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Abstract: Because of their numerous benefits, solid-state drives (SSDs) are increasingly being used
in a wide range of applications, including data centers, cloud computing, and high-performance
computing. The growing demand for SSDs has led to a continuous improvement in their technology
and a reduction in their cost, making them a more accessible storage solution for a wide range of users.
Garbage collection (GC) is a process that reclaims wasted storage space in NAND flash memories,
which are used as the memory devices for SSDs. However, the GC process can cause performance
degradation and lifetime reduction. This paper proposes an efficient garbage collection (GC) scheme
that minimizes overhead by invoking GC operations only when necessary. Each GC operation is
executed in a specific order based on the expected storage gain and the execution cost, ensuring
that the storage space requirement is met while minimizing the frequency of GC invocation. This
approach not only reduces the overhead due to GC, but also improves the overall performance of
SSDs, including the latency and write amplification factor (WAF) which is an important indicator of
the longevity of SSDs.

Keywords: flash memory; solid-state drive; garbage collection

1. Introduction

The fast access times of solid-state drives (S5SDs) make them a more attractive option
for tasks that require quick data retrieval and processing than conventional storage devices.
In addition, they have a long lifespan and are less prone to physical damage, making them a
more reliable storage option. Another advantage of SSDs is their lower power consumption
compared to that of hard disk drives (HDDs), which make them a popular choice for
use in mobile devices, laptops, and other battery-operated devices [1,2]. Because of their
numerous advantages, SSDs are increasingly being used in a wide range of applications,
including gaming, data centers, cloud computing, and high-performance computing [3].

The limitation of the infeasibility of in-place overwrite operations in NAND flash
memory is due to the way the memory is constructed and how it operates. NAND flash
memory is organized into blocks, and data can only be written to a block if it has been
completely erased first. This restriction on the number of erase operations that can be
performed and the size of the blocks creates challenges for SSDs in terms of managing
storage space and ensuring efficient operation [4].

The obsolete data in NAND flash memory can cause fragmentation, which leads to the
wastage of storage space. To address this issue, SSDs use a process called garbage collection
(GC), which reclaims the wasted storage space by collecting and consolidating the obsolete
data. This is necessary because over time the memory can become fragmented, with
obsolete data scattered throughout the storage space. GC operations collect the obsolete
data and consolidate them into a single area, allowing a SSD to reclaim the wasted storage
space and operate more efficiently [5,6].

However, GC operations can also be a major source of performance degradation in
SSDs. This is because the process of reclaiming wasted storage space requires a significant
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amount of internal bandwidth, which can slow down the SSD and reduce its overall
performance. This can lead to long wait times for data retrieval and processing, which
can negatively impact user experience [7,8]. Therefore, reducing the frequency of GC
operations while maintaining the necessary storage space requirements is a crucial aspect
of optimizing SSD performance. This is important for ensuring that SSDs continue to be a
fast, reliable, and efficient storage solution for a wide range of applications. Accordingly,
minimizing the impact of GC operations on the performance of SSDs while ensuring that
storage space requirements are met is important. This can be accomplished through the
use of intelligent algorithms and techniques for managing storage space and prioritizing
GC operations. The performance of SSDs can be optimized by reducing the frequency of
GC operations, ensuring that they remain a fast, efficient, and reliable storage solution for
various applications [9,10].

Plane blocking is more aggressive but has a lower performance penalty than channel
blocking does [11]. This is because only a small portion of blocks are blocked for GC, so
that the majority of blocks are accessible for regular read /write operations. In [12], a novel
GC scheme that reduces the overhead of GC with low complexity was proposed. The
scheme intelligently controls the priorities among various operations on SSDs, minimizing
the overhead of GC while maintaining the storage space requirement. The scheme was
evaluated in terms of latency, throughput, and storage utilization, and it was shown to
significantly improve the performance and extend the lifetime of SSDs compared to the
existing GC schemes.

