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Word-Line-Aware Garbage Collector for QLC-based
NAND Flash Memories

Cassiano Silva de Campes

Abstract—The Garbage Collector (GC) on NAND Flash
memories is one of the most expensive operations in modern
Solid-State Drives (SSD). However, it is essential to claim more
free pages on SSDs. Various researches attempt to reduce the
penalty of GC operations at different levels of the Input/Output
(I0) path. Nevertheless, within the reviewed related works in
Host-side, Open-Channel SSDs, and Device-side areas, we did
not observe overlap with our research scope in how the logical
pages are scattered in the NAND Word-Lines (WL) at the
physical level, and how they impact performance degradation
during the Garbage Collection operation. To reduce this bridge
gap, we propose a new GC policy: Word-Line Aware Garbage
Collector (WLA-GC). The WLA-GC focuses on reducing
the Garbage Collector overhead by observing the physical
distribution of valid logical pages within the WLs of a NAND
Flash block to best select the victim blocks to be erased. Based
on these criteria, the GC decisions are made by considering the
latency the victim block will take to be fully erased. Analytical
modeling shows that the proposed method outperforms the
Vanilla GC in all cases, with an average performance of 25.4%.
In comparison, the experimental results present a performance
improvement of 55% in best-case scenarios.

Link to graphical and video abstracts, and to code:
https://latamt.ieeer9.org/index.php/transactions/article/view/10214

Index Terms—NAND-Flash Memory, Garbage Collector, QLC
Cells, Word-Line Awareness

I. INTRODUCTION

AND flash memories are available at different cell bit

densities to increase the capacity at the cost of latency:
Single-, Multi-, Triple-, or even Quad-Level Cells (for short:
SLC, MLC, TLC, QLC, respectively). As the number of bits-
per-cell gets denser, the width of the word-lines that compose
a physical NAND flash page also increases. In a QLC memory,
a single cell can be in one of the 16 different voltage levels
(LO-L15), as shown in Fig. 1, which can logically represent 4
bits of persisted data.

To read from a QLC cell, several comparison steps must
be taken to determine the logical value stored [1]. Sense
amplifiers are used to compare the voltage levels of the cells,
identifying in which bin the threshold is and what is its
equivalent logical binary value to which logical page. More
comparisons are required to determine the logical value stored.
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Fig. 1. Read method for QLC (4 bits/cell) voltage levels (16 voltage
levels).
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Also, since a QLC cell can store 4 bits of data, each one
of those bits map a different logical page. The write (also
known as program) operation is done by injecting electrons
into the floating gate of the QLC cell. Similarly, when erasing
the QLC cell, the stored voltage levels are drained out from the
floating gate, and different latencies are experienced according
to the current voltage level on the cell. This latency difference
is known in the literature as fast- and slow-pages [1]-[4].
Fig. 2 shows the relationship between the physical voltage
level stored in the QLC cell (LO-L15) and the logical value
that the voltage level represents in which logical page. Thus,
lower pages take fewer steps than higher pages to determine
their logical value. To read the bit-0 of Page 0, for example, a
single comparison determines whether the bit is set or unset,
while for the bit-0 of Page 3, up to 15 comparisons must be
taken to determine the logical value of the cell.

These cells are organized into strings of 32k to 128k cells,
which represent the physical page width. Depending on the cell
type, the usable capacity can vary significantly. For example,
a 32k-cell string in SLC mode corresponds to 4kB of logical
data storage. Using the same 32k-cell string in QLC mode
increases the logical capacity fourfold to 16kB. Likewise, in
a 128k-cell string organization in QLC mode, the logical data
capacity increases to 64kB of logical data. One or multiple
strings compose a word-line (WL), which is the physical unit
for read and write operations. Several word-lines constitute
a block, which is the physical erase unit of a NAND flash.
Multiple blocks are organized into NAND Flash planes, which
can be single-, or multi-planes, to provide parallel access to
the WLs [5].

