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Page Type-Aware Full-Sequence Program
Scheduling via Reinforcement Learning
in High Density SSDs

Jun Li", Zhigang Cai

1 Abstract—Full-sequence program (FSP) can program multiple
2 bits simultaneously, and thus complete a multiple-page write
3 at one time for naturally enhancing write performance of high
4 density 3-D solid-state drives (SSDs). This article proposes an
5 FSP scheduling approach for the 3-D quad-level cell (QLC) SSDs,
6 to further boost their read responsiveness. Considering each FSP
7 operation in QLC SSDs spans four different types of QLC
s pages having dissimilar read latency, we introduce matching four
9 pages of application data to the suited QLC pages and flush
10 them together with the one-shot program of FSP. To this end, we
11 employ reinforcement learning to classify the (cached) application
12 data into four categories on the basis of their historical access
13 frequency and the associating request size. Thus, the frequently
12 read data can be mapped to the QLC pages having less access
15 latency, meanwhile the other data can be flushed onto the slow
16 QLC pages. Then, we can group four different categories of data
17 pages and flush them together into a four-page unit of 3-D QLC
18 SSDs with an FSP operation. In addition, a proactive rewrite
19 method is also triggered for grouping the hot read data with the
20 cached data to form an FSP unit. Through a series of emulation
21 tests on several realistic disk traces, we show that the proposed
22 mechanisms yields notable performance improvement on the read
23 responsiveness.

24 Index Terms—3-D NAND flash, full-sequence program (FSP),
25 quad-level cell (QLC), read performance, reinforcement learning
26 (RL), scheduling.

27 I. INTRODUCTION
AND flash memory-based solid-state drives (SSDs) have
29 been widely employed in smartphones, laptops, and data
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Fig. 1. Four-step programming and read procedures in QLC NAND
flash [16], [46], and the read latency of different types of QLC page is referred
to [11] and [36].

centers [1], [2], [3]. Thanks to the cell density development
and 3-D stacked technology, 3-D high density SSDs become
a mainstream in the market [4], [5], [6]. For example, modern
3-D quad-level cell (QLC) can store up to 4-bits information
per cell, and with 128 layers or even 176 layers [7], [8].
Although high density SSDs can greatly contribute to the
reduction of per unit price, the program (write) latency
significantly prolongs, due to the fact that the small-sized
high density cells must store more cell states to hold more
information, leading to narrow margins for distinguishing
between these states.

To accelerate the degraded program throughput in high
density SSDs, the full-sequence program (FSP) mechanism
is advanced for the high density flash memory [9]. It can
program multiple bits simultaneously, and thus complete a
multiple-page write at one time [10], [11]. As seen in Fig. 1,
FSP can synchronously write four data pages to four QLC
pages' with one program operation, so it can speed up write
throughput by up to 4 x in QLC SSDs [16]. In fact, the flash
memory vendors, such as Toshiba [12] and Hynix [13] have
already enabled the advanced FSP functionality in their SSD
products, to enhance programming efficiency.

When scheduling an FSP operation, it couples multiple data
pages from the buffered data in the dynamic random access
memory (DRAM) cache of SSDs, by following the cache
management policies, such as first input first output (FIFO)
and least recently used (LRU). However, grouping the data

Hn this article, we use the term of the data page representing the application
data that is buffered in the SSD cache with an SSD page size, and utilize the
term of the QLC or SSD page indicating a basic storage cell of QLC SSDs.
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pages in a sequential order and flushing them onto the flash
cells with an FSP operation may degrade the read performance.
Wu et al. [35] proposed logical address distance-aware FSP
scheduling for efficiently utilizing internal parallelism of SSD
channels, after observing that read access exhibits a sequential
feature. Specifically, they utilize 5% of the internal DRAM
cache as the write back cache, and then group the application
data that do not have adjacent addresses into a storage
unit for each FSP operation, for improving the read access
parallelism.

More specifically, a read access toward an SSD page mainly
consists of two parts of latency, i.e., page read time and error
correction code (ECC) decoding time. Apart from the fixed
decoding time, each FSP storage unit has four QLC pages on
the flash arrays, including a least significant bit (LSB) page,
a central LSB (CLSB) page, a central most significant bit
(CMSB) page, and a most significant bit (MSB) page, with
varied read access latency. As the example demonstrated in
Fig. 1, the latency of the LSB page that is the fastest QLC
page, is 90us, but it takes 180us to read the slowest QLC
page (i.e., the MSB page), which is 2 x latency of reading
the LSB page [36].

On the other side, real-world applications commonly have
varied read frequencies on different parts of their data. Thus,
we argue that the one-shot program of FSP indiscriminately
groups multipage data and flushes them together onto an FSP
storage unit that has four types of QLC pages, must impact
the performance of the read accesses.

