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RDA: A Read-Request Driven Adaptive Allocation
Scheme for Improving SSD Performance

Shujie Pang™, Yuhui Deng™, Zhaorui Wu™, Genxiong Zhang

Abstract—The parallel operation technology plays a pivotal
role in enhancing performance of 3-D NAND flash-based SSDs.
High-parallel distribution of consecutive pages places the pages
on different parallel units, thereby improving the parallelism
and throughput of read requests. However, the high-parallel
distribution generates two problems: 1) aggravating data frag-
mentation and 2) exacerbating the impact of garbage collection
(GC) on latency. Moreover, small reads only require a few parallel
units, and thus the high-parallel distribution is redundant for
the requests. To address this issue, we propose a read-request
driven adaptive allocation scheme called RDA to bolster SSD
performance by adaptively adjusting the parallel distribution of
consecutive pages. The RDA scheme employs the size of historical
read requests to gauge the level of parallelism for write requests
with varying sizes. Then, RDA allocates the logical pages of
writes to distinct parallel units according to the parallelism of the
requests. In doing so, RDA effectively mitigates the performance
degradation of SSDs caused by redundant parallel distribution,
while preserving the parallelism of read requests. We compare
RDA with the three state-of-art schemes Amphibian, SOML,
and Preemptive GC in terms of GC-blocked read requests, GC
counts, and read response time under eight real-world workloads.
The experimental results unveil that compared with the existing
schemes, RDA revamps the GC-blocked read requests, GC
counts, and read response time by averages of 20.6 %, 7.8%, and
15.8%, respectively.

Index Terms—3-D NAND flash, data allocation,
distribution, request size.

parallel

I. INTRODUCTION

AND flash-based solid-state drives (SSDs) have become
Na mainstream storage medium, renowned for their fast
access speed, stable performance, and low-energy consump-
tion. SSDs are adopted in a wide variety of fields, such
as mobile devices, embedded systems, personal computers,
and data centers. SSDs support multiple levels of parallelism,
including channel, chip, and plane, to facilitate request concur-
rency that achieves high performance [1], [2], [3]. Moreover,
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as the 3-D NAND technology increases store density by
stacking multiple layers of planar NAND, 3-D NAND flash has
replaced 2-D NAND as the mainstream storage device in the
market [4]. Since a single 3-D NAND flash chip has a higher
capacity compared with 2-D NAND, 3-D NAND flash-based
SSDs have fewer chips in the same capacity, which suffer
from reduced parallel units [5], [6]. Reasonable allocation of
limited parallel resources significantly upgrades the overall
performance of SSDs.

Flash manufacturers implement an advanced command
(multiplane operations) to reshape the internal parallelism
of a flash chip, thereby boosting SSD performance [7], [8].
NAND flash-based SSDs specify a page as the unit of
read/write operations and the block as the unit of erase
operations. Multiplane operations support multiple planes to
perform read, write, or erase operations simultaneously, and
take full advantage of the parallelism provided by SSDs.
Meanwhile, data allocation strategies play a crucial role in
deciding how to allocate logical data to physical addresses
in SSDs. Generally, dynamic allocation strategies assign the
consecutive pages of a write request to distinctive planes
in chips. These pages are written to the planes simul-
taneously through multiplane program operations, thereby
optimizing the parallel performance of SSDs by maximiz-
ing the parallel distribution of the consecutive pages. Then,
subsequent read requests access the consecutive pages from
multiple planes by multiplane read operations, thus effec-
tively improving the read performance of SSDs. As a result,
high-parallel distribution enhances the parallelism of read
requests. Tavakkol et al. [9] experimentally reveal that dynamic
allocation strategies can take full advantage of the internal
parallelism of SSDs. Unfortunately, the read advantage of
maximizing data parallel distribution is offset by garbage
collection (GC) operations.

GC, as a critical function of SSDs, is tasked with eliminating
invalid space in SSDs [10]. During a GC, the valid data of a
block is migrated to other blocks, and then the block is erased
to generate a new free block [11]. However, the high-parallel
distribution of consecutive pages falls short on data locality
and exacerbates data fragmentation, which expands migrated
data and raises overhead during a GC. In addition, flash
manufacturers implement an advanced command (Copyback)
to compress GC operations in planes [12]. The GC-ing plane
blocks requests that are assigned to the plane. Unfortunately,
multiple planes accessed by a read request will surge the
likelihood of the request being blocked by GCs. Therefore, GC
operations impose a new requirement for the data allocation
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schemes: ensuring the read parallelism while reducing data
parallel distribution.

Furthermore, it is worth noting the parallel distribution of
consecutive pages only offers a limited improvement for the
parallelism of read requests. The primary reason is that the
high-parallel distribution of consecutive pages is redundant
for small read requests. Specifically, the consecutive pages
of a large write request are sequentially allocated to multiple
planes. When subsequent small reads only access the pages
on the partial planes, the parallel distribution of the remaining
pages on the other planes becomes unnecessary. The redundant
parallel distribution will exacerbate data fragmentation and the
impact of GCs on I/O latency.

Motivated by the above observation and analysis, we pro-
pose RDA—a read-request driven adaptive allocation scheme
for maximizing the utilization of limited parallel resources in
3-D NAND flash-based SSDs. To magnify the advantages of
parallel distribution, RDA dynamically adjusts the parallelism
of write requests via the size of historical read requests,
thereby safeguarding read parallelism for reads. Meanwhile,
according to the adjusted parallelism and page distance, this
novel scheme places the consecutive pages of the write
requests on different parallel units, effectively mitigating
redundant parallel distribution of the consecutive pages. Our
contributions can be summarized as follows.

1) We unveil two intriguing observations: a) maximizing
the parallel distribution of consecutive pages exacerbates
the adverse impact of GCs on reads and b) the majority
of read requests are small in size.

2) We propose a read-request driven adaptive alloca-
tion scheme—RDA—that reasonably allocates the plane
addresses of consecutive pages by the size of read
requests. The scheme effectively alleviates the impact of
the redundant parallel distribution on read performance,
thereby optimizing the performance of 3-D NAND flash.

3) We exhibit the superiority of RDA over the other
schemes in terms of GC-blocked read requests, GC
counts, and read response time under the real-world
workloads.

The remainder of this article is organized as follows.
Sections II and III present in related work and background,
respectively. Our motivation is discussed in Section IV. We
introduce the design of RDA in Section V and the performance
evaluation is presented in Section VI. Finally, Section VII
concludes this article with comments.

II. RELATED WORK

Parallel operation and GC, as the pivotal functions of NAND
flash-based SSDs, have received considerable attention from
researchers and institutions. Moreover, data allocation, as an
important part of assigning physical addresses to logical pages,
has garnered significant interests from academia and industry.

A. Parallel Operation

To take full advantage of the parallel operations in
SSDs, a handful of optimization approaches have been
proposed to improve the utilization of parallel units [1], [13].
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Gao et al. [14] stimulated the potential of multiplane com-
mands by distributing requests to multiple planes at one time.
Furthermore, Gao et al. [15] proposed a from-plane-to-die
parallel optimization framework to further exploit plane-
level parallelism. Since the increased single-chip capacity
reduces parallelism, Kim et al. [6] implemented a novel NAND
flash memory architecture to exploit plane-level parallelism.
These parallel strategies serve requests by maximizing plane-
level parallelism, thus enhancing the efficiency of processing
requests issued by a host. However, plane-level parallel oper-
ations have some negative impacts on SSD performance.
In order to alleviate page waste incurred by multiplane
operations, Seong et al. [16] designed a super page to
group all pages at the same in-chip location as a large
logical page. And Tavakkol et al. [17] designed a twin
block management scheme to symmetrically read/write and
reclaim the flash block addresses on the planes of a die. In
addition, Liu et al. [5] proposed a novel parallel partial read
strategy-SOML, which groups subpage-sized read requests
from different layers to upgrade the operation parallelism and
read performance. Unfortunately, aforementioned schemes are
focused on the benefits of maximizing read/write parallelism
without recognizing the adverse impact of excessive parallel
distribution on SSD performance. In contrast, our RDA not
only maintains the high parallelism inside an SSD but also
alleviates conflicts between GCs and the parallel distribution
of consecutive pages, resulting in a substantial advancement
over previous techniques in SSD performance optimization.

