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Abstract—NAND flash-based Solid State Drives (SSDs) employ
the Flash Translation Layer (FTL) to perform logical-to-physical
address translation. Modern page-level FTLs selectively cache the
address mappings in the limited SRAM while storing the mapping
table in flash pages (called translation pages). However, many
extra accesses to the translation pages are required for address
translation, which decreases the performance and lifetime of an
SSD. In this paper, we propose a Log-aware Synergized scheme
for page-level FTL to reduce the extra overheads, called LSFTL.
The contribution of LSFTL consists of two key elements: (i)
By exploiting the partial programmability of SLC flash, in-place
logging decreases garbage collection overhead via reserving a
small portion of each translation page as a logging area to
hold multiple updates to the entries of that translation page.
(ii) Log-aware flush back reduces the number of translation page
updates by evicting multiple dirty cache lines that share the same
translation page in a single transaction. Extensive experimental
results of trace-driven simulations show that LSFTL decreases
the system response time by 39.40% on average, and up to
58.35%, and reduces the block erase count by 37.55% on average,
and up to 39.99%, compared to the well-known DFTL.

I. INTRODUCTION

NAND flash-based Solid State Drives (SSDs) serve as an
important role in diverse environments due to their high perfor-
mance, power efficiency, and shock resistance. One of the most
important concerns about SSD is its reliability, especially for
environments with heavy write traffic, such as embedded and
enterprise systems [1], [2]. New flash memory technologies
such as MLC/TLC (Multi/Triple-Level Cell) can improve the
density, but at the cost of sacrificing endurance and reliability
compared to SLC (Single-Level Cell). As a result, typical
applications, such as enterprise and industrial grade SSDs, still
leverage the SLC flash due to its high performance and long-
term reliability [3], [4].

SSDs employ a Flash Translation Layer (FTL) to trans-
late logical addresses to physical addresses in flash memory,
called address translation [5]. Due to simplicity and efficiency,
Demand-based FTL (DFTL) [6] has been one of the most
popular FTL designs in the past few years. DFTL selectively
caches page-level mappings in SRAM (i.e., mapping cache),
and stores the entire mapping table in flash pages (i.e., trans-
lation pages). Since the SRAM size is typically constrained
for energy and cost concerns, plenty of extra operations to
translation pages are caused for the address translation, which
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degrades the performance and lifetime of SSDs [7], [8].

In this paper, we provide an extensive experimental analysis
for DFTL and obtain several useful observations. Specifically,
by running trace-driven simulations under various real-world
workloads, we find that 41.40-46.37% of the total access
time is consumed in the extra operations to translation pages
(referred to as TP Overhead). We further track where the extra
time exactly goes in DFTL and classify them into three parts.
(i) The time spent on loading required mapping information
from translation pages to the mapping cache, which is caused
by mapping cache misses (denoted as TP Load overhead).
(i) The time spent on updating translation pages, which is
caused by dirty entries being evicted from the mapping cache,
or data pages being migrated to new physical locations during
garbage collection (denoted as TP Update overhead). (iii)
The time spent on executing garbage collection operations for
translation pages (denoted as TP GC overhead). According to
our experimental results, TP GC and TP Update respectively
consume about 48.47% and 43.08% of TP Overheads.

Based on the above observations, we propose a Log-aware
Synergized scheme for page-level FTL design, called LSFTL.
The key design of LSFTL is based on two novel techniques,
which synergistically reduce the predominant extra overheads
caused by TP GC and TP Update. First, by exploiting the
partial programmability of SLC flash memory, a portion of
a translation page is dedicated as a logging area so that it
can hold multiple updates to the entries of that translation
page. Through this in-place logging policy, the GC-induced
overheads are significantly reduced. Second, to reduce the
number of TP updates, a log-aware flush back policy is
proposed to enhance the mapping cache management, which
allows the system to evict multiple dirty cache lines that share
the same translation page in a single transaction.