The logical and physical organization of the NAND flash
devices is managed by the Flash-Translation Layer (FTL).
The FTL is responsible for managing and translating the
logical requests (therefore, logical pages) from the host to the
physical locations within the device. This translation is done
transparently to the host, meaning that the host is not aware of
the idiosyncrasies of the NAND Flash physical characteristics,
in this case, the WL width, nor the cell type. Nonetheless, the
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Fig. 2. Read method for QLC voltage levels: Physical voltage level stored in the QLC cell (LO-L15); logical bit value (0-1); comparison to

determine the logical bit value on that page (Page O - Page 3).

FTL is also in charge of hiding some mismatches between the
host and the device, such as the smallest addressable logical
unit from the host (4kB page size in a logical block device
in the Linux kernel [6]) into the smallest addressable logical
unit of the NAND flash, a WL. Furthermore, the WL can
be composed of up to 128k cells. In an SLC NAND cell
composition, the cells can represent 16kB of logical data - or
4 logical pages from the host; or in a QLC cell organization,
representing 64kB of logical data - or 16 logical pages seen
from the host [7], [8]). Because of this mismatch between the
host and device, we can observe that in a NAND flash device,
a single physical WL can represent a range of 1 logical page
(32k SLC cells) up to 16 logical pages (128k QLC cells) -
4kB up to 64kB of data, respectively - as seen by the host,
depending on its NAND flash type.

As the host reads data from the NAND Flash device, it
sends logical page addresses, and the FTL is in charge of
translating them into physical page addresses to read from the
respective physical page. Furthermore, when the host performs
a write operation, the FTL finds a suitable empty physical
page to be used to store the data, and then translates the
logical page address into the physical page address. Overwrites
carried by the host are not done in place at the physical
level of the NAND flash. Rather, the FTL invalidates the old
physical page and assigns a new one to write the updated data.
Deletions performed by the host are translated into physical
page invalidation by the FTL. Consequently, as the number of
invalid pages grows, the NAND Flash device needs to reclaim
these invalidated physical pages to be erased. This operation is
called the Garbage Collector (GC). The erase unit of NAND
Flash memories is performed at the block level, and thus, the
FTL is in charge of selecting the blocks that will be marked
as victim blocks, and later will be erased.

The GC selects the blocks that have the largest number
of invalid pages to reduce the impact of this operation. Any
remaining valid pages must be written somewhere else first,
and once it is done, the GC can finally erase the victim block.
The GC operation uses a basic heuristic that selects the victim
blocks just based on the number of invalid pages. It does not
consider how the physical invalid pages are distributed, nor
how the physical characteristics would impact the speed of

the erase process, or the cell lifespan.

This paper proposes the WLA-GC, a Word-Line Aware
Garbage Collector policy that selects the victim blocks not
just by inspecting the number of invalid pages but also
by considering the physical distribution of the pages within
the NAND Flash Word-Lines. The policy allows for better
decisions about picking the block as the victim.

II. BACKGROUND
A. NAND Flash Memory Architecture

The NAND Flash memories are organized into numerous
cells that store data. These cells are in fact physical transistors
that store voltage levels which logically represent the binary
data. Depending on the type of the cell, different voltage
levels can be used to represent a wider range of logical data.
NAND Flash memories have architectural variations such as
the Single-Level Cell (SLC) that can store one voltage level,
where it can store a single bit of data (1-bit cell). Multi-Level
Cell (MLC) can store two different voltage levels, representing
2-bits per cell. Triple- and Quad-Level Cells can store 3-bits
and 4-bits, respectively. As more voltage levels are supported
by the cell, more data bits can be stored, and denser the NAND
Flash memories become.

However, cramming more bits into a NAND Flash cell
comes at the cost of performance and lifespan. The denser the
cells are, the lower the read and write performance are, and the
lifespan is reduced. These drawbacks occur because the cell
has more voltage levels, so more comparisons are needed to
determine which voltage level is stored. Also, higher voltage
levels wear out the cells faster than lower voltage levels during
read, write, and erase operations.

Multiple cells are organized into strings to form a Word-
Line (WL). A WL can also be seen as the physical page of
the NAND Flash memory, which is the minimum addressable
read or write unit in the NAND Flash memory. To read or write
from the WL, Sense Amplifiers (SA) are organized in parallel
to the Bit Lines of the cells. The SAs determine the logical
value of the bits by comparing the voltage levels depending
on the cell type. For a QLC type, for example, up to 15
different comparisons can take place to determine the logical
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value of the data. Once the logical data is decoded, it is stored
temporarily in the Buffer Block.