GC is a critical factor for the performance and lifetime of SSDs. Although various GC
schemes have been proposed, reducing performance degradation caused by GC remains
a challenge. A novel GC scheme that balances the trade-off between the performance
degradation and storage utilization by intelligently controlling the priorities among various
operations on SSDs is an attractive solution to this problem.

The existing approaches for reducing GC overhead include fine-grained blocking of op-
erations and interrupting GC if a new RW operation is required; however, these approaches
have limitations in terms of data hazards and pre-emptive schedule management [13].
Another approach is to distribute data over multiple flash memory chips in a way that
reduces the frequency of GC, but this requires careful management of the hotness of data
and proper placement of data. Further research is needed to improve the performance of
SSDs by effectively managing GC operations.

Another approach to reduce the GC overhead is to optimize the GC process itself.
This can be carried out by reducing the amount of data that needs to be moved during
the GC process or by improving the efficiency of the GC process. For example, some GC
algorithms prioritize blocks that have the highest number of invalid pages and collect those
blocks first, while others prioritize the blocks according to their age or the time since they
were last collected [14]. Thus, the choice of GC algorithm can significantly affect the overall
performance of an SSD.

A relatively new approach for minimizing the GC overhead is to optimize the under-
lying NAND flash memory technology. For example, some new NAND flash technologies,
such as 3D NAND, have a higher page count per block than previous generations do, which
reduces the number of blocks that need to be collected during the GC process [15,16].

In their study, Yu et al. [17] presented an algorithm for efficiently determining the
destination block during a copy-back operation. The algorithm works by measuring the
overwrite frequency of data and grouping similar data based on their frequency during
garbage collection. This approach ensures that data are moved in a way that optimizes the
use of available space and improves overall performance.

Cheng et al. [18] proposed a method for predicting data lifetimes and allocating
resources accordingly. Their approach involves measuring the average lifetime of stored
data and determining the characteristics of data lifetimes based on the type of application
load. It is worth noting that these characteristics can change over time, requiring regular
updates to ensure accurate predictions.



Electronics 2023, 12,2142

3of 14

In their study, Lee et al. [19] presented a garbage collection (GC) scheme that organizes
blocks based on the update counts of their pages. The selection of the GC target block is
carried out through a formula that takes into account several factors, such as the cost of
copy-back operations, program-erase cycle, and more. While the update frequency of data
is a valuable metric, it is only one of the many factors associated with GC. Additionally,
the percentage of pages that experience updates may not always be high. Therefore,
relying solely on update frequency to organize blocks may not always result in the optimal
arrangement. The proposed algorithm in this paper is aimed at addressing the problem of
performance degradation due to GC in SSDs. In traditional GC schemes, GC operations
are performed when the wasted storage space reaches a certain threshold. However, this
approach often results in excessive GC invocations, leading to a performance degradation.
The proposed GC scheme operates differently by considering the trade-off between the
storage space requirement and the overhead of GC operations. GC is applied on the basis
of the priority of GC target blocks according to their impact on the wasted storage space,
allowing the SSD to operate more efficiently as it reduces GC call frequency.

2. Background

Modern SSDs typically comprise multiple NAND flash channels, which can be ac-
cessed in parallel as shown in Figure 1 [20]. The read and write operation unit of the
NAND flash memory is a page, which is the smallest unit that can be read or written. Pages
typically range in size from 4 to 16 Kbytes. An erase operation is performed in the unit
of the block, which is a group of pages. By accessing multiple channels simultaneously,
SSDs can achieve higher read and write speeds than those possible with a single-channel
configuration [21,22].

—{ Host i/f

— CPU Task Manager I
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FMC Task Queuey, || FMC

Figure 1. Configuration of multichannel solid-state drive (S5D).

The conventional procedure of a file write operation in SSDs is as follows. After a
host generates a write request for a file, the SSD controller receives the file from the host
and stores it in a temporary buffer. Then, the flash translation layer (FTL) functions as
a bridge between the host interface and flash memory controller including the address-
mapping task [4]. Intelligent algorithms are used to distribute the file to multiple channels
to maximize the performance and lifetime of the SSD system. To reduce the processing



Electronics 2023, 12, 2142

4 of 14

time, hardware logic may be used to perform read or write operations on the NAND flash
memory in units of pages.