The major contributions of this work are as follows:

(1) We present an experimental study of TP Overhead of
DFTL. We identify that performance bottlenecks are caused
by TP GC and TP Update operations. Only a few mapping
entries are modified for most translation page updates.

(2) We propose a new page-level FTL design called LSFTL
that employs in-place logging and log-aware flush back to
significantly reduce the overheads of TP Update and TP GC,
thus improving SSD’s performance and lifetime.
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(3) We evaluate LSFTL under various real-world workloads.
The experimental results show that compared to DFTL, LS-
FTL reduces the TP Overhead by 53.35-70.31%, leading to
28.42-58.35% reduction in average system response time and
34.37-39.99% reduction in total block erase count.

II. BACKGROUND AND MOTIVATION
A. Flash Characteristics

NAND flash can be classified into Single/Multi/Triple-
Level-Cell (SLC/MLC/TLC), storing one/two/three bits per
cell. Due to higher read/write performance, longer retention
time and write endurance, SLC becomes an excellent storage
medium for high performance and reliability [4], [9].

Recent works have revealed that SLC flash supports per-
page partial programming in a progressive manner [9]-[11].
Each cell in SLC flash is in either erased state or programmed
state, representing the storage bit of ‘1’ or ‘0’, respectively. A
cell can only be changed from ‘1’ to ‘0’ during the program
procedure, and an erase operation will reset all bits in a block
to ‘1’. When writing 0 to a cell, circuits of the memory chip
apply programming bit-line voltage to it. When writing 1 to
a cell, it will be applied prohibitive bit-line voltage to avoid
being programmed. This raises the possibility that an SLC
flash page can be programmed multiple times on different
portions, i.e., partial programming.
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Figure 1: DFTL overview and the TP overhead.

B. Motivation

As shown in Figure 1, DFTL [6] uses page-level mapping
and caches a subset of the mappings in SRAM (i.e., mapping
cache). The entire mapping table is persistently stored in sepa-
rate flash pages (i.e., translation pages). In this subsection, we
analyze the TP overheads of DFTL by conducting trace-driven
simulations under various workloads. Besides DFTL, we also
make analyses for a variant of DFTL (referred to as DFTL-
E), which adopts an extended cache scheme (see Section
III-C) with optimal cache line sizes. Although a larger built-
in SRAM can reduce the extra overheads, a relatively small
mapping cache is reasonable and necessary [8]. Therefore, the
configured cache size is as small as what is required for the
block-level FTL, like previous studies [6]-[8]. More detailed
configurations are presented in Section IV-A.

We first study what proportion of the total flash access
time is introduced by the extra operations in DFTL(-E). As
shown in Table I, TP overheads in DFTL account for 41.40-
46.37%, on average 42.90%, of the total access time under
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TABLE I: TP overheads in DFTL and DFTL-E

Financiall | Financial2 | Cello PC
DFTL 41.40% 41.67% 46.37% | 42.14%
DFTL-E | 28.60% 34.98% 27.10% | 11.13%
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(a) Breakdown of the TP overhead. (b) CDFs of number of updated map-
ping entries when updating a transla-
tion page in the flash memory.

Figure 2: The analysis of the TP overheads in DFTL under various workloads.

various workloads. DFTL-E adopts an enhanced cache scheme
to achieve more hit rates, resulting in less extra overheads
than DFTL. However, we can still observe notable proportions
of the overheads from 11.13% to 34.98%, and 25.45% on
average. This observation implies that it is critical to reduce
these extra operations to improve the efficiency of DFTL(-E).

We classify the extra overheads into three parts as described
in Section I. We only present the results of DFTL for the
sake of simplicity. As shown in Figure 2(a), among the three
types, the overheads of TP GC and TP Update account for
large percentages in all cases. Specifically, 60.24%, 53.28%,
53.77%, and 26.58% of the overheads are caused by TP GC
operations under the four workloads. And for TP Update, the
percentages are 37.74-55.56%. This observation implies that
reducing the overheads caused by TP GC and TP Update plays
an important role in reducing the TP overheads.