To our knowledge, no existing work focuses on intelligently
grouping user data based on their access feature, and mapping
them onto the suited SSD pages in FSP scheduling. To
address this issue and further optimize the read performance
in FSP-supported QLC SSD devices, we propose a new
FSP scheduling approach, by using reinforcement learning
(RL) to this end. In brief, this article makes the following
contributions.

1) We propose a delayed rewarding-enabled RL model, to
classify the best-fit type of the QLC page for a given
data page, by considering factors of the historical access
frequency and the associated request size. To support
the feature of delayed rewarding of the RL model,
we introduce a new g-table design, called as across-
episode g-table. Instead of an unique g-value, each
element of the g-table consists of two values, including
the active and shadow gq-value, used for, respectively,
making decisions in the current episode and updating in
the next episode.

We group four pages of the user data in the DRAM
cache of QLC SSDs by basically following the LRU
manner, on the basis of the outputs of RL. Then, it can
evict the grouped four data pages from the DRAM
cache, and simultaneously program them onto the suited
QLC pages with an FSP process.

We proactively trigger the rewrite operation for relocat-
ing the hot read data that were originally mapped in slow
pages. It treats such hot read data as to-be-written data
and puts them into the tail of the LRU list. After that,
these hot read data can be grouped with in-cache write
data, and to be flushed together with an FSP operation.

2)

3)

4) We offer comprehensive evaluation on several disk traces
of real-world applications. As measurements indicate,
our proposal can increase the read accesses on the
fastest QLC pages (i.e., LSB pages) by 2.5 x and
thus improve read performance by 36.1% on average,
compared to the state-of-the-art methods.

II. BACKGROUND AND MOTIVATION
A. Background Knowledge

1) SSD Background and FSP: The basic read/write unit of
SSDs is the flash page, and a large I/O request of the user
application must be split into multiple page-size data segments
(i.e., data pages) [14]. Because the SSD device does not allow
in-place update, the update operation is completed by flushing
the new data on another flash page, indicating the original
data page will be marked as invalid. To this end, SSD devices
incorporate the flash translation layer (FTL), which maintains
a page-level mapping table to record the mapping relationships
between the logic page addresses of the user requests and the
physical page addresses on underlying flash arrays [24].

Furthermore, FTL supports garbage collection (GC) [15],
which is used to reclaim the space occupied by the invalid data
(i.e., outdated pages) caused by the out-place updates, when
the available capacity of SSD becomes lower than a predefined
threshold. Since, each SSD block affords a limited number
of erases, SSD devices commonly utilize a DRAM cache for
buffering the part of the frequently accessed user data, to avoid
the flush operations on the SSD blocks and extend the lifetime
of the SSD devices.

More importantly, QLC flash stores four bits of information
in each cell, thus increasing the capacity of the SSD blocks.
Specifically, each QLC block has many four-type pages,
including LSB pages, CLSB pages, CMSB pages, and MSB
pages, and the number of each type of pages is equivalent.
The issue is that the different types of SSD pages have the
same capacity but dissimilar read latency.

The FSP approach programs multiple data pages in a
word line at a time, such as four data pages for the QLC
SSDs, to allow the fast programming speed in high density
SSDs [35], [36]. In this article, we study organizing four pages
of the user data matching the types of four QLC pages, and
programming them as an unit simultaneously into QLC flash
with FSP.

2) Reinforcement Learning: Different from the most
machine learning and deep learning approaches, the RL
method is a lightweight machine learning model. It incurs
low space and computational overhead, e.g., requiring a few
KBs of memory and less than 0.31% of I/O processing
time in the experiment that will be detailedly described in
Section IV-D3, as it merely maintains and updates a g-fable
to associate the states with the actions (in the Q-learning
cases). We use it as an online model without offline training
in advance that the other classification models need, e.g.,
the existing artificial neural network (ANN) model. Because
the RL model has the feature of an online model, it can
learn the specific rule. However, the other offline classification
model can only learn an universe one without updating on the
workloads. As a result, the RL model has been successfully
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Fig. 3. Access distribution of the hottest read addresses after running the
selected I/O traces. In which, the values of read bars represent the ratios of
the read count on the top 25% hottest read addresses to the read count on all
read addresses, whereas those of blue bars stand for the ratios of read counts
for LSB pages dividing that of all pages.

applied to the resource-limited SSD devices, for guiding the
GC scheduling [28], read refreshing scheduling [29], and other
aspects [31], [32], [33], [34].

Especially, Q-learning is a widely used model-free RL
algorithm, to learn the value of an action in a particular
state [21]. To this end, it holds a data structure of the g-table
and their values are referred to as the g-values, corresponding
pairs of state and action, for directing the best-fit action
according to the given state in the future.

