the on-demand GCs
and the background GCs are 0s for the 30% utilization.
SMaRT also uses a 1242ms idle time window as the first
background GC triggering condition and the free space
fragmentation ratio as the second condition. A back-
ground GC would be launched when both conditions are
met and stops when the free space fragmentation ratio
goes above the threshold or when the next write arrives.
As a result, the 0s are simply because the free space frag-
mentation ratio stays high enough that no GC is needed.

Additionally, the numbers of background GCs for
Skylight stay the same across different utilizations be-
cause Skylight starts background GCs when a 1242ms
idle window is detected and stops when the next request
arrives which is not affected by the utilization changes.
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Figure 3: CDF of Response Time at 30% Utilization
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Figure 4: CDF of Response Time at 60% Utilization
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Figure 5: CDF of Response Time at 90% Utilization
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Figure 6: Fragmented Read Percent
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Figure 7: CDF of Read Frag Ratio at 30% Utilization
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Figure 8: CDF of Read Frag Ratio at 60% Utilization
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Figure 9: CDF of Read Frag Ratio at 90% Utilization
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Figure 10: Amplified Write Percent
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Figure 11: CDF of GC Overhead at 30% Utilization
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Figure 12: CDF of GC Overhead at 60% Utilization
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Figure 13: CDF of GC Overhead at 90% Utilization

Table 3: Scheme Comparison Summary

Schemes E-region? Performance Cold Workload Friendly Metadata Overhead Space Gain
HDD no very good yes no 100%
SMaRT no good yes low >95%
Skylight yes fair no high >95%
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Since we have shown the GC counting, we now dis-
cuss the on-demand GC overhead shown in Figures 11,
12 and 13. GC overhead (X-axis) is defined differently
for SMaRT and Skylight because of the different natures
of their GCs, although the two schemes share the X-axis.
It is defined as the number of tracks migrated during a
GC operation for SMaRT while defined as the total num-
ber of I/O requests needed for a single GC operation for
Skylight. So there is no direct performance compari-
son here. Instead, this serves as helping understand the
overhead origination in each GC scheme. About 50% of
SMaRT’s on-demand GCs move a single track and about
99% of the GCs move a single-digit number of tracks.
On the other hand, Skylight’s on-demand GCs have a
wide overhead spectrum. However, about 80% of its on-
demand GCs consists of less than 100 I/O requests.

5.5.5 Comparison Summary

We now summarize the comparison results in Table 3.
The schemes are compared according to different metrics
including performance, cold write workload suitability
and metadata overhead. SMaRT is the preferred design
which achieves a good balance among the listed met-
rics. It produces better performance than that of Skylight
for low-range and mid-range space utilizations. Besides,
SMaRT is more friendly to cold workloads because it
does not stage incoming data in a persistent cache and
destage later as Skylight does. SMaRT also has a lower
metadata overhead because of not using persistent cache.

6 Conclusion and Future Work

In this paper we propose an efficient SMaRT scheme
for drive-managed SMR drives by exploiting two unique
properties in the SMR drives. SMaRT performs copy-
on-write updates only when in-place updates are impos-
sible. The track level mapping, when combined with a
novel space management scheme can automatically fil-
ter the cold data to minimize data migration overhead for
GC operations. The Experiments with real world work-
loads demonstrate that SMaRT can perform as well as
regular HDDs under cold write workloads and even un-
der primary workloads when space usage is in the lower
and middle ranges.

In the future, we plan on designing a request schedul-
ing algorithm that bundles multiple write requests as a
single request if they belong to the same track or adjacent
tracks. This would further reduce the write amplifica-
tion overhead and improve write performance especially
for high disk utilization situations. We also plan to ex-
tract parameters from the latest SMR drives and validate
the resulting drive model for further simulation purposes.

We plan to also investigate the performance of SMaRT
when the write head width is more than 2 tracks.
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