Existing page-level FTLs [6]-[8] perform “out-of-place”
write on each TP update operation, incurring costly GC
operations for translation pages. We further study the distri-
bution of the update size, i.e., the number of entries flushed
back on each TP update operation. Figure 2(b) shows the
cumulative distribution curves of the update size under the
four workloads. We can see that the update sizes are quite
small. Specifically, a large fraction (more than 90%) of update
operations only modify a few entries (less than 25) in all cases.
This observation implies that it would not be cost effective to
consume a new flash page because of a few dirty entries.

Based on these observations, we propose new techniques
to mitigate the “out-of-place” TP update by using “in-place
logging”, which is feasible thanks to the partial programma-
bility of the SLC flash memory. Specifically, dirty entries can
be logged into a reserved log area within the same translation
page. The basic idea is similar to previous studies such as IPL
[12] and PDL [13]. However, unlike LSFTL, these approaches
store original data and log entries separately at different flash
pages, leading to inherent read amplification [10] (i.e., fetching
two or more pages to serve one read request). In addition,
LSFTL is complementary to these approaches proposed for
data page updates, and reduce overheads caused by translation
page accesses. Note that, some commercial MLC/TLC-based
SSDs store metadata (e.g., mapping table) in a small portion
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of flash operating in SLC mode [14]. We argue that our
techniques are also applicable to such devices.

III. LSFTL DESIGN
A. Overview

Rather than building from scratch, LSFTL is an enhance-
ment to the demand-based page-level FTL like DFTL [6].
LSFTL stores mappings and data in separate flash blocks.
Data blocks store regular data from host, and translation blocks
store the entire mapping table. A subset of the mappings are
selectively cached in the cached mapping table (CMT), which
contains pairs of logical/physical data page numbers—(DLPN,
DPPN). The global translation directory (GTD) tracks all the
physical locations of the translation pages. Both CMT and
GTD are maintained in the built-in SRAM for fast accesses.
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Figure 3: The overview of LSFTL.

The log-aware synergized scheme of LSFTL relies on two
new modules, as shown in Figure 3. On each translation page
update, the in-place logging module tries to avoid consuming
new flash pages by only storing the modified entries in the
same page. To this end, LSFTL reserves a small portion within
each translation page as a log area to accumulate consecutive
update operations. To further reduce the TP overhead, the log-
aware flush back module is applied to the cache management.
It flushes more dirty entries each time while striving to achieve
high utilization of the log space, thus effectively reducing the
number of updates operations to translation pages.

B. In-place Logging

In previous FTLs such as DFTL, even a single dirty entry
eviction requires allocating a new flash page. The frequent
update operations cause expensive GC operations on transla-
tion pages, which account for a large proportion of the TP
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Log{ LOg Unit Offset | DPPN
Area
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Figure 4: Illustration of the translation page layout in LSFTL.
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overhead. In order to mitigate these overheads, we propose
an in-place logging strategy by leveraging the partial pro-
gramming feature of SLC flash memory. Specifically, a small
portion in each translation page is reserved as a log area for
accumulating new updates. Since most update sizes are quite
small as shown in Section II-B, the translation page can be
‘overwritten’ multiple times before it is erased, which can
significantly reduce the number of TP GC operations.

Figure 4 shows the layout of each translation page in
LSFTL. The translation page is partitioned into the main
area and the log area. In the main area, mapping entries are
sequentially packed according to the DLPNs. The log area
consists of multiple log units. Each log unit is comprised of
a header and multiple (or one) log entries, all of which are
protected with BCH codes [15] for high reliability. The header
indicates the number of log entries and uses a special value
(e.g., all‘0’s) as the header marker. Each log entry represents
the updated mapping information using a (offset, DPPN) tuple.
The offset points to the modified entry within the main area
of the same translation page, and the DPPN indicates the new
physical address of the data page in the flash memory.