B. Motivations

We replayed 30 block I/O traces of real-world applications
that are from Microsoft Research Cambridge [26] and Alibaba
cloud [27], and then recorded the read access frequency of
different parts of the data. Fig. 2 shows the distribution results
of varied read frequencies of the data, and the frequency
setting is referred to [17]. In cases of the most block I/O
traces, some pieces of the data are intensively read, while the
others are not. This fact verifies that the phenomenon that
different parts of application data endure varied read accesses
at different phases are common.

Moreover, we collected the distribution of reads on the top
25% frequently (hot) read pages and the fastest QLC pages
(i.e., LSB pages). The experiments were conducted on the
2 MB cache setting, and the other SSD-related experiment
settings and the detailed specifications of selected traces will

19s be described in Section IV-A. As seen in Fig. 3, the read
109 access to the top 25% of the frequently read addresses accounts
200 for a major part of the total read accesses with 82.2% on

Q 0 VA A D 5O
N DDA A
SFFEIEE

Read access distribution of different levels of access frequency after running the selected block I/O traces.
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Fig. 4. High level overview of the proposed FSP scheduler implemented in
QLC SSD devices.

average. This ratio represents the best-case scenario, where
all these data can be read from the fastest QLC pages. The
ratio of LSB page reads to all the reads is, however, only
around 25%. That is to say, there is room for optimization on
allocating the hot read data to the suitable type of the SSD
pages.

Such observations motivate us to group the data pages
having different levels of read hotness into a storage unit of
FSP (i.e., four-page data), corresponding to the read latency of
four types of pages of QLC SSDs. After that, we can commit
the unit of four data pages to four types of QLC pages with an
FSP operation. Consequently, the read performance of SSDs
can be significantly enhanced, as the hottest read data are
preferably kept on the fastest QLC pages.

III. RL-BASED FSP SCHEDULING
A. Overview

Fig. 4 demonstrates the high-level overview architecture of
the proposed FSP scheduling scheme. First, the FTL of SSD
takes charge of serving host requests. In which, our proposed
method takes charge of dispatching the four cached pages
as an FSP unit, when it needs to evict the data and makes
room for the new data in the SSD cache. In our design,
we introduce a component of the FSP scheduler running at
FTL, that consists of three modules of Agent, Group, and
Rewrite Module. Specifically, Agent Module makes use of RL
to categorize the cached data pages of applications into four
types, according to the factors of the read hotness, the data
size, and the size of the relevant request that initially writes
the data page. Group Module couples four data pages that have
different categories to form a storage unit, so that it can be
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Fig. 5. Framework of online training-based RL in our proposal of FSP
scheduling.

231 flushed onto the QLC pages with an FSP operation. Note that,
232 Agent and Group Modules are activated when evicting the FSP
233 units of the user data pages from the data cache, and Rewrite
234 Module is activated when the hot read data are retrieved from
235 the slow pages. Specifically, Rewrite Module primarily aims
236 to proactively redistribute some hot read data to the fast pages
237 by utilizing the functionalities of both the Agent and Group
238 Modules.

239 Besides, the native functionality of cache management
2¢0 running at FTL is modified for supporting the newly proposed
241 FSP scheduling approach. To be specific, a fixed ratio of tail
242 data pages in the LRU list of the cached data pages instead of
243 only four tail data pages, are treated as the evicted candidates,
244 when grouping a four-page FSP unit needed by Group Module.

25 B. Agent Module: RL-Based Classification

246 The basic idea is to utilize the RL model categorizing data
247 pages and then recommending four of them to be flushed
248 together with an FSP process, for better matching four QLC
29 pages that have different read latency, in an FSP storage unit.
20  Fig. 5 illustrates the framework of RL, and it shows the
251 interaction between the Agent (the FSP scheduler in our
252 context) and Environment (QLC NAND SSDs in our context).
23 As seen, Agent maintains a data structure to make the best-
254 fit decisions (e.g., Action A;). Then, it needs iterating and
s updating the corresponding values of the data structure accord-
26 ing to the future reward (i.e., Reward R;), in the learning
257 process. Note that, in this work, the feature of online training
28 in RL makes it possible to approximate the optimal policies
259 with not much overhead. This section mainly describes our
200 RL implementation, including action, state, reward, and other
261 details.

22 Actions: The available selections for the Agent in the RL
263 model. The purpose of our RL-based model is to determine
204 the type of data pages, corresponding to the four types of
265 QLC pages. Consequently, Actions are set consisting of LSB,
266 CLSB, CMSB, and MSB.