By distributing the file to multiple channels, the SSD system can achieve higher
performance and a longer lifetime [21]. The FTL plays a key role in managing the mapping
of logical addresses to physical locations in the flash memory, which helps to optimize
the performance and reliability of the SSD [23]. Overall, a multichannel SSD system uses
sophisticated algorithms and hardware to provide high-speed, reliable storage for a wide
range of applications.

An erase operation is performed on a block unit owing to the physical structure of
the flash memory. This means that if a page in a block is to be erased, the entire block
must be erased. Furthermore, if a page in a block is marked as invalid, the entire block
is considered invalid until it is erased. In SSDs, an overwrite operation in flash memory
must be preceded by an erase operation because of the physical characteristics of the flash
memory. If a page in a block is to be updated, the page with the existing data must be
invalidated first and then the new data are written to another valid page. This means that
the old data remain in the block until they are erased, which can affect the performance of
the SSD over time.

In particular, GC occupies the internal bandwidth of the SOC inside SSDs and causes
performance degradation. This is because the GC process requires copying valid data from
multiple blocks into a new block, which takes time and resources [12]. Furthermore, GC
operations are performed in the background, which reduces the available bandwidth for
other operations, causing further performance degradation. Reducing the frequency of
GC invocation while maintaining the storage space requirement is one way to remedy
this problem. To address this issue, researchers have proposed various GC schemes with
different trade-offs between performance, lifetime, and complexity.

The GC operation in SSDs is necessary for reclaiming wasted storage space; however,
it can also negatively impact the performance and lifetime of SSDs. One solution to this
problem is the use of a multistream drive, in which pages with similar data lifetimes
are grouped together in the same block to minimize GC frequency. However, accurately
predicting the lifetime of data is challenging and remains an active area of research [24,25].

While SSDs are generally faster than HDDs in terms of basic read and write operations,
if a read or write operation is preceded by multiple GC operations, the access time of SSDs
can be significantly longer than that of HDDs [26]. Therefore, intelligent algorithms that
reduce or hide the GC overhead are essential for SSDs.

3. Related Work
Garbage Collection

GC is a task for SSDs to free up wasted storage space in flash memory. The basic unit
of a write operation in an SSD is a page; however, the erase operation is allowed in one unit
of a block, which is a group of pages. Therefore, there are three possible pages in a block:
free, valid, and invalid pages. Initially, a block comprises free pages to which new data can
be written. Once data are written to a free page, it becomes a valid page. In case a delete
operation is applied to the valid page, the SSD controller marks the existing page as invalid.
Because an in-place overwrite operation is not feasible in flash memories, the valid pages
are marked as invalid if an overwrite operation is performed to a valid page. Therefore,
valid and invalid pages are mixed inside a block as the SSD is in use. The storage occupied
by invalid pages is waste, which needs to be minimized. GC is an operation that initializes
such invalid pages to free pages. The problem is that the erase operation is allowed only in
a block unit.

As shown in Figure 2, the SSD copy-back operation separates valid and invalid pages
by moving valid pages to another block before performing GC. If the copy-back operation
is performed before GC, only invalid pages remain in the block, and new empty pages
can be created. However, frequent copy-back operations mean that many additional write
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Figure 2. Garbage collection process.

4. Proposed Garbage Collection Algorithm
4.1. Motivation

Although GC is an essential operation for making SSDs practical by reducing storage
waste, extensive research on the decision criterion for GC invocation timing is lacking. A
simple yet widely accepted approach is to apply GC to a block if the percentage of invalid
pages in the block reaches a predefined threshold. Although this approach fulfills the basic
requirements for reclaiming wasted storage, it has fundamental limitations.

The valid pages copied back to another block may soon be invalidated in the new
block. If it is known that such pages would be invalidated soon, GC would be delayed
until such valid pages become invalidated to avoid unnecessary copy-back. By contrast, if
valid pages in a block are destined to stay valid for a very long period of time, it may be
desirable to apply GC to the block even if the predetermined threshold has not been not
reached thus far.