B. Garbage Collection

GC is one of the primary factors affecting SSD performance.
Although SSD manufacturers bring forth Copyback to alleviate
the negative impact of GCs, GC still blocks I/O requests issued
by a host [8]. There have been numerous works on the in-depth
study of GC optimization [10], [11], [18], [19]. To alleviate the
adverse impact of erase operations on I/O requests during the
GC process, schemes, such as partial erase [11], preemption
GC [20], and erase suspension [21], were proposed to raise
the priority of user I/O requests. Meanwhile, as the number of
pages per block in 3-D NAND flash increases, data migration
during GCs has become the main factor of GC overhead,
and GCs seriously impede I/O requests by consuming channel
resources. Yan et al. [22] proposed TTFLASH to alleviate
the tiny tail latency caused by data migration during GCs,
which eliminates channel blocking through parity-based RAIN
and Copyback. Shahidi et al. [23] proposed an active parallel
GC strategy based on plane-level parallelism to improve read
and write efficiency. Moreover, Mao et al. [24] devised a
new I/O scheduler—Amphibian (AMP)—for SSDs, where
the impact of GCs on requests is averted: request response
time is shortened by adjusting request priorities. Regrettably,
the above studies cannot fundamentally curb the number of
GCs, and these existing techniques overlook conflicts between
data parallel distribution and GCs. Unlike the aforementioned
schemes, our RDA curtails the redundant parallel distribution
of consecutive pages by the size of read requests, thereby
mitigating data fragmentation and the detrimental impact of
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GCs on reads. Our experimental evaluations show that RDA
maintains read parallelism for contiguous data and slashes the
probability of requests being blocked by GCs.

C. Data Allocation

Data allocation, as a key technology affecting SSD
performance, has been studied in depth by numerous
researchers. A wide range of works have delved into dynamic
and static allocation strategies [25] to fully utilize the
multichannel advantage of SSDs. For example, Hu et al. [26]
discussed advantages and disadvantages of the dynamic
and static allocation schemes. Tavakkol et al. evaluated the
performance improvement of SSDs with dynamic allocation
schemes, which can well balance I/O requests. Furthermore,
to address the new challenges introduced by 3-D NAND
flash, some studies adopt data allocation strategies to slash
read and write disturb and mitigate the negative impact
of GC [27], [28], [29]. For instance, Uchigaito et al. [28§]
proposed a new allocation scheme for getting rid of GC
during big-graphs analysis, and the scheme enables high-speed
analysis of big graphs in NAND flash memory. Chang et al.
developed a data allocation strategy to program logical pages
to word-lines with no programmed word-lines around [30],
thus effectively alleviating program disturb. These aforemen-
tioned allocation schemes, however, fall short on balancing
data locality and parallelism—being unable to efficiently
utilize parallel resources. In contrast to the existing data
allocation schemes, our RDA—taking into account the paral-
lelism requirements of I/O requests—enhances SSD lifetime
by optimizing data locality without affecting parallelism.

In addition, Zhang et al. [31] proposed an SSD parallelism
management and data placement scheme PLAN to improve the
efficiency of GCs. Specifically, PLAN utilizes big superblocks
and small superblocks to serve write requests with different
sizes. Among them, a big superblock is a collection of
blocks of all chips in a SSD that are written together, and a
small superblock only collects blocks of 1/4 chips. Moreover,
PLAN also places data with different lifetimes in different
superblocks by evaluating the data lifetimes. Unfortunately,
PLAN has only two superblocks (small superblock or big
superblock) selected by the size of write requests and ignores
the parallel requirements of read request. Unlike PLAN, our
RDA scheme has a larger adjustable range of parallelism (from
two to max parallelism) and can flexibly adjust the write
parallelism of write requests by the size of read requests.
Therefore, RDA reduces redundant data parallel distribution
while ensuring the parallelism of read requests, which effec-
tively improves GC efficiency and alleviates the impact of GCs
on read requests.

III. BACKGROUND
A. Flash-Based SSD Organization

A modern NAND flash-based SSD, as the mainstream
storage drive, consists of multiple components. Fig. 1 sketches
the internal structure of an SSD, which is composed of four
components: 1) a host interface; 2) an SSD controller; 3) a
DRAM cache; and 4) flash chips [32]. The host interface
is responsible for the communication interaction between the
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Fig. 1. SSD architecture and NAND flash chip.

host and the SSD. The SSD controller manages the flash chips
through various functions (such as data allocation, GC, wear
leveling, etc.), and DRAM stores the FTL mapping table and
cached data. Flash chips are data storage elements, which
are distributed on multiple channels to maintain channel-level
parallelism in the SSD.

Fig. 1 illustrates that a flash chip has multiple dies and
each die consists of several planes, each of which contains
thousands of blocks. Also, a block is made up of numerous
pages. NAND flash memory has three operations: 1) read;
2) write; and 3) erase. Among them, read and write operations
are in a unit of page, whereas an erase operation is performed
in a unit of block. Furthermore, compared with 2-D NAND
flash, the number of pages per block in 3-D NAND flash can
reach up to 576, and the size of a single page is increased to
16 kB, thereby hiking up the capacity of a chip. For example,
Samsung researchers developed a 128 Gb Vertical NAND flash
memory in 2015 [33] and a 256 Gb 3b/Cell V-NAND flash
memory in 2017 [34]. In the above two flash memory, the
number of pages per block increased from 384 to 576, and
the page size increased from 8 to 16 kB. Currently, pages per
block in 3-D NAND flash are still increasing.

B. Parallelism and Garbage Collection

Parallelism: Fig. 1 reveals that the storage components of
the SSD have multilevel storage units, which support multiple
levels of parallelism, namely, the channel, chip, die, and plane
levels. Specifically, different channels, chips, and dies can
simultaneously serve reads and writes in SSDs [23]. In addi-
tion, multiplane operations developed by flash manufacturers
provide plane-level parallelism for flash memory, and perform
read/write operations on multiple planes in parallel [7]. In
doing so, a plane becomes the finest-grained parallel unit
executable in SSDs. Thus, the planes in different channels
or chips simultaneously perform read/write operations to
maximize read/write parallelism. Taking the simulated SSD
in Section VI-A as an example, eight planes in the SSD can
read/write eight pages in one read/write latency.

GC: When free pages are insufficient, GC is triggered
by flash memory. A GC operation involves the following
three steps: 1) find a victim block with the most invalid
pages; 2) migrate the valid pages in the victim block to a
free block; and 3) erase the victim block [11]. Among these
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steps, step 2) consumes channel resources and blocks all
requests on the GC-ing channel (see the red mark in Fig. 1).
Especially, modern 3-D NAND flash-based SSDs suffer from
“Big Block” problems [35]. More specifically, the number of
valid pages per block grows sharply as the density of 3-D
NAND flash increases. Consequently, when 3-D NAND flash
memory invokes GC operations, the number of migrated valid
pages is much larger than that of 2-D NAND. Additionally,
because the dynamic allocation scheme allocates consecu-
tive pages to different parallel units, the data fragmentation
problem in the victim block becomes extremely severe, and
step 2) will take up a lot of time on the GC-ing channel.
Fortunately, the advanced command Copyback developed by
the flash manufacturer compresses the data migration of step
2) in planes to release channel resources [8], [36]. However,
it is noteworthy that GC-ing planes still impede requests
assigned to planes.