267 States: The observations related to action decisions from
268 the Environment in the RL model. Considering the basic
260 granularity of I/O scheduling inside SSDs is the data page,
270 we define states in the RL model associating with the given
271 data page. In the context of our RL-based model, the states
272 are the current situations of the cached data pages, which
273 are the candidates of FSP scheduling, to be classified into
4 four categories. Besides, the historical access information of
275 the data pages is crucial for accurate classification. Thus, we
276 consider the following three aspects when defining the states.

2

a

2

]

1) The short-term and long-term history information of
access frequency on the data page should be considered
first. Specifically, the long-term access frequency is cat-
egorized into four states, as analysed in the observation
of Section II-B, namely, 0 and 1,2 and 3,4 and
5, and >5. Meanwhile, the short-term access frequency,
is determined by whether or not the data page has been
accessed. In our design, the long-term information refers
to the accumulated read count of histories, while the
short-term one is based on the page read in the recent
episode. In brief, 2 bits plus 1 bit are, respectively, used
to record the long-term and short-term information.

2) Apart from read requests that need accessing the data
saved in QLC pages, the small update (write) requests
expect fetching the original data from the SSD pages
as well, and such update operations are called as read-
modify-writes (RMWSs) [22]. Thus, the size information
is also referred to as a factor when defining the states.
Considering the small size of the I/O request and page-
level application data may require the update operation
with RMW, we define a small I/O request if the size
is not larger than one page; otherwise, the request is
defined as a large one.

3) The type of QLC page that holds the data associating
with the previous write operation on the same logical
page address can be divided into four states (i.e., four
types of QLC pages; to record this information, we use
2 bits to represent the LSB, CLSB, CMSB, and MSB
page, by referring to the previous action of classifying
the type of the data page. For example, data with the
page address 368 was ever flushed into the MSB page
before it re-entered the DRAM cache. We record this
information in the page address 368 as 11. Note that,
if the pages of data are the new data that first appear,
we set this information as the LSB page (i.e., 00) in
default.

In summary, we define four groups of the long-term access
frequency, two types of the short-term access frequency, two
kinds of the size of I/O requests, two categories of the size
of page-level data chunks, and four page types of previous
write request on the same logical page address. That is, we
have 4 x 2 x 2 X 2 x 4 = 128 states in total in our
RL-based model.

Rewards: The feedback from the Environment after specific
actions have been completed regarding the given states. In the
context of FSP scheduling, the reward cannot be well defined
as instant feedback, since the read requests on the current
data page may not immediately occur. Thus, we propose a
method of delaying reward updates during the training process.
To this end, an across-episode g-table (will be described
later) is designed to effectively support this functionality.
First, it randomly explores the rule of the state-action in the
first episode, and each episode is set as 1000 steps/actions
in this article, by also referring to [28] and [29]. Next, it
observes the data pages committed to the QLC pages in the
previous episode. After that, the feedback can be given for
updating the RL policy with relative rewards in the following
episode.
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g across-episode q-table that each entry has two g-values
o Action] ]
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& —f— State S, —— active 7 QS A) =
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i © update | 1 © episode renew T

~Reward r, =----+ ) shadow | -1 QS Ap)

! 1
o 6. _ table . .
Fig. 6 table design that supports the feature of delayed rewarding in

our scenario of the RL model. Each element of the state-action pair consists
of two g — values (the active and shadow g — value) for separately supporting
decision making and periodically g —value renewing. There are three kinds of
operations on our g — table: ®search the active g-value based on the current
state and then make a decision on the page type for the data page; @update
the shadow g-value for the state-action pair, according to the delayed reward;
and ®renew all active g-values by copying relevant shadow g-values, after
starting a new episode. Note that, we only present two states in the figure for
illustration simplicity.

Specifically, we use the Q-learning implementation in our
RL model, and the g function is the rule of updating g-value,
as defined in

Q' (St A) = (1 —a)O(S1, A) + a[r + y O(Sis1, ArrD)] (1)

where Q(S;, A;) and Q(Sy+1,Ar41) are, respectively, the value
in g-table when the action A;/A;+1 is taken at the state
S:/Si+1 and time ¢/t 4 1. Specifically, in the left-hand side of
(1), Q'(S;, A;) represents the new g-value after updating. In
addition, the parameters of « and y are the step size and the
discount factor, which are set as the typical values, i.e., 0.3
and 0.8 [20], [28]. The parameter of r means the reward, and
the reward function is correspondingly given the feedback of
read accesses in the next episode. According to the parameters
above in (1), the new Q'(S;, A;) can be updated, by referring
to the old g-value Q(S;, A;), and the rewards that include the
reward r and the policy decision Q(Si+1,As+1) in next time
point 1. The updated time point is the next time period after
the decision occurs (will be detailedly described in Fig. 6).