To verify the feasibility of our claim, we measured the number of blocks with 70%
invalid pages that reached the state with more than 90% invalid pages eventually; the
corresponding results are presented in Table 1. In some cases such as RocksDB, most blocks
with 70% invalid pages eventually become full of invalid pages. In this case, it would be
reasonable to set the GC invocation criteria tight so that GC is executed after the target
block is full of invalid pages to minimize copy-back overhead.

Table 1. Statistics of invalid page increase.

Ratio of Victim Blocks (%) Cassandra MongoDB MySQL RocksDB Dbench SQLite

70% invalid blocks
90% invalid blocks
90%/70%

59.827 80.908 92.859 68.494 88.577 92.712
51.855 74.036 84.326 68.396 76.184 42.322
86.676 91.506 90.811 99.857 86.012 45.648

Notably, most blocks with 70% invalid pages eventually reach more than 90% invalid
pages. SQLite workload is an exception where only half of the blocks reach 90% invalid
pages. This means that such blocks are not expected to have more invalid pages even after
a long duration. In this case, delaying the application of GC in such blocks contributes to
significant storage waste.

Therefore, we decided to measure the expected gain for an individual GC in each
target block and execute GCs in the expected gain.

4.2. Invalidation Rate-Based GC-Triggering Algorithm

Our goal is to control the GC invokation schedule depending on how fast the per-
centage of invalid pages increases for each block. If a block is being invalidated relatively
quickly, it is desirable to delay the GC invocation time because the entire block is likely to
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be invalidated in the near future. However, if a block is being invalidated at a slow rate,
GC should ideally be applied promptly once the percentage of invalid pages reaches the
predetermined threshold to reclaim wasted storage without delay.

The primary task for accomplishing such a goal is to measure the rate at which the
number of invalid pages increases for each block. The basic idea is to calculate the ratio of
invalid pages to the total number of valid pages and divide it by the lifetime of the block:

(Ninvld — 1)/Ntotal
T. - T ’

invalidation rate =

)

where N, is the number of invalid pages in a block, N, is the total number of pages in
a block, T, is the current time, and Tf is the time when an invalid page is first created in
that block. We propose to measure and update such parameters, including invalidation
rate values, whenever an invalid page occurs, using the invalidation rate to determine the
block order in which GC should be applied.

To support the proposed GC scheme, the block status table (BST) associated with each
block, as shown in Figure 3, stores the information to calculate the invalidation rate. In
our implementation, the blocks with invalid page ratios of 70% or higher are stored and
managed in the victim block list.

Block No. First invalid time Last invalid time Invalid page ratio Invalidation rate
0000 0.050 0.786 78.1% 1.05
0001 0.333 0.655 39.1% 1.18
0010 0.600 2.090 53.1% 0.35

Figure 3. A sample block status table (BST) configuration.

If a block becomes full of invalid pages, GC is applied to the block to reclaim the
storage. If the amount of space reclaimed by this process is insufficient, GC must be applied
to the block with a high number of invalid pages. In the conventional scheme, GC is applied
to all blocks with a higher number of invalid pages than a predetermined threshold has.
This is a straightforward way to reclaim storage; however, it may invoke more GC than
required, which leads to very high wear of the device and long latency in assessing the SSD
due to GC overhead.

In the proposed GC scheme, blocks with a high number of invalid pages are ranked
according to their invalidation rate rather than being treated equally as in the conventional
scheme. This ranking takes into account the expected time until a block becomes completely
full of invalid pages, which allows the algorithm to prioritize GC for blocks that are less
likely to become completely full in the near future.

In Figure 4, two blocks, A and B, which contain more than a predetermined number of
invalid pages, are illustrated. Suppose block A is expected to become completely full of
invalid pages in the near future, while block B is expected to remain mostly unused for a
long time. In this case, it would be more efficient to apply GC in block B first, even though
it has a lower percentage of invalid pages compared to block A. This is because delaying
GC for block B would not provide any benefit in terms of reducing unnecessary copy-back
operations, whereas delaying GC for block A would minimize the number of copy-back
operations needed.