Several strings are grouped to form a NAND Flash Block,
which is the minimum erasable unit of the NAND Flash
memory. Because of their architecture, NAND Flash memories
cannot erase a single WL; they must erase the entire block to
claim more free pages. Consequently, any valid pages within a
block that need to be erased must first be written in a different
block. Once it is complete, the erase procedure can be executed
on that block.
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Fig. 3. Architectural organization of NAND Flash cells

Fig. 3 shows the architectural organization of the NAND
Flash cells that compose the WLs. The WL, composed of
thousands of cells, can be as wide as 128k cells to represent
16kB (in 1-bit per cell SLC mode), or 64kB (in 4-bits per
cell QLC mode) of logical data addressable by the host. All
these idiosyncrasies related to the physical aspects of the
NAND Flash cells are transparent to the host due to the Flash
Translation Layer (FTL).

B. Flash Translation Layer in NAND Flash Memories

The FTL is in charge of translating logical pages from the
host into physical pages within the NAND Flash memory.
These translations are required because the host should not
need to understand how the NAND Flash memory is managed,
nor how the physical aspects must be handled. FTL resolves all
these aspects to the host by managing the logical to physical
addresses, controlling the empty and invalid pages, as well as
claiming more free space whenever needed by the host.

As the NAND Flash memory is written by the host, valid
and invalid logical pages are produced within the physical
blocks, which are managed by the FTL. From time to time,
or when the system is under pressure for free pages, invalid
logical pages must be claimed to make physical free space
for new incoming write operations. The GC operation is
responsible for selecting victim blocks to be erased based
on the number of invalid logical pages a block has. If the
number of invalid logical pages of a block is greater than a
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predetermined threshold, the block is marked as the victim.
Thus, the GC picks the victim block and moves (physically
writes) the valid logical pages into a different block. Once
the valid pages are moved, the victim block can be erased to
generate free physical space [9].

The general equation to describe the latency of a victim

block (latency,,) will be:

latencyvb = (tread + tprogram) * Nvalid + terase (1)
Where it is the sum of the time to read (f,¢q,q) and program
(tprogram) €ach valid page within the block, times the number
of valid pages (Nyqi1iq), plus the time to erase the entire block
(terase)- However, the GC operates at the logic level, and it
does not consider the distribution of the fast- and slow-pages
within a block during its decision for a victim block. In fact,
the GC only considers the number of valid pages (given a
threshold) that must be moved somewhere else to make the
decision of picking the block as a victim block.

Although two or more blocks may have the same number
of invalid pages to be selected as the victim block, the
general Equation (1) does not consider how the logical pages
are physically distributed within the block. Consequently, the
selection of a victim block based on this single criterion
of valid/invalid page thresholds may result in an unexpected
increase in latency. For that reason, a new GC policy that
is aware of the physical distribution of written pages into the
WL of a NAND Flash block is necessary to reduce the latency
impact during erase operations.

III. OUR APPROACH: WORD-LINE-AWARE GARBAGE
COLLECTOR

The GC algorithms do not consider the physical aspects of
the NAND Flash memories, although the GC algorithm resides
within the FTL. Because of that, GC lacks improvements
to consider the physical distribution of the pages within the
NAND Flash cells to make a better decision for selecting
the victim block. We call these algorithms as Vanilla GC
throughout the remain of this paper. Based on the problem
description, this research proposes a new policy to help the GC
to select the best victim blocks based on its physically valid
page distribution over the WLs within a block. The proposed
method is called Word-Line-Aware Garbage Collector, or
WLA-GC for short.