On the one hand, the reward of our design of the RL model
is defined, on the basis of the access information of different
types of the data pages. Specifically, £1, £0.5, F0.5, and
F1 are, respectively, used to reflect the LSB, CLSB, CMSB,
and MSB page is accessed or not in the next episode. On the
other hand, the factor of I/O response time is also considered
when deciding the reward [28], [29]. While the response time
of the current read request (normalized to the unit of 1 KB)
is lower than the 70th, 90th, and 99th percentiles of the
normalized completion time of all the historical read requests,
the reward r will be, respectively, set as 1, 0.5, and 0, for
giving positive feedback to the RL policy. Otherwise, it will
be given a negative value of -1 [29]. In the end, we sum these
two parts as the final reward, for iteratively updating g-table.

To support the functionality of delaying reward update in
our RL-based model, we propose a new design of across-
episode g-table, as shown in Fig. 6. In which, each entry (i.e.,
a state-action pair) keeps two values of the active g-value and
the shadow q-value. The active g-value is used to determine
the action based on the current state S; in the current episode,
and the shadow g-value is used to reflect the real-time value
of the state-action pair with delayed rewarding.

Algorithm 1: RL-Based Decision in FSP Scheduling

Input: States for four pages, State-action pairs in the
previous episode

Output: A;
Initialize q table as an empty set;
Function g_table(S)

Random ¢ between 0 to 99;

if (¢ < €) then

L Return random action;

nm AR W N =

else
7 L Return argmax(Q(S));

=)

8 if episode < 4 then
L € = 80;
10 else
1 L € =1;
12 A; = q_table(Sy);
13 /*Update g-table from 2nd episode*/
14 if episode > 0 then
15 r = reward(lpn.p);
16 Q =r+ v Q(Sp+1.4p+1);
17 Q’(Sp;Ap) =1 - Q(Sp»Ap)+a Q%
18 if new episode then
19 L Copy active q_values to shadow q_values;

As seen, in the step of @, it first searches the g-fable with
the state of S;, and all active g-values associating with State
0 (i.e., Row #0 in the figure) should be retrieved. Assuming
that, Q(S;, A;) is the maximum value associated with Strate
0, the corresponding action of CLSB is decided. In the step
of @, the g-table refines the shadow g-values with delayed
rewarding. Note that, p and ¢ represent the same offset of step
in the previous episode and the current episode, and when
the step in S; is completed, the reward in the previous S, is
then used to update the Q(S,, Ap) based on (1). When a new
episode starts, it copies the corresponding shadow g-values to
the active g-values that is called episode renewing, to avoid
the interference of determining actions and updating rewards,
as illustrated in the step of ©.

For clearly illustrating the workflow of the proposed
RL-based classification model, Algorithm 1 shows the imple-
mentation details. First, the proposed across-episode q-table
is initialized as all zeros, shown in line 1. Lines 2—7 show
the g-table decision policy. Specifically, the basic principle
is determining the corresponding action having the maximum
g-value in g-table under the specific state, when the random
value ¢ is lower than €; otherwise, it aggressively determines
the actions by the random strategy. In order to construct a
stable g-table, we randomly select the actions by utilizing €-
greedy initialization in the initial period, and preserving the
chance to test the other actions during the remainder of the
periods when the decision policy is stable. That is, the first
4x1000 actions are randomly selected with a large € (80%)
and a small € (1%) during the remainder of the period [20]
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Fig. 8.  Workflow of proactive hot read data with Rewrite Module.
Fig. 7. [Illustration on grouping the four page types of data in the case of
CMSB does not have the candidate data page. TABLE I
CHARACTERISTICS OF THE EVALUATED SSDs

404 in our experiments when running the benchmarks, shown in

405 lines 8—11. Then, line 12 is to show the main operation Parameters Values Parameters Values
w6 by calling the Function ¢_table(S) to determine the action. Channel size 8 Program latency L. 3ms
407 Lines 14—17 present thg process of updati.ng q-'table baseq on 1C>Z:Z ;5; 2 f;;sief;;l;ye ney o?gr;;s
408 the defined reward, which has been described in the previous Block per plane 4096 CLSB read latency ~ 0.12ms
400 discussions. When a new episode starts, the active g_values Page per block 1024 CMSB read latency ~ 0.15ms
410 should duplicate to the shadow q_values, as seen in lines 18 Page size 8KB MSB read latency 0.18ms
41 and 19. FTL scheme Page Erase limit 500
Cache size 2/8/32MB | GC Threshold 5%

412 C. Group Module: FSP Unit Management

4«13 This section depicts coupling four pages of cached data to
414 form a storage unit of FSP, on the basis of their best-fit page
s type, output by the RL-based classification model. We adopt
e an intuitive solution analysing a fixed number of the cached
417 data pages from the tail of the LRU list, and then select four
s data pages having varied categories (i.e., Actions offered by
419 the RL-based classification model) to build an FSP storage
420 Unit, corresponding to the four-type QLC pages.