However, the absence of a remaining valid page means that there is no need for GC
delay anymore. In this case, we give GC top priority. This is because there is no valid
page; thus, latency and additional writes due to copy-back do not occur, and it is the most
efficient way to secure SSD storage space.
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Invalidation rate : 10 Invalidation rate : 0.1
Invalid page ratio: 71% Invalid page ratio : 90%

Figure 4. Illustration of two blocks that contain more than a predetermined number of invalid pages.

5. Evaluation
5.1. Experimental Setup

SSDs were modeled using C code and tested with trace files created from various
workloads by extracting data using ftrace [27], blktrace, and blkparse [28]. The SSD used
in the experiment was 1-TB Samsung T5 Portable SSD. The Linux kernel version was
3.10.0-1160.59.1.el7.x86_64, and the OS version was Red Hat Enterprise Linux Workstation
release 7.9. In addition, the CPU corresponding to the host used Intel(R) Core™ i7-9700K
with 32 GB of RAM.

Table 2 summarizes the key parameters of the flash memory used for the SSD model
with 4 channels, 4 planes per channel, 512 blocks per plane, and 128 pages per block. The
read, write, and erase operation times were 25 ps, 230 ps, and 0.7 ms, respectively [29].

Table 2. Parameters of SSD configuration.

Parameter Value
Number of channels 4
Planes per channel 4
Blocks per plane 512
Pages per block 128
Page size (KB) 4
Page read latency (us) 25
Page write latency (ys) 230
Erase latency (ms) 0.7

When calculating the time required to perform GC for one block in a channel, we can
assume that GC is applied when the number of invalid pages in the block exceeds 70% [30].
The copy-back operations for the 30% pages of the block take 9.8 ms, and erasing one block
takes 0.7 ms, resulting in a total GC time of 10.5 ms for one block [31].

The overall flow of the proposed GC scheme is outlined in the following pseudocode.
The Algorithm 1 below shows the process of giving priority to victim blocks, i.e., blocks
with an invalid page ratio of 70% or higher. Several global variables are used to prioritize
the GC of each block in the order of the lowest invalidation rate.

5.2. Trace File Analysis

Table 3 is an analysis table that provides information on the trace files extracted
from six different databases used in an experiment. These trace files were extracted by
installing a database and a manual of each benchmark program, such as MySQL based
on sysbench [32,33], Yahoo Cloud Serving Benchmark (YCSB) family [34], Cassandra [35],
MongoDB [36], RocksDB [37], Phoronix Test Suite [38] family SQLite and Dbench.
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Algorithm 1. Prioritize victim blocks.
Global Variables
1. S, percentage of used storage on SSD;
2. T.: current time when an invalid page is created in the block;
3. Ty time when an invalid page is first created in the block;
4. Block_status_table: table that stores information for calculating the invalidation_rate;
5. Victim_block_list: list of blocks with invalid page ratios of 70% or higher.
Main Procedure
1.  while (1) perform
2. if aninvalid page is created inside the block! then
a. Update block’s T, T¢ and an invalid_page_ratio to Block_status_table;
b. Update Sygeq;
3. if invalid_page_ratio of block! > 70% then
a. Copy information of block! stored in Block_status_table to Victim_block_list;
4, end if
5. end if
6. if S,5.; > 70% then
a. PRIORITIZE_VICTIM_BLOCK( );
b. Perform garbage collection on the block at the top of the Victim_block_list;
7. end if
8. end while
end procedure
Procedure PRIORITIZE_VICTIM_BLOCK ();
9. for (i = 0; i < Num_of_victim_block; i++) begin
10. Calculate the invalidation_rate of block! using the information in Victim_block_list;
11. end for
12.  Sort Victim_block_list in ascending order based on block’s invalidation_rate;
13. for (i =0;i< Num_of_victim_block; i++) begin
14.  if invalidate_ratio of block! == 100% then
a. Reorder block! to the top of the Victim_block_list;
15. end if
16. end for
end procedure
Table 3. Characteristics of trace files.