Before selecting the victim block to be erased, the WLA-GC
considers the valid page distribution over the WLs, and thus,
determines in advance the approximate latency the block will
take to have its pages migrated, not just the number of valid or
invalid pages, as performed by the Vanilla GCs. Considering
this decision criterion, we derived from Equation 1 a more
detailed analytical model to describe the latency that a victim
block will suffer based on the physical page distribution over
the WLs within that block, asnfollows:

latencyyp, = Z latencywr, ; (2)
j=1
where n = WLs per block.
Equation (2) shows that the estimated latency experienced
by the victim block will be the sum of all WLs latencies
belonging to that victim block x (latency,p,) - where x is
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the candidate block to be selected as victim block - and n is
the number of WLs in a block according to the NAND flash
architecture. To calculate the latency per WL (latencywr, ;).
we present the Equation (3). The latencywr, ; is equal to
the latency to read the valid pages according to their voltage
levels within the WL; plus the sum of the time to program all
the valid pages to another block; plus the sum of the time it
takes to erase the victim block.

Expanding Equation (2) in more detailed terms to describe
the validity of pages within a block, and the latency those
pages will take to be moved, we have the following:

latencyWLw = (lvlslc e ol lvlqlc) *

bir -+ by
ba1 -+ by
bs1 -+ by *
bar - bay 3)
. bin - by
byy -+ by
t rogram te"‘ase
prog *i_;_l bsy - b +
T by - baj

The valid pages within the WL are represented by the b; ;
binary matrix. The index ¢ and j in the binary matrix are the
nt"-depth bit of the QLC cell (n = 1,n = 2,n = 3,n = 4 for
SLC, MLC, TLC, and QLC, respectively), and the logical page
shift seen by the host (4kB width) on that WL, respectively.
Furthermore, the read latency according to the cell level is
described by the vector levelge, ..., to levely., where is the
read latency for the n*"-depth bit of the QLC cell; The valid
pages within the WL is again represented by the b; ; binary
matrix which is multiplied by the ¢,,04rqam, Which is the time
each valid page will take to be written somewhere else; and
finally, the t..,se that is the time the victim block takes to be
erased.

For a simple comparison, consider the Vanilla GC policy
described by Equation (1) and the WLA-GC policy described
by Equation (2) and (3). Considering two victim blocks with
the same number of valid pages, the Vanilla GC, which is
not aware of the WL page distribution, can be up to 37,5%
slower if compared to WLA-GC. This difference is the result
of the heuristic adopted by selecting the victim blocks. This
performance difference can be achieved by the WLA-GC due
to its awareness of how the pages are physically distributed
within the NAND Flash cells, and not simply by the number
of invalid pages. Consequently, it can estimate the read, write,
and erase latencies that the victim block will take if selected.
On the other hand, the Vanilla GC policy simply selects the
victim block by considering solely the number of invalid
pages, which is proven to not be the optimal selection method.

Page 0 0| Page0 VAL - lus
Page 1 WA Pagel VAL |- 2us
Page 2 VAL [ | 3.5us
Page 3 VAL |- | 4us

| Victim Block #0 | | Victim Block #1 |

Fig. 4. Simple comparison of Victim Blocks and expected latencies.
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Fig. 4 shows two victim blocks with the same number
of invalid pages to describe this simple comparison between
Vanilla GC and WLA-GC. Although the number of invalid
pages are the same (two, in this case), different latencies
are expected from each one as we run the different GC
operations on them. For the sake of simplicity, let‘s assume
that the tp,0gram i the same as the time to read the cell
as shown on the right side of the figure (1us, 2us, 3.5us,
and 4us, respectively), and a t.rqse Of 20us. When the
WLA-GC is going to select one of the two blocks, it will
pick the Victim Block #I because it has a total latency of
1ps 4+ 2ps + 1us 4+ 2us + 20us = 26pus. On the other hand,
the Vanilla GC could select the Victim Block #0 because of the
incremental order of the blocks, and also because Victim Block
#0 and #1 have the same number of valid pages. Thus, it would
result in a latency of 3.5us+4us+4.5us+4pus+20pus = 3bus,
which is about 34% slower than WLA-GC.

Considering the background concepts and the proposed
approach, in the next section, we present our analytical and
experimental evaluation methods to validate the performance
enhancements resulting from the WLA-GC when compared to
the Vanilla GC.