421 We emphasize that it needs matching four data pages with
> four-type QLC pages from the candidate cached data pages,
423 and it also allows selecting the other types of data pages and
4 replacing the missed type of data pages in the candidates, when
s constructing an FSP storage unit. For example, in the case
426 that the CMSB page does not have a recommended data page,
427 according to the outputs of the RL-based classification model,
428 the data page has the neighboring type (i.e., MSB or CLSB)
420 can be alternatively used, as a part of the FSP storage unit.

the current read request is slow pages, it checks the history aso
information of access frequency that has been described in ss1
Section III-B. If the long-term and short-term frequency are, ss2
respectively, the highest value (i.e., 11 and 1), it awakes the 4
functionality of the proactive Rewrite Module. 454

Fig. 8 shows the workflow of Rewrite Module in our FSP 4ss
scheduler. As seen, it triggers rewriting a hot read data page sss
that was originally stored in a slow flash page, and temporarily 4
loads into the cache as the dirty data. Meanwhile, the data sss
page will be treated as a new tail node in the LRU list. Since, 4s9
the goal of Rewrite Module is to relocate the hot read data to e
appropriate pages, it calls Agent and Group Module to group aet
cached data into a to-be-written FSP unit. Note that, the hot s
read data should be temporarily buffered as a to-be-written 4ss
dirty data if the SSD cache is not full. They hold their location s
in the LRU list, avoiding impacting the cache utilization of ses

4

4

4

4;

N

4;

N

4;

D

a0 Specifically, the RL-based classification model checks the the write data. e
431 fixed ratio of the cached data pages from the tail node, and

432 temporally records the determined actions (i.e., the best-fit type IV. EXPERIMENTS AND EVALUATION 467
ss3 of the QLC page for the data pages). Fig. 7 shows the policy A. Experimental Setup 168

« of grouping an FSP storage unit from the cached data pages, We have performed trace-driven simulation with SSDsim 4

ass on the basis of their actions output by the RL-baseq model. 'As [23] to model the 3-D QLC NAND flash-based SSDs. The
436 seen, we do not have the data page whose determined action

47 is CMSB. Then, we need selecting a data page that has a
43 neighboring action, i.e., the cached data page has either the
439 MSB or the CLSB action. Specifically, our selection rule is to
40 use the data page that has a neighboring action, and is closer
a4 to the tail of the cached page list. Finally, we evict four data
42 pages from the cache and flush them together with an FSP

470
SSDsim simulator has been utilized for several SSD-related 471
optimization researches, such as [32], [35], [36], and [47]. The 472
evaluated SSD parameters are based on [36] with the detailed 473
specifications described in Table 1. We have extended SSDsim 474
for supporting the FSP scheme, referred to [36]. Dynamic page 475
allocation [35], greedy GC [24], and static wear-leveling [25] 476

. are employed by default. a7

43 operation, when we need cache space for the new data. SSDs commonly use the DRAM data cache to absorb hot s
write data for two reasons as follows. 479

44 D. Rewrite Module: Proactive Hot Data Redistribution 1) The write latency of the flash memory is around 10 x a0
45 It is inevitable that some frequently read accessed data longer than the read latency, indicating a write hit can 4s
46 pages are not updated by host I/O requests, while these data lead to more I/O reduction. 482
447 are stored in slow pages (i.e., CMSB and MSB pages). This 2) Absorbing more write requests in the data cache can sss
48 section introduces a Rewrite Module, for proactively placing reduce the number of flushing operations to the flash sss

49 these data into fast pages. When the data page types of array, thus extending the lifetime of SSDs. 485
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TABLE 11
SPECIFICATIONS ON SELECTED DISK TRACES

(ORDERED BY READ RATIO)

Trace # of Req. Read ratio Int. footprint Int. ratio
stg0 2,030,915 15.2% 4567 .8MB 72.3%
tsO 1,801,734 17.6% 52.8MB 9.3%
srcl_2 1,907,773 25.4% 836.8MB 51.3%
hmO 3,993,316 35.5% 650.0MB 31.3%
alil88 6,198,540 46.6% 29.0MB 2.4%
alill2 3,116,126 63.0% 61.6MB 4.9%
ali735 963,179 70.1% 8.1MB 5.1%
alil2l 18,565,868 78.2% 77.4MB 4.5%

Then, we use the DRAM cache as a write cache by
default [37], [38], [40]. The varied sizes of DRAM cache
range from 2 to 32 MB [39], [42], [48], to evaluate the
efficiency of the proposed method under different scales of
the SSD cache. In addition, a fixed number of data nodes in
the cache list tail is set as 5% of the total number of nodes,
referred to [35].