Workloads Cassandra MongoDB MySQL RocksDB Dbench SQLite
Read ratio (%) 80.2 36.9 0.0 50.5 0.0 0.0
Write ratio (%) 19.8 63.1 100.0 49.5 100.0 100.0

Seq. request (%) 56.8 18.7 9.8 9.9 13.2 18.7
Rand. request (%) 43.2 81.3 90.2 90.1 86.8 81.3
Aver. read size (KB) 70.5 6.4 0.0 49 4.0 4.0
Aver. write size (KB) 103.7 4.7 5.8 4.5 7.6 49

5.3. Experimental Results

We implemented the conventional GC and proposed GC scheme and compared their

performances. As a framework to test GC performance, we selected the plane-blocking
GC (PBGC) scheme presented in [11] and block-blocking GC (BBGC) scheme from [13].
GC was enabled if 70% of the entire SSD storage was full for all schemes. The blocks with
more than 70% invalid pages were chosen as target blocks. If the conventional GC scheme
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was applied to PBGC and BBGC, all the target blocks were reclaimed by GC. As shown in
Figure 5, the portion of used disk space significantly dropped once GC was enabled.
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The GC was enabled under the same condition of a 70% full disk for conventional GC;
the proposed GC scheme was executed minimally to maintain a disk occupancy rate of
below 70%, as shown in Figure 5.
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We measured the average latency for read and write operations to the SSD. Table 4
reveals that the proposed GC algorithm improved the latency up to 99.4% in the case of a
read operation and 99.6% in the case of a write operation. Note that the MySQL benchmark
does not include any read operations.

Table 4. Average latency of read /write request.

Avg. read latency (ms) Cassandra MongoDB MySQL RocksDB Dbench SQLite
PBGC 531.064 28.149 - 0.122 - -
BBGC 1.382 20.364 - 0.122 - -
Proposed 0.615 0.119 - 0.123 - -
Avg. write latency (ms) Cassandra MongoDB MySQL RocksDB Dbench SQLite
PBGC 65.509 13.033 19.699 2.922 58.035 142.699
BBGC 51.303 13.614 17.435 2913 57.111 140.553
Proposed 56.050 0.531 1.195 1.683 37.143 0.614
Proposed /BBGC .
Improvement ratio (%) Cassandra MongoDB MySQL RocksDB Dbench SQLite
Avg. read latency 55.499 99.416 - —0.820 - -
Avg. write latency —9.253 96.100 93.146 42.225 34.963 99.563

700

600

500

400

300

200

Num of read request

It should be noted that in the case of MySQL and Dbench, read access constitutes only
a negligible portion of the benchmark results, and as such, these results were omitted from
the table.

Regarding the RocksDB benchmark, our proposed scheme exhibits a slightly longer
delay than that of BBGC. Figure 6 illustrates that data are accessed regularly, with idle
periods occurring between consecutive accesses. As long as the execution time of garbage
collection (GC) is not longer than that of the regular read or write operations, which is not
the case, all three GC scheme choices are not expected to have a significant impact on the
overall latency.

p— p

=] - -~

— -

Global time (s)

= GC Enable  =—Num of read request

Figure 6. RocksDB data access pattern and GC-enabled timing.

According to Table 3, the proposed scheme exhibits a longer average write latency
than BBGC does for the Cassandra benchmark, which consists of 56.8% sequential access.
This is likely due to the proposed GC scheme frequently intervening during sequential
access, as space usage is controlled at a fine grain level. As a result, the proposed scheme
has an adverse effect on latency. Additionally, the average data size for write access are
much larger than those for read access, contributing to overall loss. It would be valuable to
develop an intelligent scheme that avoids penalties on sequential access.
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In addition, we measured the maximum latency for read and write operations to the
SSD. Table 5 reveals that the proposed GC algorithm improved the latency by a minimum
of 99.3% in the case of a read operation and 99.8% in the case of a write operation.