Two counters are maintained to indicate the current status
of the log area—one for the tail of the log and one for the
number of stored log units. There are two choices of where
and how to store the counters. First, we can write them to the
OOB (Out-of-Band) area along with each logging operation
with virtually no overhead. However, the downside is a lot of
OOB reads are incurred for checking the log status. Since GTD
stores the addresses of all translation pages, LSFTL adopts an
alternative choice which attaches the counters with each entry
in GTD for fast accesses. As a result, GTD size is increased,
resulting in less cache space for CMT. Fortunately, the impacts
on hit ratios are trivial (see Section IV-B2).

The basic process for each translation page update is
described below. The two counters are first checked by
consulting the GTD. If there is enough log space and the
current number of log units is less than a given threshold (LU
threshold), LSFTL encodes those modified mapping entries
into one log unit, appends it to the log tail, and then updates
the two counters. Otherwise, LSFTL fetches the translation
page, decodes and replays the stored log units, updates the
mapping entries, and re-writes the latest mapping information
to a new translation page with an empty log area. Note that the
LU threshold implies the maximum number of programming
operations within one flash page, which is used to avoid
noticeable extra physical damage to flash memory cells [10].
Compared to DFTL, the in-place logging strategy brings extra
computational costs, such as BCH encoding/decoding, log
entries replaying, etc. However, these processing latencies are
much less than the page access latencies thanks to the powerful
computing capability of modern SSDs [16], [17].

C. Log-aware flush-back

Since each translation page in LSFTL has a relatively small-
sized log space and allows storing a limited number of log
units, a critical factor in reducing the TP overhead is to
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improve the utilization of the log area. To this end, we propose
another technique, called log-aware flush back, which can be
used as an add-on module for the mapping cache schemes.
For the convenience of representation, we describe our new
approach using an extended cache scheme based on the LRU
(Least Recently Used) algorithm.

In the extended cache scheme, the CMT is organized in
an LRU list on the cache line basis, which contains one
or multiple mapping entries. The cache line is the unit for
cache allocation and cache eviction, which is critical for the
efficiency of the cache scheme. On the one hand, a too
small cache line cannot fully exploit the spatial locality of
workloads. On the other hand, a too big cache line can cause
cache pollution because many entries may not be accessed
after they are loaded into CMT. The optimal cache line size
depends on the workload, usually in the range from one to the
number of entries stored in one translation page. Therefore, it
is not uncommon for the cache lines belonging to the same
translation page to be scattered across the LRU list of CMT.

Whenever a victim cache line which has dirty mapping
entries is evicted, the corresponding translation page must be
updated. If the cache lines which share the same translation
page are flushed separately, it may produce multiple small-
sized log units. As a result, log space may be underutilized
when the LU threshold of the translation page is reached. On
the contrary, if we always flush all the dirty entries which
belong to the same translation page, it may reduce the benefit
of write cancellation (i.e., the ability to absorb writes) in CMT
and produce more log entries for the log units. Consequently,
log space of the translation page may be exhausted before the
LU threshold is reached. Based on these analyses, our log-
aware flush back mechanism uses a simple heuristic to achieve
a balance between the two strategies by considering the status
of the log area. Specifically, we set a quota on the size of the
log unit for each flush back operation as follows.

Quota — {LCrem/LTrem; %f LTrem >0 0
0; if LTrem =0
LCrem is the remaining capacity of the log area, and
LTrem is the remaining times allowed for appending new
log units. According to the calculated Quota, we further
formalize the proposed log-aware flush-back mechanism. Let
Coy,Ch, ..., Cp—1 (Cy is the victim cache line) represent
the cache lines which have dirty entries and share the same
translation page, and D; be the number of dirty entries in each
C;, 0 < i < m. The set of cache lines which will be flushed
back through in-place logging can be denoted as follows.