We employed eight commonly used disk traces.
Specifically, the first four traces are from the block I/O trace
collection of Microsoft Research Cambridge [26], which have
been used as benchmarks in several recent SSD optimized
methods [32], [35], [36], [47]. The remaining four recent
traces are obtained from Alibaba cloud [27], representing the
first 72 data traces. Table II shows the detailed specifications
of the block I/O traces. Specially, the metrics of Int. footprint
and Int. ratio mean the footprint of the hottest read addresses
that endure 80% of all the read accesses and the ratio of the
corresponding footprint to the total footprint, for reflecting the
read locality of the benchmarks.

In addition, we selected the following comparison counter-
parts in our evaluation tests as follows.

1) Baseline adopts the default scheduling based on the LRU
replacement policy in the cache management [19]. It
evicts the final four data pages at the tail of the LRU list
from the cache and flushes them together with an FSP
operation.

Besides, we introduce another baseline that buffers
both the read and write data in the cache, labeled as
Baseline-RW.

2) Access frequency-based scheduling, (labeled as

Frequency) is based on the work proposed by
Lv et al. [44]. It employs the intuitive factor of access
frequency as the basis of the page type classification,
though it is designed for the traditional four-step
programming.
For evaluating Frequency in the context of FSP, it groups
FSP units with LRU tail nodes, by directly considering
the history information of read counts to match the
suited QLC page for a specific data page. In addition,
the rewrite procedure also groups the to-be-written hot
read data with the other three data nodes in the LRU tail
list, as an FSP unit, by following an immediate refresh
fashion.

3) Distance-based scheduling (labeled as Distance)
proposed by Wu et al. [35], groups inconsistent access
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Fig. 9. Read performance comparison after running the selected block 1/0

traces. (a) Cache size: 2 MB. (b) Cache size: 8 MB. (c¢) Cache size: 32 MB.

addresses into a storage unit of FSP, to maximize the
internal parallelism of QLC SSD. In our implementation,
the distance threshold is set as half of the page number
of the total write back cache, by following the design
principle of Distance [35].

4) The RL-based FSP scheduling (labeled as RL) is our
proposed method. It utilizes the RL model classifying
the type of data pages, and groups four of them that have
different types into a storage unit of FSP. For further
redistributing the location of hot read data that have been
stored in slow flash pages, it proactively groups such hot
read data with the cached data as an FSP unit.

B. Tests and Benefit Illustration

To measure the validity of the proposed mechanism that
aims to boost read access performance by considering the
dissimilarity of page types, we use the following metrics in
our tests: 1) I/O latency, and 2) read ratio of the fastest QLC
pages.

1) I/O Performance: Reducing the read latency is the
primary target of the proposed scheme. Figs. 9 and 10 show
the comparison of the normalized read and total I/O latency
after running the selected block traces, while the cache sizes
are set as 2, 8, and 32 MB.

As seen, our proposed RL approach outperforms the com-
parison counterparts on the measurements of read response
time and total I/O response time. This is because, it can
make use of the RL-based policy to find suited types of
the page data in a storage unit of FSP. In other words,
the RL-based model can learn the rule of grouping what
four data pages to corresponding QLC pages, by considering
both the read frequency and the size of the data pages and
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Fig. 10. Comparison of the overall I/O performance after running the selected
block 1/0 traces. (a) Cache size: 2 MB. (b) Cache size: 8 MB. (¢) Cache size:
32 MB.

relevant requests. Specifically, RL decreases the read latency
by 40.4%, 28.3%, and 38.8%, in contrast to Baseline,
Frequency, and Distance, respectively. Consequently, RL cuts
down the total 1/O latency by 27 .8%, 17 .4%, and 28.2%,
when comparing with three counterparts.

Baseline-RW performs the worst in the most workloads,
and this is because Baseline-RW buffers hot read data in the
cache, which must affect the write performance, since it cannot
use all the cache space for efficiently absorbing the write
data. When running two read-intensive traces of ali735 and
alil2l, however, we see Baseline-RW does yield attractive
I/0 performance. For example, in the case of ali735 with the
configuration of 32 MB cache size, Baseline-RW perform the
best. This is because the trace of ali735 has very intensive
read accesses on a limited portion of address space (i.e., the
size of its Int. footprint is only 8.1 MB), indicating the
major part of the hot read data can be buffered in the data
cache. We emphasize that Baseline-RW brings about more
flush operations on the flash array and more erase operations,
impacting the lifetime of SSDs, which will be presented in
Section IV-D2.

Another clue is that, the Frequency method improves the
read performance by 13.6% on average across three cache
configurations in contrast to Baseline, since it only considers
the factor of historical access frequency information, thus
inaccurately directing FSP scheduling. In addition, Distance
can only slightly improve the read performance by 1.9% on
average, compared to the Baseline. This is due to the fact that,
it does not take the access feature into consideration, which
offsets the performance gains from the access parallelism.