Table 5. Maximum latency of read /write request.

Max. read latency (ms) Cassandra MongoDB MySQL RocksDB Dbench SQLite
PBGC 5123.887 5726.358 - 38.044 - -
BBGC 486.446 5350.930 - 38.155 - -
Proposed 4.192 36.029 - 39.340 - -
Max. write latency (ms) Cassandra MongoDB MySQL RocksDB Dbench SQLite
PBGC 2317.631 5933.481 8972.502 689.303 7054.371 21,329.661
BBGC 2317.248 6215.630 7881.995 697.057 7001.079 21,109.462
Proposed 2757.480 36.519 50.490 99.357 1694.329 34.678
Proposed/BBGC :
Improvement ratio (%) Cassandra MongoDB MySQL RocksDB Dbench SQLite
Max. read latency 99.138 99.327 - —3.106 - -
Max. write latency —18.998 99.412 99.359 85.746 75.799 99.836

14,000

12,000

10,000

8,000

6,000

Number of GC calls

4,000

2,000

Cassandra

-5.19%

The total numbers of GC operations are summarized in Figure 7. The GC operation
call was minimized in the proposed scheme, and the results confirmed that the number of
GC calls significantly decreased.

-21.46%
-4.91%
0 -8.12%
I I I | | | I | |
MongoDB MysSQL RocksDB Dbench SQlLite

W PBGC mBBGC M Proposed

Figure 7. Number of GC calls.

The write amplification factor (WAF) indicates the ratio of total write operations to
the original write operation requested by the host. In particular, a high WAF indicates that
several copy-back operations have been performed. A high WAF not only degrades SSD
performance in terms of latency but also reduces SSD lifetime because a flash memory cell
has a limitation in the number of write operations.

WAF is calculated using the following formula [39]:

number of arrived pages + number of copied pages o)

AF =
W number of arrived pages
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Figure 8 shows that the proposed GC algorithm significantly reduced the WAF, which
means that it is expected to improve both the performance and lifetime of SSDs.
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Figure 8. Write amplification factor (WAF) comparison.

5.4. Comparison with Relevant Work

In the study by Cheng et al. [18], the allocation mechanism proposed aims to group
data with similar lifetimes together in the same flash blocks. To achieve this, the mechanism
takes into account various factors such as data arrival time, device number, logical page
address, I/O size, and I/0O flag. They use these factors to compute the “hotness” of the
data and assign it to a block associated with the same hotness. However, the paper does
not provide specific details on how the hotness of data is computed or how the destination
block is chosen when multiple candidate blocks meet the condition to store the data. While
Cheng et al.’s work offers a unique approach that could be compared to our own, their
study lacks specificity on how they collected and incorporated data to arrive at their
lifetime predictions. Although they mention using empirical values, they do not provide
further details on how these values were obtained or applied, so qualitative performance
evaluation of their mechanism compared to our algorithm was not feasible.

In the study by Lee et al. [19], the GC target block is determined using a formula
that takes into account multiple factors, including the cost of copy-back operation and the
program—erase cycle. Qualitatively comparing their work with ours could be interesting,
but the detailed descriptions of the parameters used in their cost formula are not presented
in their study. As a result, a direct comparison between the two approaches is not feasible.

6. Conclusions

In this paper, we propose a new GC scheme that minimizes the invocation of GC
operations to reduce overhead. Additionally, the scheme orders GC target blocks according
to the expected gain and penalty, with the goal of improving read /write latency and WAF
while reducing the number of GC operations.

The experimental results presented in this paper indicate that the proposed GC scheme
significantly improves read /write latency and WAF while also reducing the number of GC
operations. This suggests that the proposed GC algorithm has the potential to improve not
only SSD performance but also the lifetime of SSDs.

This new GC scheme has the potential to considerably improve the performance and
lifetime of SSDs, making them a more attractive choice for a variety of applications. With
its low complexity, it is also an accessible solution for both manufacturers and users.
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