Condition 1

m—1

S ={C;| Func(z D;) < Quota OR
i=0

(¢t =0 and Func(D;) < LCrem)}

Condition 2

2)

The Func() represents a simple function which transforms
the number of dirty entries to the size of the encoded log unit.
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For each cache eviction, the Condition 1 in Equation 2 is
used to batch as many dirty entries as possible for flush-back,
while avoiding exhausting the log space too soon. Thus, the
TP update operations can be effectively reduced. Occasionally,
the log unit size derived from the victim cache line exceeds the
Quota but there is enough remaining log space. In this case,
we ignore the Quota and use in-place logging to postpone the
allocation for a new flash page, as shown in Condition 2. If
S = (), it flushes back all dirty entries that share the same
translation page using out-of-place updates.

D. Process Flow in LSFTL

1) Address translation: For each page access, the request
can be serviced directly if it hits in the CMT. Otherwise, cache
eviction may be triggered on a cache miss. If some entries
within the victim cache line have been modified since the time
they were loaded into CMT, LSFTL updates the translation
page with the log-aware flush back policy. If an out-of-place
update is triggered, the GTD needs to be updated to reflect the
change. To load the mapping entries into CMT, LSFTL first
obtains the physical address of the corresponding translation
page (TPPN) by querying the GTD according to the virtual
translation page number (TVPN), which is the quotient of
DLPN divided by the number of mapping entries stored in
each translation page‘s main area. Then, LSFTL fetches the
translation page and decodes the log units to generate the
required mapping information for servicing the request.

2) Read/Write and GC: For a read request, it is simply
handled by sending flash page read operations according to
the DPPNs found in CMT. For write requests, they will be
written to free flash data pages, after which the old data pages
are invalidated and the CMT is updated. When the number
of free blocks in flash memory is below a certain threshold,
GC is invoked to reclaim the invalid pages and erase the flash
blocks. The victim flash block is chosen by using a cost-benefit
strategy like DFTL. If it is a translation block, mapping entries
of each valid translation page are first updated by applying the
log units, then copied to new flash pages, and finally the GTD
is updated. Otherwise, LSFTL copies the valid data pages into
new flash pages, and updates the associated mapping entries.
For the entries residing in CMT, they are updated in the SRAM
without extra flash operations. Otherwise, they are written to
flash using the proposed in-place logging strategy. Finally, the
victim block is erased and added into the free flash block pool.

IV. EVALUATION
A. Experimental Setup

We measure the effectiveness of the proposed techniques
with the Flashsim simulator [6]. Implemented FTLs include
DFTL(-E), LSFTL(-E), and an optimal FTL which has no
translation page accesses (Optimal). LSFTL employs the same
cache scheme as DFTL. DFTL-E/LSFTL-E adopt the extended
cache scheme with optimal cache line sizes. They are eval-
uated to show that our techniques are enhancements to the
framework of the demand-based page-level FTLs [6]-[8].
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The simulated SSD [18] is configured with 4KB page size
and 256KB block size. The page read time, page write time,
and block erase time are set as 25us, 200us, and 1.5ms,
respectively. SSD capacity is set according to the logical
address space of the workloads. The default mapping cache
size is set as what is required for the block-level FTL as
previous studies [6]-[8]. Specifically, a 4GB SSD with 64KB
cache is simulated under the Financial workloads, and an 8 GB
SSD with 128KB cache under other workloads. For LSFTL
and LSFTL-E, the proportion of log area in each translation
page is set to 25%, and the LU threshold is set to 3 (according
to [11]) unless otherwise stated.

We choose several real-world traces from both enterprise-
scale and consumer environments. The Financial traces are
collected from OLTP applications running at large financial
institutions provided by the Storage Performance Council
(SPC) [19]. The Cello99 trace is collected from a time-
sharing server which runs the HP-UX operating system at HP
Laboratories [20]. Besides these server workloads, we also
collected block-level traces by monitoring I/O accesses to a
small system disk partition from a desktop PC. Table II shows
the main characteristics of these workloads. For DFTL-E and
LSFTL-E, we first obtain the optimal cache line sizes under
four workloads, which contain 32, 16, 256, and 256 mapping
entries, respectively.