In 3-D NAND flash-based SSDs, the high-storage density
of 3-D NAND leads to a larger capacity per chip. Compared
with 2-D NAND, 3-D NAND flash-based SSDs have fewer flash
chips and fewer parallel units for the same storage capacity.
Therefore, an important problem for 3-D NAND flash-based
SSDs is how to fully utilize their limited parallel resources.
Our research mainly focuses on the efficient management of
limited parallel resources in 3-D NAND flash-based SSDs.
The proposed RDA scheme improves the parallel resource
utilization of 3-D NAND flash SSDs by reducing redundant
data parallel distribution.

IV. MOTIVATION

Modern NAND flash SSDs usually have two mainstream
data allocation strategies: 1) locality-friendly strategy and
2) parallel-friendly strategy. These two strategies have their
own advantages and disadvantages. Specifically, locality-
friendly strategies place consecutive logical pages in the same
block, which effectively avoid data fragmentation, thereby
improving GCs and SSD lifetime. However, the locality-
friendly strategies, due to extremely poor parallel performance,
cannot support parallel reads of consecutive pages. Currently,
numerous studies are focused on improving SSD parallelism
through allocation strategies. These parallel-friendly strategies
allocate consecutive logical pages to different parallel units,
resulting in enhanced read/write parallelism and throughput.
Unfortunately, the parallel-friendly strategies exacerbate GC
and lifetime overhead. In particular, we reckon that redundant
parallel distribution will increase the possibility of requests
being blocked by GCs, which in turn downgrade the latency
performance of SSDs.

In this section, we analyze and experimentally examine
the impact of different parallel distributions on GC-blocked
requests. Then, we investigate the size distribution of read
requests in numerous workloads, thereby rationally adjusting
the parallelism of consecutive pages in a write request.

A. Correlation Between Parallel Distribution and GC

To maximize the utilization of parallel units, dynamic
allocation schemes assign consecutive pages to different planes
through high-write parallelism. Such high-parallel distribution
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Fig. 2. GC-blocked read requests in different parallel distributions.

furnishes high-read parallelism for servicing subsequent read
requests. Taking Fig. 1 as an example, there are a total of four
planes across channels 0 and 1, and the four consecutive pages
of a write request are placed on the four planes, respectively.
When a read request accesses the four pages, the pages can
be simultaneously accessed through parallel read operations.
In this case, the parallel distribution of the pages significantly
shortens the latency of the read request. Unfortunately, the
parallel distribution exacerbates the probability of requests
being blocked by GCs. Specifically, when a GC is provoked by
plane 2, the requests of accessing plane 2 will be hindered by
the GC. When accessing the four pages in the above example,
the page on plane 2 only is accessed after completing the GC,
and thus seriously weakens the read latency. More importantly,
the four pages distributed on different planes have a high
probability of being blocked by GCs, which is four times
higher than those distributed on the same plane.

To gain insight into this issue, we conduct two experiments
to navigate the impact of GCs on reads in different parallel
distributions. Specifically, we adopt two SSDs with different
settings in the experiments: 1) two parallelism and 2) default
parallelism. The two parallelism setup means that the max-
imum parallel distribution of consecutive pages provided by
the SSD is two, and the default parallelism case represents
that a write request is written to the parallel units of an SSD
by the highest-write parallelism. It worth noting that when
the highest-write parallelism exceeds the maximum parallelism
supported by the SSD, the request is written to the parallel
units with the maximum parallelism. For example, when a
write request with twelve pages is written to an SSD with eight
parallel units (planes), the two parallelism allocates the pages
to two planes, whereas the default parallelism assigns the
pages on eight planes, respectively. We conduct experimental
evaluations on the SSDsim [26] simulator with eight real
workloads, and the experimental parameters are listed in
Table II.

Fig. 2 shows the number of GC-blocked reads for the two
parallelism and the default parallelism. To intuitively and
clearly illustrate the experimental results, we normalize the
experimental results of the two parallelism to the default
parallelism. Fig. 2 unveils that compared with the default par-
allelism, the two parallelism significantly slashes the number
of GC-blocked read requests. Also, although the default par-
allelism has a high-parallel distribution of consecutive pages
and an excellent read parallelism, it exacerbates the possibility
of read requests being blocked by GCs. Conversely, the low-
parallel distribution (like the tow parallelism) alleviates the
impact of GCs on read requests, but it cannot serve read
requests with high parallelism. Therefore, we can dynamically
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Fig. 3. Read request size distribution on different workloads.

adjust the parallel distribution of continuous data by control-
ling the parallelism of a request: this approach strikes a balance
between the impact of data parallel distribution and GCs on
read latency.

B. Read Request Size

Recall that data parallel distribution can significantly
improve the read parallelism of consecutive pages, but exces-
sive parallel distribution aggravates the influence of GCs on
requests. Furthermore, the parallel distribution of partial con-
secutive pages is redundant. The redundant parallel distribution
is mainly caused by the inconsistent read and write sizes of
consecutive pages. In some cases, consecutive pages are writ-
ten to flash memory by high-write parallelism. However, only
part of the pages is accessed when subsequent read requests are
arrived. At this point, the parallel distribution of the remaining
pages is redundant. The parallel distribution of the remaining
pages does not improve the parallelism of read requests, but
rather exacerbates data fragmentation. For example, the N
consecutive pages of a large write request are placed on N
parallel units, respectively. When a small read request accesses
M (M <= N) pages among the consecutive pages, only M
parallel units are required to provide parallel operations for
the read request. At this point, the parallel distribution of
the remaining N — M pages on the other parallel units is
redundant. It can be seen from the above example that the
effective parallel distribution of consecutive pages is affected
by the size of read requests. The high-parallel distribution of
consecutive pages has a marginal performance enhancement
for small reads.

To offer insights into read request sizes in real-world
workloads, we investigate the proportion of read requests
with various sizes in twenty-five real-world workloads.
The real-world workloads examined in our experiments are
obtained from the MSR trace [37] and Microsoft Production
Server [38]. In particular, according to the request size, we
divide read requests in the workloads into five cases: 1)
<=16 kB; 2) <=32 kB; 3) <=48 kB; 4) <=64 kB; and
5) <=128 kB. Fig. 3 reveals the distribution ratio of the
five cases under the twenty-five workloads. On the x-axis,
numerical nodes, each of which represents a workload, are
sorted by an increasing order of their percentage of requests
(<=16 kB). Fig. 3 shows that more than 80% of read requests
are smaller than 16 kB in 88% of the tested workloads, and
almost all read requests are smaller than 128 kB. Such findings
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Fig. 4. Proportion distribution of the two cases on different workloads.

indicate that consecutive pages written by write requests are
usually retrieved by small reads. In this case, maximizing
parallel distribution for consecutive pages is unnecessary.
Thus, we ought to pay heed to the parallelism required by
read requests, thereby ensuring read parallelism and alleviating
adverse repercussion of GCs on read operations.

Furthermore, we also experimentally investigate the size of
each read request and the write size of the accessed data,
thereby evaluating the access status of data written by write
requests. Specifically, according to the read request size and
the write size of the accessed data, we divide the relationship
between read requests and write sizes into two cases: 1) Write
> Read and 2) Write <= Read. Write > Read indicates that
a portion of data written by a write request is accessed by a
small read request. Write <= Read signifies that the data of
a write request is fully accessed by a large read request.