IV. EVALUATION

The baseline selected for comparison in this work is the
Vanilla GC for our experiments - summarized by Equation (1)
and Equation (2). To the best of our knowledge, and based
on the related work review depicted in Section V, we did not
identify specific work that focuses on the same assumptions
of our research: how the physical page distribution with the
Word-Line affects the overall performance of the Garbage
Collector based on the NAND flash cell types. Related work
is complementary to our policy and can be combined with
our method at FTL level. To better understand the effects
of the proposed WLA-GC policy compared to the Vanilla
GC, we divided the Evaluation into two parts: (1) Analytical
Modeling; and (2) Experimental Modeling. Subsection IV-A
presents the analytical modeling we developed, detailing the
implementation of the equations, while Subsection IV-B shows
the experimental results conducted and the model implemen-
tation in C language. For both Analytical and Experimental
modeling, we use the parameters as shown in Table I to
simulate the NAND flash device.

A. Analytical Modeling

For the Analytical Modeling, we implemented the Equation
(1) and Equation (2) in Python language and used the pa-
rameters depicted in Table I to figure out the latencies as we
increased the number of valid pages within the victim block
for both Vanilla GC and the WLA-GC. In other words, finding
the minimization and maximization of the equations for each
algorithm used.

For simplicity, we assume that the t¢,qse 1S constant for
both cases, so we can omit it from the equations, and the
tprogram (time to program each valid page within the block)
is equal to the write latency to write the page at the same
voltage level on a different block, as shown in Table I. Unless
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TABLE 1
PARAMETERS FOR THE ANALYTICAL AND EXPERIMENTAL
MODELING
Total blocks 1,000,000
Logical page size 4kB
WL width (# of cells) 128k"
Cell type QLC
WL per Block 1024
Pages per Block 4096
SLC lus
MLC 2us
Read Delay TLC 2 Sus
QLC 3us
SLC 2us
. MLC 3us
Write Delay TLC  3.5us
QLC 4us
SLC 2us
. MLC 3us
program TLC  3.5us
QLC 4us
terase 60us
* The WL in QLC mode represents 16 logical
pages seen by the host.
100 T T T T I I 26
—e— Vanilla GC - o - Difference | | 24
—— WLA-GC b 22
80 1920
18
~ 60| 116 2
2 14 §
£ 12 3
=40 =
10 A
18
20 | 10
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0¢ 0

2 4 6 8 10 12 14 16
Number of valid pages

Fig. 5. Comparison of Vanilla GC, WLA-GC, and their difference.

stated, any other delays (transfer time from the bus, ECC,
NAND Flash plane is busy, etc) are disregarded from our
analysis. Fig. 5 shows the results, where x-axis represents the
number of valid pages within a QLC WL with 128k cells width
(128k cells x 4 bits per cell / 8bits / 4kB = 16 logical pages).
The y-axis on the left side is the approximate latency time
taken to erase the victim block; while the y-axis on the right
side is the latency difference between the Vanilla GC and the
WLA-GC policies. It is visible that WLA-GC outperforms the
Vanilla GC performance in most of the cases, while in the
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worst-case scenario - where the distribution of the pages is the
same for both policies - they show no performance difference.
The worst-case scenario represents only 12.5% of the total
possible page distribution, where WLA-GC shows the same
performance, while 87,5% of the cases WLA-GC outperforms
Vanilla GC. On average, WLA-GC shows a latency of 38.1
s while Vanilla GC shows a latency of 51.1 us. On average,
the WLA-GC outperforms Vanilla GC by 25.4%.

B. Experimental Modeling

For the Experimental Modeling, we also used the same
parameters presented in Table I to run a simulation of victim
block selection for both Vanilla GC and WLA-GC algorithms.
To emulate the NAND Flash, we developed a C program that
mimics the base architecture of a NAND Flash block with
its WL organization as well as the different cell levels. The
emulator allows us to instantiate as many blocks as requested,
initialize them, and execute the Vanilla GC and the WLA-GC.
Table II shows the specification of the computer used to run
the experiments.