TABLE II: The Workload Characteristics

Workloads /;;ge (Il{{e]g; Req. Num | Read (%) ?;:Cr:ss
Financiall [19] 6.87 5,334,945 19.41 4G
Financial2 [19] 5.88 3,698,863 81.05 4G

Cello [20] 10.54 259,892 30.80 8G

PC 19.63 305,057 57.27 8G

B. Experimental Results

1) TP Overhead: Figure 5 plots the TP overheads of
different FTLs under various workloads. Compared to DFTL,
LSFTL significantly reduces the overheads by 53.35-70.31%.
The reasons are twofold. First, LSFTL reduces the TP GC
overhead by 84.80-89.09% compared to DFTL due to con-
suming less translation pages using in-place logging strategy.
Second, TP Update overhead is reduced by 46.28-55.70% in
LSFTL due to the log-aware flush-back mechanism. Compared
to DFTL-E, LSFTL-E also reduces the TP overheads by 40.91-
58.78%, which indicates our approaches can be used together
with improved cache schemes to reduce the TP overhead.

2) Cache Hit ratios: Figure 6(a) shows the mapping cache
hit ratios of the FTLs. LSFTL(-E) consumes more SRAM
space due to the increase of GTD compared with DFTL(-
E), however, the degradations of their hit ratios are negligible
under all workloads. Specifically, the differences of the cache
hit ratios between DFTL and LSFTL are 0.29%, 1.11%,
1.35%, and 0.78% under four workloads, respectively. And
for DFTL-E and LSFTL-E, the differential hit ratios are less
than 0.70%.

3) System Response Time: Figure 6(b) shows the normal-
ized average system response times for different FTLs. We can
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Figure 5: The TP overheads of different FTL schemes under various workloads.

see from Figure 6(b) that LSFTL(-E) consistently outperforms
DFTL(-E) under all workloads. Compared to DFTL, LSFTL
reduces the average system response time by 38.89%, 31.92%,
28.42%, and 58.35% under the four workloads, respectively.
Compared to DFTL-E, LSFTL-E also achieves significant ad-
vantages in the workloads with 25.09%, 28.10%, 25.31%, and
11.18% performance improvements, respectively. The results
validate that reducing the TP overheads plays an important
role in improving the FTL performance.

4) Block Erase Counts: Figure 6(c) shows the total block
erase counts of different FTL schemes. The optimal FTL
scheme has the least block erase counts since no TP overheads
are induced. Compared to DFTL(-E), LSFTL(-E) reduces
the block erase counts by 34.37-39.99% (8.14-32.76%). The
advantages of LSFTL-E over DFTL-E are not as dramatic as
those of LSFTL over DFTL. This is because by using more
efficient mapping cache schemes, GC operations of data blocks
account for a larger proportion of the total block erase counts.
Nonetheless, by using the proposed techniques, our new FTL
schemes consistently reduce the block erase counts compared
to the FTL counterparts, thus improving the lifetime of SSDs.

5) Impact of LU Threshold: Figure 7 shows the results of
LSFTL with LU threshold ranging from 1 to 7 (according to
[10]). When the LU threshold is increased to 7, the TP over-
head is reduced by 13.57-32.38% under various workloads.
This is because more TP updates can be accumulated with
larger LU thresholds. The average system response time and
the total block erase count are reduced by 10.21-15.50% and
9.76-15.31%, respectively. We omit the results of LSFTL-E
where similar trends are found.

V. CONCLUSION

In this paper, we propose LSFTL to reduce the overheads
involved with translation page accesses. LSFTL uses an in-
place logging strategy by exploiting the partial programma-
bility of SLC flash, through which LSFTL can ‘overwrite’
the translation page multiple times in one erase cycle, thus
significantly reducing the TP GC overhead. In addition, a log-
aware flush-back policy is used to improve the log utilization
and reduce the TP Update overhead. We conduct extensive
trace-driven simulations to demonstrate the effectiveness of
LSFTL. Results show that LSFTL significantly improves both
the performance and lifetime of SSDs. We also make compar-
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s by using advanced mapping cache policy for the FTLs,
our techniques still achieve notable improvements.
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