Fig. 4 illustrates the proportion distribution of the two cases
under the eight real-world workloads. We can observe from
Fig. 4 that there are a large number of the case Write >
Read on the eight workloads. In particular, the proportion
of Write > Read reaches the astonishing 99% on DAP. On
average, 42.38% of read requests in each workload only access
a portion of data written by a write request. The above
experiments reveal that massive read requests only access a
portion of data written by a write request. Therefore, we can
flexibly adjust the parallelism of write requests through the
size of read requests, thereby reducing redundant data parallel
distribution while ensuring the read parallelism of SSDs.

Furthermore, placing the pages of write requests on different
parallel units can fully utilize the parallel units to reduce
the write latency and improve write throughput of SSDs.
However, the parallelism of write requests does not affect the
write parallelism and write throughput of SSDs. Specifically,
since DRAM of an SSD caches the pages of write requests,
the cached pages of different write requests can be allocated
to different planes simultaneously, thus ensuring the write
parallelism of the SSD. Therefore, adjusting the parallelism of
write requests does not affect the write parallelism and write
throughput of SSDs.

V. RDA SCHEME

To benefit from limited parallel resources in 3-D NAND
flash-based SSDs, we propose a novel read-request driven
adaptive allocation scheme - RDA - to curb unnecessary data
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Fig. 5. Overview of RDA for 3-D NAND flash.

parallel distribution and improve data locality, thereby revamp-
ing the overall SSD performance. In RDA, the parallelism
of write requests is determined by the size of read requests.
the goal of RDA is to minimize the redundant data parallel
distribution without affecting the parallelism of read requests.
RDA adjusts the parallelism of write requests according to
the size of read requests, and thus the parallel distribution of
the write requests meets the parallel requirements of the read
requests.

A. System Overview of RDA

Although 3-D NAND flash-based SSDs pushes up the capac-
ity of a single plane, the parallel units inside the SSD are
still extremely limited. Moreover, since the redundant parallel
distribution deteriorate data fragmentation and the impact of
GCs, SSDs suffer from an excessive waste of inadequate
parallel resources. To improve the overall performance of 3-D
NAND flash-based SSDs, we develop a read-request driven
adaptive allocation scheme RDA, which curtails redundant
parallel distribution of consecutive pages. Unlike the existing
techniques, RDA enhances data locality while promoting
read/write parallelism.

RDA strives to optimize the I/O performance of SSDs by
adjusting data allocation during writing logical pages to flash
chips. Specifically, RDA implements a parallelism mapping
table based on historical read requests, and thus assigns the
specified parallelism for write requests with different sizes.
Upon the arrival of a write in flash chips, RDA allocates the
pages of the write to multiple planes according to the specified
parallelism and the pages’ logical distance, which reduces the
redundant parallel distribution and assures read parallelism.

Fig. 5 depicts the overall system design of the proposed
RDA, which is deployed in the SSD controller orchestrating
data allocation. The overarching goal of RDA is to optimize
read performance through proper data allocation scheduling.
To this end, RDA employs historical read requests to adjust
the parallel distribution of consecutive pages. Specifically,
the RDA scheme is implemented by the two core modules,
namely, the parallelism update unit and the data allocation
module. The parallelism update unit is responsible for updating
the parallelism mapping table by the size of historical read
requests, and allocating the specified parallelism for write
requests with different sizes. The data allocation module is in
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Fig. 6. Parallelism update unit workflow.

charge of assigning the pages of write requests to different
planes by the specified parallelism and page distance. Below,
we elaborate on the parallelism update unit followed by the
data allocation module in Sections V-B and V-C, respectively.

B. Farallelism Update Unit

The parallelism update unit, as the core piece of our RDA,
dynamically updates the parallelism of write requests with
the continuous access of read requests. RDA implements
a parallel mapping table in the parallelism update unit to
record the parallelism of write requests. Before introducing
the parallel update unit, we first establish the parallel mapping
table—a data structure dedicated to storing the parallelism
corresponding to writes with various sizes. More prosaically,
the parallel mapping table divides a write request into P — 1
write ranges according to various parallelisms (form two to
P) supported by an SSD, where P is the maximum number
of parallel units (planes) in an SSD. Write requests per
range have the same maximum parallelism. When initializing
the parallelism mapping table, the parallelism of a range
is set to the maximum parallelism of the range. In RDA,
we do not adopt to assign a corresponding parallelism to
each write request at a fine-grained level because the fine-
grained mapping tends to consume considerable storage space.
Therefore, to pursue the generalization and low overhead of
the scheme, our RDA utilizes the average size of read requests
to adjust the parallelism of a specific write range. Since the
parallelism mapping table only stores the parallelism of P — 1
ranges, and the value of P is extremely limited, the space
overhead of the mapping table is negligible.

Fig. 6 illustrates a concrete example, where the mapping
table is implemented in an SSD with eight planes (P = 8),
and the page size of the SSD is 16 kB. The parallelism
mapping table registers the parallelism corresponding to the
seven ranges of writes: 1) (16 kB, 32 kB]; 2) (32 kB, 48 kB];
3) (48 kB, 64 kB]; 4) (64 kB, 80 kB]; 5) (80 kB, 96 kB];
6) (96 kB, 112 kB]; and 7) (112 kB, 00). It is noteworthy that
the upper limit of the parallelism is the total number of planes
in SSDs. For instance, in the initialized table plotted in Fig. 6,
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the initial parallelism of (32 kB, 48 kB] and (112 kB, oco) are
the maximum parallelisms of three and eight, respectively.

The parallelism update unit amends the parallelism of
different ranges by historical read requests, aiming to mitigate
redundant parallel distribution. In the parallelism update unit,
the pages of a write request also correspond to the request’s
range. The parallelism update unit separately tracks reads that
access the pages of diverse ranges. When N read requests
access the pages of a range, the unit calculates the average size
of the read requests, then updates the parallelism of the range
in the parallelism mapping table by the average size. In order
to match the parallelism requirements of reads, the unit only
logs the size of recent N read requests in each range. When
the number of reads for a range is less than N, the unit stops
updating its parallelism. According to experimental evaluation,
RDA has the most stable performance improvement when N
is configured to 10 (see Section VI-B). As a result, we set the
value of N to 10 in this study.

Fig. 6 shows the workflow of the parallelism update unit.
First, according to the initialized parallelism mapping table,
a 48-kB write request, respectively, places three pages 1, 2,
and 3 on three planes because the parallelism of (32 kB, 48
kB] is three. Then, N read requests pay visit to pages 0, 1,
and 2, and the average size is anywhere between 16 and 32
kB. The average size means that these read requests generally
require two parallel units to provide parallel read operations,
and the parallelism of three is redundant for the write requests
of (32 kB, 48 kB]. Thus, the parallel mapping table updates the
parallelism of (32 kB, 48 kB] to two. The subsequent 48-kB
write request allots pages to two planes by the updated table.
At this point, the 48-kB write request cuts down a redundant
parallel unit.

Furthermore, if read requests with large size access the data
of a range, the unit will increase the parallelism of the range
and thus effectively ensures the high-parallelism requirements
of the large read requests. In particular, when the average
size of read requests equals or exceeds its corresponding
write range, RDA provides the maximum parallelism for
write requests in the range. Taking the updated table in
Fig. 6 as an example, since the page size is 16 kB, the
maximum parallelism of (32 kB, 48 kB] is three. If the
48-kB write data is accessed by subsequent read requests
with an average size of >=48 kB, the unit will change the
parallelism of (32 kB, 48 kB] from two to three. In short,
the parallelism update unit dynamically increases or decreases
the parallelism of a specified write range by the average size
of reads. Therefore, the parallelism update unit effectively
trims unnecessary parallel distribution while maintaining the
parallelism of read requests.