TABLE II
TECHNICAL CONFIGURATIONS OF THE HOST MACHINE
USED TO RUN THE PROPOSED EXPERIMENTS

Component Specification
Processor AMD Ryzen 9 5950X
Number of Cores 16
Number of Threads 32
Memory 64 GB
Disk 1 TB SSD NVMe

The execution of the experiments was conducted at 5%
steps, meaning the total number of valid pages within the
emulated blocks to run the algorithms. Each step ran a batch of
10 executions with 1,000,000 NAND Flash blocks, and calcu-
lated the average latencies of the execution for each algorithm.
To execute the experiments, we divided the simulation into
three steps: (1) Initialization of the blocks; (2) Victim block
selection; (3) Execution of the algorithm.

The (1) Initialization of the blocks consists of initializing
the 1,000,000 blocks and the internal structures (WL and cell
type) that will be used to run the experiments. The blocks
will be initialized with the valid pages according to the step
it is currently at. On step (2)Victim block selection, we ran
each GC policy to select the victim blocks from the 1,000,000
blocks pool. Each algorithm is set to select a quarter of the
available blocks, so, in total 250,000 blocks are selected as
victim blocks per algorithm. Finally, on step (3) Execution
of the algorithm is when the write and erase operations take
place. In total, 200,000,000 blocks were emulated to complete
these experiments.

Fig. 6 shows the results of Vanilla GC versus the WLA-
GC. Our experiments running on the emulated NAND Flash
scenario shows similar results as those presented in the analyt-
ical modeling, showing that the WLA-GC performs better than
Vanilla GC in most cases, and it has the same performance as
Vanilla GC in the worst-case scenarios. In our experimental
results, the WLA-GC presents a performance gain of up to
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55% compared to the Vanilla GC, and an average performance
gain of 17.7%. As the number of valid pages increase, WLA-
GC will have fewer options to select the best victim blocks,
converging to the same performance as the Vanilla GC when
victim blocks have higher valid pages. Regardless of the
number of valid pages, WLA-GC outperforms Vanilla GC
from 5% up to 95% of valid pages within the blocks in our
experiments.

C. FTL Requirements to Support WLA-GC

The FTL resides inside the NAND flash device, and it
is composed of runtime data structures that are built from
the persistent metadata stored in the NAND flash memory.
The runtime data structures for a simple page-level mapping
FTL implementation are generally composed of the Logical
to Physical (L2P) mappings, Validity Page Bitmap, and Block
Information Table [3]

WLA-GC was developed on top of a page-level mapping
FTL. We added an extra metadata in the Block Information
Table (BIT) - a block weight - to accumulate the weight
of the valid pages based on their physical distribution over
the WL (following the same logic as depicted in Figure 4).
When the GC operation needs to execute, the FTL iterates
over the Block Information Table to scan for the victim
blocks based on the weight heuristic. In this work, we did
not focus on the FTL penalties that this heuristic would
imply. To have a fair baseline, both Vanilla GC and WLA-GC
policies do a full scan on the BIT to look for victim blocks.
Improvements on the data structures used by the FTL are left
for future work to be implemented on a real Open-Channel
SSD. Detailed implementation of this heuristic can be found
on our GitHub page, publicly available here: https://github.
com/campescassiano/ieee-latin-america-wla-gc-paper.

V. RELATED WORK

The Garbage Collector overhead is widely studied and
researched in the literature to find new methods to reduce
its performance penalty. To better understand the solutions
proposed in the literature, we organized the related works
into three major categories: (1) Host-side; (2) Open-Channel
SSDs; and (3) Device-side. Furthermore, these approaches
can be divided into the subcategories: (1.1) Data temperature;
(1.2) File type; (2.1) Open-channel; (3.1) FTL level; and (3.2)
Architecture level. Table III summarizes these categories and
the related works in the respective category.

TABLE III
REVIEWED RELATED WORK AND THE SCOPE
CATEGORIZATION

Scope Approach level Related works
Host-side Data Femperature [10]-[14]
File type [14]-[17]

OCSSD Open-Channel [2], [18], [19]
. . FTL level [20], [21]

Device-side .

Architecture level [22]-[24]

The GC overhead is well known in the literature, and
several works have been proposed at different layers of the
NAND flash memory ecosystem, ranging form host-side FTLs
using Open Channel SSDs, down to architectural NAND flash
memory operation parallelism [2], [10]-[24].