C. Data Allocation Module

The parallelism update unit in RDA employs the parallelism
mapping table to manipulate the parallelism of writes with
various sizes. Then, the data allocation module designates
plane addresses for the pages of a write by the request’s paral-
lelism, and writes the pages to planes, thereby warranting the
parallel distribution of consecutive pages. The implementation
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Fig. 7. Data allocation module workflow.

details of the data allocation module in RDA are articulated
as follows.

The data allocation module utilizes a loop pointer to
determine the planes serving write requests. Specifically, when
initializing an SSD, the pointer points to the first plane of
the first channel in the SSD and obtains its plane address.
Then, when a page is written to the plane referenced by the
pointer, the loop pointer switches to the next plane. After the
pointer has traversed all plane addresses, it redirects to the first
plane address and starts a new round of loops. With the loop
pointer in place, RDA simultaneously writes multiple pages
to different parallel units of an SSD, and write throughput is
naturally bolstered. Additionally, the data allocation module
allocates plane addresses to logical pages and then writes the
pages to the specified planes according to the loop pointer. It
is noteworthy that the module does not limit the plane address
of the first page of a write request. More specifically, the
first page of a write request does not allocate the specified
plane address; rather, the page is directly written to the plane
referenced by the pointer. After confirming the plane address
of the first page, the module adopts (1) to assign the plane
addresses of the other pages by the request’s parallelism

Xplane = Fplane + (Xipn — Fipn) mod P (D

where P is the parallelism of the request. Xpjane and Xjpy,
respectively, represent the plane address and logical page
number of page X in the request, and Fplane and Fip, are the
plane address and logical page number of the first page in the
request, respectively. Xipn — Fipn is the distance (the number of
logical pages) between page X and the first page. According
to (1), the data allocation module guarantees that among pages
written by the request, any P consecutive pages can be read in
parallel. When the pointer directs to a plane, the first page of
a request or the page with the plane’s address is written to the
plane. The time complexity of (1) is O(1): the time overhead of
the data allocation module in RDA is imperceptible. Moreover,
as SSDs employ DRAM to cache the pages of write requests,
the module adjusts the write order of pages and writing back
the pages are prioritized corresponding to the plane indicated
by the loop pointer.

Let us describe the data allocation module of RDA with an
example illustrated in Fig. 7, where an SSD with eight planes
serves three write requests. The parallelism of the first request
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and the last two requests are regulated by the initialized table
and the updated table in Fig. 6, respectively. In the first round
of writing pages, the loop pointer starts from plane 0 and
points to eight planes in turn. Pages 0, 1, and 2 of the first
request are first written to planes 0, 1, and 2, respectively,
(parallelism = three). Next, page 5 of the second request
is written to plane 3, and pages 6 and 7 are, respectively,
allocated to planes 4 and 3 (parallelism = two). To this end,
since the loop pointer is shifted to the next plane after writing
a page, page 6 is written to plane 4, whereas the writing of
page 7 is deferred to the second round. Then, pages 11 and 12
of the third request are located on planes 5 and 6, respectively.
After writing eight pages to the eight planes, the SSD starts
the second round of writing pages, and the pointer restarts
from plane 0. In the second round, when the pointer points to
plane 3, page 7 will be written to the plane. In this case, any
two consecutive pages of the second request can be read in
parallel to warrant read parallelism.

In summary, RDA adjusts the parallelism of write requests
through historical read requests, and the parallelism is incor-
porated to allot the plane address of pages. In doing so,
RDA effectively curbs the redundant parallel distribution of
consecutive pages and the SSD performance is overhauled
by alleviating read performance degradation incurred by the
redundant parallel distribution.

D. Discussion

1) Space Overhead: In RDA, the parallelism mapping table
stores the parallelism for requests within a range rather than
a certain request or page. Taking the SSD with eight parallel
units in Fig. 7 as an example, the mapping table records
parallelism information for seven write ranges. Obviously, the
space overhead of the mapping table is negligible. In addition,
when a write request writes logical pages to the flash memory,
RDA assigns the logical pages to different physical pages by
the parallelism mapping table and records the write range
corresponding to the write request in the metadata of the
physical pages. It is worth noting that RDA only records the
write range information of the write request corresponding to
the pages. Subsequently, when RDA accesses the data of the
physical pages, it can simultaneously read the logical address
and write range corresponding to the physical page. Therefore,
RDA stores the write range information in flash memory
instead of FTL on DRAM. The main reason for this storage
method is to minimize the impact of the space overhead
on SSD performance. Since the DRAM space is extremely
limited and is important for the performance improvement of
SSDs, recording more information in FTL may affect SSD
performance. In contrast, flash memory has a larger storage
space, and the impact of adding the range information on
the total storage space of flash memory is negligible. For
instance, a 1 TB SSD contains eight parallel units (i.e., eight
planes), and the page size is 16 kB [34]. In RDA, the eight
parallel units means that physical pages have eight different
write range types, and each page requires 3 bits of space to
store its range type. The SSD contains 67108864 physical
pages, and thus it requires 201326592 bits (24 MB) of space
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to store the write range information for all pages. Obviously,
compared with a 1 TB SSD, the space overhead of 24 MB is
negligible.

2) Impact of Write Cache: On a DRAM-embedded SSD,
write-requested pages are cached in the write cache of DRAM
and written back to flash chips sequentially. However, except
for the first page of a write request, the remaining pages are
allocated by RDA to the specified plane addresses. Therefore,
when writing a cached page to flash memory, the page’s plane
addresses allocated by RDA may not be the plane pointed to
by the pointer. At this point, RDA will search for a suitable
cached page in the write cache and write it to the plane pointed
by the pointer. The suitable cached page is the first page of a
write request whose plane address is not restricted, or the page
that is allocated to the plane. Therefore, the write cache in
DRAM plays an important role in RDA. Fortunately, compared
with the limited parallel units, the write cache holds massive
pages for RDA to allocate, which effectively guarantees the
RDA performance. Taking an SSD with eight planes and a
128-MB write cache as an example, the write cache can store
8192 pages, and the pages will be allocated to the eight planes.
Therefore, each plane has sufficient candidate cached pages to
find a suitable cached page. It worth nothing that the impact
of cache size on optimization schemes involving caching
is usually unavoidable, and a larger cache can improve the
performance of most schemes. Fortunately, with the increasing
capacity of mainstream SSDs, the DRAM embedded in the
SSDs also has greater storage capacity. Since the large-
capacity cache can provide more cached pages, we believe that
RDA will have a promising performance in mainstream SSDs
with larger DRAM capacity.

3) Preemptive GC: Preemptive GC is common solution in
SSDs to alleviate the impact of GCs on requests. Specifically,
preemptive GC prioritizes serving read/write requests by
interrupting GC operations, and then resumes the interrupted
GC operations after completing the requests. However, it
cannot completely eliminate the impact of GCs on read/write
requests and seriously affects the write performance of SSDs.
Specifically, SSDs with preemptive GC have the following
problems. First, preempting GC interrupts data migration oper-
ations, while erase operations during GCs still block read/write
requests. Second, if a GC is continuously interrupted by
incoming requests, the GC-interrupted flash chip cannot erase
invalid data and generate free space through the GC. In this
case, write requests will be postponed indefinitely until the
chip has free space after completing the GC. Third, to prevent
the above case, SSDs usually maintain two GC thresholds:
1) a soft GC threshold and 2) a hard GC threshold (soft
> hard). If the remaining space of a flash chip is less than
the soft threshold, the flash chip triggers a preemptive GC
operation. When the remaining space is less than the hard
threshold, the flash chip will perform an uninterruptible GC to
prevent write requests from being postponed indefinitely. At
this point, requests accessing the chip are blocked during the
uninterrupted GC. In short, preemptive GC cannot completely
eliminate the impact of GCs on read requests. Fortunately, our
RDA strategy does not suffer from the above problems. RDA
mitigates the impact of GCs on read requests by reducing
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redundant data parallel distribution. Moreover, since the pur-
pose of RDA is to reduce the probability of read requests being
blocked by GCs, RDA does not conflict with preemptive GC,
and even can avoid the impact of uninterruptible GCs on read
requests. Therefore, RDA cannot be replaced by preemptive
GC and can effectively improve the performance of SSDs.

4) Multiple Read Requests: A modern SSD can fetch and
schedule I/O requests from multi /O command queues, and
inserts the requests into a device-level queue of the SSD.
Then, the requests in the device-level queue are serviced
by DRAM. When a read request in the device-level queue
misses DRAM, SSDs will divide the read request into multiple
subread requests based on the physical page size. Unlike
write requests, flash chips accessed by the read request are
determined, and each subread requests access the specified
flash chip. A GC-blocked chip will inevitably block read
requests accessing data within the chip. While a subread
request accesses a GC-blocked chip, it will seriously affect the
completion time of its corresponding read request. Fortunately,
RDA curtails the possibility of read requests being blocked by
GCs through degrading the parallel allocation of consecutive
pages, which effectively reduces the overall read latency of
read requests.

For example, in an SSD with four chips 0, 1, 2, and 3
(each chip has only one plane), there are two four-page write
requests W1 and W2, and two read requests R1 and R2
access the pages of W1 and W2, respectively. In the traditional
allocation scheme, W1 writes its four pages to the four chips 0O,
1, 2, and 3 with maximum parallelism, respectively. Likewise,
W2 also writes to the four chips. Then, R1 and R2 access
the pages of W1 and W2 on the four chips. At this time,
all chips are accessed by subread requests from R1 and R2,
and each chip has two subread requests. When chip 0 is
blocked by a GC, the subread requests of R1 and R2 on chip
0 are blocked. R1 and R2 cannot be finished until the blocked
subrequests are completed. Thus, in the traditional allocation
scheme, both R1 and R2 are blocked, and the completion time
of the two requests is significantly increased. Conversely, RDA
can reduce read requests affected by GCs. It is assumed that
RDA adjusts the parallelism corresponding to four-page write
requests to two. In RDA, W1 writes four pages to chips 0
and 1 according to the parallelism two, and each chip stores
two pages. Similarly, W2 is written to chips 2 and 3. Then,
R1 accesses the pages of W1 on chips O and 1, while R2
accesses chips 2 and 3. At this point, each chip has two subread
requests, and all chips are also accessed by R1 and R2. When
chip O is blocked, the subread requests of R1 on chip 0 are
blocked. Fortunately, R2 accessing chips 2 and 3 will not be
blocked by the GC. Therefore, unlike the traditional allocation
schemes, RDA only blocks one read request in the above
example, thus effectively improving read performance.

5) Write Ranges and Average Size: RDA distributes write
requests to different write ranges by the request size and counts
the size of read requests accessing all written data in each
range. Thus, RDA can fully fetch the parallel requirement
of all read requests of a range. Additionally, RDA adopts
the average size of read requests to reasonably adjust the
parallelism of a range, which can comprehensively consider

TABLE I
SPACE OVERHEAD OF FINE-GRAINED REQUEST MAPPING

Trace |Total Write | Total write addresses | Space Overhead
24HRS | 4293405 2903065 11612KB
CFS 1173051 755227 3021KB
DAP 476079 92938 372KB
mds_0 | 1067061 33141 133KB
mds_1 116676 34248 137KB
proj_0 | 3697143 216268 865KB
src2_0 | 1381085 56062 224KB
ts_0 1485042 55669 223KB

the parallelism requirements of all requests within the range. In
a nutshell, using the size-averaging method, RDA can balance
the read parallel requirements of different written data in
a range as much as possible, thereby slightly reducing the
parallelism of write requests while significantly improving
read performance.

Furthermore, there are two main reasons why RDA adjusts
write parallelism through different write ranges rather than
different write requests. First, compared with recording write
requests, the space overhead generated by recording write
ranges and their parallelism is extremely limited. In contrast,
recording the parallelism of different write data will generate
tremendous space overhead. Second, the cost-effectiveness of
recording write requests is extremely low. Since most of the
data in an SSD is cold data that will not be written repeatedly,
it is useless for the mapping table to record cold write requests.
Therefore, RDA employs write ranges to adjust the parallelism
of write requests, which can directly obtain the parallelism
requirements of read requests, thereby diminishing redundant
data parallel distribution. Below, we analyze the SSD space
overhead in coarse-grained range mapping and fine-grained
request mapping, thereby revealing the relationship between
granularity size, overhead, and performance.

In RDA, the parallelism mapping table can be stored in the
form of an array in terms of data structure, which is usually
represented by an array of P-1 elements. In the parallelism
mapping table with the coarse-grained range mapping, P is
the number of parallel units in an SSD. P-1 is the number of
write ranges, and each element records the write parallelism
corresponding to each range. Taking a SSD with eight parallel
units as an example (see Fig. 6), the parallelism mapping table
records the parallelism of the seven write ranges through an
int array Array[7] with seven elements. Array[1] represents
the parallelism corresponding to the write range (32 kB, 48
kB]. At this time, RDA with the coarse-grained range mapping
generates 28 Byte (7x4 Byte) of space overhead.

However, if RDA adopts the fine-grained request mapping,
the parallelism mapping table of RDA must record the first
logical address of a write request and its corresponding
parallelism. At this point, P-1 is the number of write requests
with different write logical addresses. Table I shows the space
overhead of the fine-grained request mapping for different
workloads. In Table I, total writes are the total number of
write requests in a workload; Total write addresses is P-
1, which is the number of write requests with different
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TABLE 11
SIMULATION PARAMETERS

SSD parameters

(SSD Capacity, Channels) (128GB, 2)
(Chips, DRAM capacity) (4, 128MB)
(Die, Planes, Blocks, Pages) (1, 2, 1888, 576)
(Page size, Cell density) (16KB, TLC)

(Over provision, GC trigger) (25%, 5%)

Latencies
Page Program 9008
Page read (LSB, CSB, MSB) | (90us, 120us, 180us)
Block earse 10000us

write logical addresses, and is also the number of mapping
relationships in the mapping table; Space overhead is the
space overhead generated by the parallelism mapping table
with the fine-grained request mapping. It can be seen from
Table I that the overhead of the fine-grained range mapping is
much higher than that of the coarse-grained range mapping.
More importantly, the space overhead of fine-grained request
mapping will generate large additional data writes, because
the mapping table occupies the storage space that holds the
write request data. The additional data writes will trigger GC
operations, thus seriously affecting SSD performance.

VI. EVALUATION
A. Experimental Setups

To evaluate the effectiveness of our RDA, we implement
RDA in a well-known SSD simulator, SSDsim [26]. SSDsim,
as a trace-based public simulator, seamlessly integrates dis-
tinctly defined structures, such as a buffer management, a
request allocation layer, an FTL layer, and a hardware module
layer. Meanwhile, a wide adoption of SSDsim is found in a
pile of studies investigating the performance of SSD-based
storage systems. The detailed SSD parameters adopted by
our implementation are tabulated in Table II. Specifically,
we simulate a 128 GB capacity SSD, and the SSD has
four TLC 3-D NAND chips. The configuration parameters of
our experiments are mainly derived from [5], in which the
alternative allocation schemes are delineated.