In [10] the authors presented the ShadowGC, a method that
can take advantage of the write buffers located in the host-
side (page cache in Linux systems) to reduce the GC overhead
caused by the movement of valid pages into new blocks. The
separation of the pages relies on the data temperature to better
predict when it will be invalidated [13]. This combination of
host-side and device-side write buffers combines an interesting
method of bridging the gap between the host and device.

The work presented by Choi and Ahn [11] exploits the new
Zoned SSDs (ZSSDs) that divide the NAND flash memory
space into different zones which allows the host to directly
assign zones to certain write requests. However, they have
identified that journaling file systems do not take full advan-
tage of ZSSDs and can cause a considerable GC overhead due
to the nature of writes caused by the journaling mechanism.
Considering this, Choi and Ahn [11] proposed a new file
system zone placement to separate the journal data from the
file data, thus reducing the GC overhead by up to 26.8%.
Other related works also consider the journaling file systems
to improve the GC operations [12], [22].

Furthermore, several works converge on the understanding
that the host-side is Open Channel SSDs (OCSSDs) are widely
used by host-based FTLs to let the host directly control
the NAND Flash memories. A common benefit proposed by
OCSSDs work are due to the possibility of the host to separate
hot and cold data based on its own implementation decisions
[15], [22].

In [16], the authors propose a multi-level parallel GC
operation, taking advantage of the new modern NAND Flash
memories. The work uses the parallelism of the modern
NAND Flash architectures to execute the steps of the GC
operation in parallel, such as: migrating valid pages in parallel;
and erasing victim blocks of multiple planes are also reclaimed
in parallel. Garret et al. [2] also focuses on increasing the
parallelism of the erase operations within the NAND Flash
memories. Their work proposes the Intra-Plane Parallel Block
Erase (IPPBE) that reduces the impacts of the GC operations.

In [18] a novel method of erasing the blocks of a NAND
Flash memory is presented. Although the work is more focused
on the memory wearout caused by the erase stress, their work
presents a very detailed understanding of the WL organization
and the impacts of the erase operations. Hot and cold data
classification at FTL is another common technique to reduce
the performance impacts caused by the GC operation [20],
[21].

In this section, we summarize the related works that are
close to our research study. Although they share similar
motivations in improving GC overhead, we could not find
one that makes the same assumptions and proposes the same
mechanism as our work. Our work focuses on the physical
page distribution within the WL of the NAND flash memory,
and how to use this information to better predict the GC
execution time. WLA-GC resides on the Device-Side, which
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Fig. 6. Normalized Latency Penalty vs. Percentile of Valid Pages with % Improvement.

means its implementation is done at the FTL level within
the storage device. Considering this, where applicable, these
techniques found in the related works are complementary and
could be combined with our approach at the FTL level.

VI. CONCLUSION

As the width of physical word-lines of a NAND flash
increases and the bit-density scales, the role of the FTL
becomes more crucial in how to better manage the NAND flash
memories to take the best performance. Furthermore, the FTL
ends up hiding the physical characteristics of the NAND flash
memories, not leaving room for improvement at the software
layer.

The FTL is the layer that bridges the logical and physical
aspects of the NAND flash memories, but it still lacks en-
hancements to take the best advantage of it during the GC
operation. Based on these discoveries, WLA-GC is proposed
to reduce the latency gap between the logical and physical
operations caused by the GC operations.

WLA-GC showed that providing awareness of the physical
distribution of the logical pages within a WL can considerably
reduce the erase latency of NAND flash blocks. Analytical
modeling has shown that on best-case victim block selection,
latency can be reduced up-to 37,5%, while on Experimental
Modeling the improvement can be up to 55%, and on the
worst-case scenario, it is compared to a Vanilla GC policy.

As future work, we expect to implement our WLA-GC
policy on a real OCSSD to open-source a real FTL im-
plementation. Thus, it is possible to precisely evaluate the
benefits as well as the impacts of the applied heuristic in
the FTL. Nonetheless, another relevant topic is the usage
of multi-streamed SSDs [25], which can further increase the
probabilities of maximizing the number of valid pages in the
fast page region of the blocks.
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