Furthermore, our simulated SSD employs two-step pro-
gramming to write data. We must clarify that RDA is
not affected by programming methods. Currently, two-step
programming and one-shot programming are currently the
mainstream programming methods, which are applied to float-
ing gate flash memory [39] and charge trap flash memory [4],
respectively. The difference between the two programming
methods lies in how the plane writes the data of logical
pages to physical pages. However, as a data allocation scheme,
the main role of RDA is to distribute logical pages to
different planes. Therefore, regardless of the programming
methods, RDA can still use (1) to place consecutive pages on
different parallel units according to the parallel requirements
of read requests, thus fully utilizing the parallel resources of
SSDs.

Workloads: We evaluate the performance of RDA driven
by the eight realistic workloads. Table III indicates that the
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TABLE III
1/0 CHARACTERISTICS OF EIGHT WORKLOADS

Trace |Total I/Os | Write Ratio | Avg_Write_Size | Avg_Read_Size
24HRS | 5250996 0.817 23.32 212.22
CFS | 4477510 0.262 25.24 17.45
DAP | 1086729 0.438 194.26 124.23
mds_0 | 1211034 0.881 14.47 47.42
mds_1 | 1637711 0.071 27.68 119.15
proj_0 | 4224524 0.875 81.41 35.67
src2_0 | 1557814 0.887 14.19 16.21
ts_0 | 1801734 0.824 16.01 27.36

workloads have various write ratios, ranging from 7.1% to
88.7%. Among the workloads, workloads 24HRS, CFS, and
DAP are obtained from Microsoft Production Server [38]. The
other five workloads come from the MSR [37] repository.
In Table III, Avg_Write_Size and Avg_Read_Size signify the
average size of write and read requests by the number of
logical sectors, respectively. Additionally, among these eight
workloads, 24HRS, mds_0, proj_0, src2_0, and ts_0 are
write-intensive workloads, while the other three workloads
exhibit read-intensive behaviors. Because RDA optimizes read
performance by allocating consecutive data to multiple paral-
lel units, the write-intensive workloads facilitate coordinated
support for evaluating the improvement of read performance
through the data allocation of RDA.

Comparison Schemes: We compare RDA with four state-of-
art solutions: 1) dynamic allocation (Baseline); 2) AMP [24];
3) SOML [5]; and 4) Preemptive GC [40]. Among the
alternatives, the dynamic allocation scheme is serving as a
baseline solution. For fair comparison purposes, we normalize
the experimental data of all the tested schemes against the
baseline scheme. Since the eight workloads have different
access characteristics, the performance improvement of the
above schemes may not be of the same order of magnitude
under the workloads. To clearly demonstrate the performance
improvement of different schemes, we adopt the normalization
approach to comparing the schemes against the baseline. The
four alternative solutions are summarized as follows.

1) Dynamic Allocation: The dynamic allocation scheme
sequentially writes pages to multiple planes according to
the cache queue. The scheme effectively maintains high-
read/write parallelism of SSDs, but the conflict between
GCs and parallelism is ignored.

2) AMP: AMP adjusts the order of a request queue based
on the request characteristics. AMP avoids the access
conflict between I/O and GCs, shortening the over-
all latency of SSDs. However, AMP falls short on
addressing the adverse repercussion of GCs on parallel
operations.

3) SOML: SOML is fine-grained parallel read operations
within a plane. SOML combines multiple small read
requests by adding extra circuits, thus improving read
throughput. Unfortunately, the extra circuits introduce
additional space and time overhead.

4) Preemptive GC: Preemptive GC can prioritize 1/O
requests from a host by preempting the ongoing GCs,
thereby significantly reducing I/O latency. Regrettably,

Authorized licensed use limited to: Auburn University. Downloaded on March 14,2025 at 20:11:45 UTC from IEEE Xplore. Restrictions apply.



426 IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 44, NO. 2, FEBRUARY 2025

Preemptive GC still does not fully address the impact of
GCs on requests.

B. Performance Evaluation

We evaluate the performance and durability of RDA with
five metrics, namely, 1) GC-blocked read requests; 2) parallel
read counts; 3) GC counts; 4) write amplification; and 5) aver-
age response time. The first two metrics assess the impact of
RDA on read requests, and the latter three metrics evaluate
the performance of RDA in terms of SSD lifetime and latency.
The rationale behind the selection of these metrics is given as
follows.

1) GC-blocked read requests reveal the number of read
request blocked by GC operations, thus analyzing the
optimization of our RDA on GC-blocked I/Os.

2) Parallel read count is a significant indicator for evaluat-
ing the impact of different schemes on read parallelism.

3) In NAND flash memory, each block has a constraint on
the maximum number of erase operations. As each GC
involves a block erase operation, GC counts intuitively
express SSD lifetime.

4) Write amplification indicates that the data actually writ-
ten to flash memory is greater than the write data issued
by a host. Write amplification factor (WAF) represents
the ratio of the actual amount of data written on flash
memory to the amount of data written by a host. The
WAF value reflects the impact of SSD optimization
schemes on SSD performance and lifetime.

5) Finally, average response time indicates the average time
spent by an NAND flash-based SSD in processing a
request: the response time is mainly divided into read
response time and write response time.

Furthermore, recognizing that the N value have potential
influence on the performance of RDA, we discuss the choice
of N value in RDA at the end of this section.

1) GC-Blocked Read Requests: In this section, we pay
attention to GC-blocked read requests for evaluating the
scheme performance. GC operations will block the access
of read requests, which seriously affect read latency. An
increasing number of GC-blocked requests exacerbates SSD
performance degradation. In our experiment, we compare our
RDA with the other three schemes in terms of GC-blocked
read requests under the eight workloads. It is worth noting
that since preemptive GC interrupts GCs and prioritizes read
requests, the interrupted GCs will not block read requests.
Therefore, we do not evaluate preemptive GC in this section.

Fig. 8 unveils the number of GC-blocked read requests
of different schemes handling the eight workloads. We can
observe from Fig. 8 that our RDA has a leading edge over
the other schemes regardless of the workload conditions.
For example, RDA significantly reduces the GC-blocked read
requests of the baseline scheme by 12.1%, 13.1%, 62.1%,
7.4%, 5.1%, 13.1%, 18.5%, and 21% under the eight traces,
respectively. Moreover, compared with AMP and SOML, RDA
slashes the number of GC-blocked requests by averages of
14.9% and 26.4%, respectively. These results demonstrate that
RDA is superior to the other alternative schemes. Although
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Fig. 8. GC-blocked read requests of four schemes.
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Fig. 9. Parallel read counts of different schemes under eight traces.

AMP alleviates the negative impact of GCs on requests, AMP
is unable to fundamentally avert the requests to access GC-
ing chips. Unlike the existing schemes, our RDA technique,
suppressing the redundant parallel distribution of consecutive
pages, is adroit at diminishing the probability of requests being
impeded by GCs. RDA has a clear edge over the alternatives
in boosting the latency performance of SSDs.

2) Parallel Read: 1In this group of experiments, we examine
parallel read operations to evaluate the performance of SSD
optimization schemes. The parallel read operation is a domi-
nant indicator for evaluating the impact of various strategies
on read parallelism. A high number of parallel read counts
entails the fast performance of an entire storage system.

Fig. 9 unfolds the parallel read counts of the five schemes
driven by the eight traces. In Fig. 9, RDA claims a win-
ning position among its peers with respect to parallel read
counts. In particular, compared with the baseline scheme, our
RDA increases the number of parallel read operations by
8.2%, 15.2%, and 10.9% under 24HRS, DAP, and proj 0,
respectively. Under the other workloads, RDA presents a
similar performance to those of the baseline scheme, but RDA
noticeably outperforms the other schemes. Since AMP, SOML,
and preemptive GC ignore the impact of parallel distribution
of consecutive pages on read parallelism, they have similar
performance in terms of parallel read counts. Recall that RDA
allocates consecutive pages to different planes by the size of
read requests, so parallel reads of the pages are maintained:
RDA exhibits superb performance in terms of read parallelism.

3) GC Counts: NAND cells have limited erase operations.
Unfortunately, each GC triggers an erase operation and reduces
the reliability of cells. Thus, GC counts are an effective
indicator for evaluating SSD lifetime. For this reason, we
investigate the impact of RDA on SSD lifetime by comparing
RDA with the other four schemes in terms of GC counts. The
experimental results are shown in Fig. 10.

Fig. 10 unveils that compared with the other four schemes,
RDA is the most conducive approach to prolonging the life
of SSDs (a low-GC count signifies a long SSD lifetime).
For instance, RDA slashes the number of GC operations of
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Fig. 11. Write amplification of different schemes with eight traces.

the baseline, AMP, and SOML, preemptive GC by averages
of 7.2%, 7.1%, 8.0%, and 8.3%, respectively. Since the
comparison schemes ignore the data fragmentation problem
exacerbated by the parallel distribution of consecutive pages,
these schemes cannot effectively alleviate the surge of GC
operations caused by data fragmentation. Conversely, our RDA
takes full account of the impact of parallel distribution on
GCs while protecting read parallelism. RDA alleviates the
data fragmentation problem through pruning the redundant
parallel distribution, thereby reducing the number of GC
operations.

4) Write Amplification: We evaluate the write amplification
of the five alternative schemes on the eight real-world work-
loads. Write amplification plays an important role in evaluating
SSD lifetime: a small write amplification indicates long SSD
lifetime.

Fig. 11 shows the WAF of the five different schemes.
The experimental results demonstrate that RDA significantly
lowers the write amplification of the other schemes under the
real-world workloads. Especially, compared with the baseline
scheme, RDA reduces write amplification under CFS and
src2_0 by 9.6% and 15.2%, respectively. Moreover, under
the other workloads, RDA also marginally drops the write
amplification ratio of the other SSD optimization schemes.
AMP, SOML, and preemptive GC present similar performance
to the baseline scheme on write amplification because of
ignoring the influence of data locality on SSD lifetime. In a
nutshell, these experimental results reveal that RDA offers the
lowest-write amplification among the five SSD optimization
schemes because RDA is adept at improving data locality and
suppressing GCs. The reduction of GCs remarkably mitigates
write amplification.

5) Average Response Time: Now we are at the position of
evaluating the average response time of RDA. Response time,
as an important indicator for evaluating SSD performance, is
mainly divided into read response time and write response
time. As a result, we conduct experiments to compare RDA
with the other four schemes in terms of average read/write
response time.

Fig. 12, illustrating the average read response time of the
five schemes under the eight workloads, unveils that RDA
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Fig. 12.  Average read response time with different schemes under eight
traces.
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Fig. 13. Average write response time of different schemes under eight traces.

outperforms the other three schemes Baseline, AMP, and
SOML under the eight workloads. For instance, compared
with the baseline scheme, RDA improves its read response
time under the eight traces by 30.3%, 79.4%, 66.5%, 9.8%,
16.6%, 10.8%, 33.7%, and 13.7%, respectively. Also, RDA
boosts the read performance of AMP and SOML by an average
of 21.9%. Moreover, while preemptive GC exhibits the best
performance under mds_0, mds_1, src2_0, and ts_0, it does
not perform as well as RDA under the other workloads. The
reason for the above experimental results is as follows. Under
workloads with small write data (e.g., mds_0, mds_1, etc.),
preemptive GC significantly improves read performance by
interrupting GC operations. However, when SSDs will trigger
uninterruptible GCs under workloads with large write data
(e.g., 24HRS, CFS, etc.), preemptive GC cannot prioritize read
requests. Fortunately, RDA is not affected by uninterruptible
GCs, which reduces data parallel distribution to fundamentally
alleviate the possibility of read requests being blocked by GCs,
thus significantly improving read performance.

Furthermore, compared with SOML, AMP adjusts the
access mode of request queues and reduces the data writing of
GC-ing flash chips, thus affecting GCs and WAF. Therefore,
AMP has better performance than SOML under some work-
loads in terms of GC-blocked read requests, GC counts and
WAF. However, SOML is a read latency optimization scheme
that focuses on reducing read latency. SOML merges multiple
subpage-level read requests into a page-level read request, and
thus reduces read operations and latency. Accordingly, SOML
provides better-read performance than AMP.

Fig. 13 shows the average write response time of the five
schemes. Unsurprisingly, RDA also has a performance edge
over the other schemes. Compared with the other four schemes
Baseline, AMP, SOML, and preemptive GC, RDA cuts the
write response time by an average of 20.7%, 10.3%, 14.4%,
and 17.6%, respectively. These findings are expected: GC is a
root cause of extended write latency. It is only after completing
GC operations that flash chips can generate free space to store
the data of write requests. RDA can effectively lower the
impact of data fragmentation on GCs, thereby reducing GC
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Fig. 14. Performance comparisons between different N values. (a) GC-
blocked read requests. (b) Average read response time.

operations and improving write performance. Therefore, RDA
immensely shortens read/write latency to reshape the overall
SSD performance.

6) Evaluation of N Values: RDA updates the parallelism
of the corresponding range by calculating the average size
of N read requests. Accordingly, to explore the impact of N
values on RDA, we conduct experiments with the six N values:
DN=4,2)N=28;3)N=10;4) N = 20; 5) N = 50; and
6) N = 100. In the last set of experiments, we quantitatively
gauge the RDA performance with different N values in terms
of GC-blocked read requests and average read response time.

Fig. 14 (a) and (b) plot the GC-blocked read requests
and average read response time of the six N values under
the eight workloads. The empirical study demonstrates that
due to the diversity of the workload characteristics, RDA
exhibits an impressive performance fluctuation with the change
of N. Fortunately, N = 10 has an outstanding performance
exceeding the other N values. Specifically, compared with
the five values, N=10 cuts back the number of GC-blocked
read requests and read response time by an average of
5.8% and 17.9%, respectively. There are two primary reasons
behind these experimental results. First, if the N value is
too small, RDA only records a few read requests, which
cannot reflect the current I/O access trend and adjust the
write parallelism reasonably. Second, since I/O requests have
temporal locality, a large N implies a weaker temporal locality.
In short, N = 10 has an outstanding and stable performance
improvement than the other values. Therefore, our RDA adopts
the average size of 10 read requests to update the parallelism
of a range in the parallel mapping table.

VII. CONCLUSION

In this article, we proposed a read-request driven adaptive
allocation scheme—RDA—to suppress redundant parallel dis-
tribution, thereby optimizing the overall performance of SSDs.
RDA adjusts the parallelism of write requests with various
sizes through historical read requests. Then, RDA allocates

the pages of the write requests to multiple parallel units by
the specified parallelism. Consequently, RDA is conducive to
maintaining read/write parallelism while reducing redundant
parallel distribution and data locality in NAND flash-based
SSDs is immensely improved.

We conducted experiments to evaluate RDA from the per-
spective of SSD performance optimization. The experimental
results confirm that RDA bolsters the read performance and
lifetime of SSDs by reducing redundant parallel distribution.
Compared with a baseline dynamic allocation scheme and
three state-of-art schemes—AMP, SOML, and preemptive
GC—driven by the eight real-world workloads, RDA trims the
number of GC-blocked read requests and the read response
time by averages of 20.6% and 15.8%, respectively.
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