2) Read Distribution on Fast Pages: We further analyse the
read access count on the fastest QLC pages after running the
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Fig. 11. Comparison of read accesses on LSB pages after running the selected

block 1I/0 traces. (a) Cache size: 2 MB. (b) Cache size: 8 MB. (¢) Cache size:
32 MB.

selected block I/O traces, which matters the overall I/O latency.
Fig. 11 presents the comparison results with four selected FSP
scheduling methods. As seen, Frequency and RL can increase
the read count from the fastest QLC pages (i.e., LSB pages),
compared to the Baseline scheme. Specifically, Frequency and
RL increase the read counts from the LSB pages by 1.7 and
2.9 x on average, respectively. As a result, RL can yield the
best I/O performance improvements after running the selected
block traces. On the contrary, Distance cannot better utilize
the LSB pages to response the read requests. Consequently,
it limits the read performance improvement that has been
analysed in Section IV-B1.

The interesting observation is, the tendency of the increase
in the ratio of LSB page reads is similar to that of the reduction
in I/O latency. Specifically, in some cases of write-intensive
workloads, e.g., stg0, srcl_2, and hm0, RL in contrast to the
Baseline, can increase the LSB page read count by 75. 8% on
average, but the increase is limited to 14.9%, compared to
Frequency. Since, the rewrite module is enabled based on the
recent read frequency information, there is a low probability
of triggering rewrite operations during the specific episode
(window) of such write-intensive workloads. Nevertheless, the
good point is that, in these three traces, RL achieves 34 . 8%,
33.2%, and 33.4% of reductions in read latency, as well
as 10.4%, 11.1%, and 14 . 0% of decreases in I/O latency,
compared to Baseline, Frequency, and Distance, respectively.

Another interesting clue is, our proposed method RL can
yield the read ratio of 73.1% from LSB pages on average
under the three cache settings. Take the 2M setting as an illus-
tration. RL can achieve 71 .2% of the read ratio after running
the evaluated workloads. This performance is approaching the
ratio of 82.2% in the best-case scenario, where all the data
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Fig. 12. Reward analysis on RL after running the selected block I/O traces.
Note that, the unit of the X-axis is an episode, i.e., 1000 steps. (a) trace: stg0.
(b) trace: tsO. (c) trace: srcl_2. (d) trace: hm0. (e) trace: alil88. (f) trace:
alil12. (g) trace: 735. (h) trace: 121.

from the top 25% most frequently read addresses are allocated
on the LSB pages, as observed in Section II-B. This fact
illustrates that the proposed method RL can effectively utilize
the fastest QLC pages matched with the frequently read data.
This is the root cause of the performance benefits from our
proposed RL.

C. Analysis on Reinforcement Learning

This section focuses on the learning process of RL in
settings of three cache sizes. Specifically, the average reward
in each episode is an indicator of the training performance,
and the general goal of the Agent is to maximize its total
cumulative reward.

Fig. 12 shows the average reward in each episode, which is
also a metric demonstrating convergence. As seen, it yields a
low positive or negative average reward and reveals apparent
fluctuations in the first few episodes, but the average reward
gradually yields an attractive convergence tendency in the
following episodes. For example, in the first 30 episodes of
running #s0, RL aggressively starts to exploit the decisions and
provides further feedback to fix the policy of g-table used by
FSP scheduler. After that, the average reward remains stable.
This verifies the policy is trained as a convergence rule, to
determine the suitable action for each specific state, in our RL
scenario.
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Fig. 13.  Comparison of the read/write cache hit ratio after running the

selected block I/O traces. (a) Buffer size: 2 MB. (b) Buffer size: § MB.
(c) Buffer size: 32 MB.

D. Overhead Analysis

This section depicts overhead analysis on cache use effi-
ciency, erase count, as well as time and space consumption.

1) Cache Use Efficiency: The DRAM data cache inside
SSDs is used to minimize the I/O latency by absorbing the
read/write requests on the frequently accessed data, on the
basis of the principle of data locality. To evaluate whether
the proposed method affects cache use efficiency or not, we
record the results of cache hit ratios, with configurations of
three cache sizes after running all the evaluated benchmarks.
Fig. 13 presents the relevant results.

Obviously, Baseline-RW can greatly improve the read hit
ratio, but yields the worst write hit ratio. This fact verifies the
read/write data cache can contribute to more read hits, but it
impacts the number of write hits. Note that, the write latency
of the flash memory is around 10 x more than the read latency,
and Baseline-RW shows the worst I/O performance when
running the most of selected benchmarks, as the previously
described in Section IV-B1.
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Fig. 14. Number of erase operations induced by GC after running the selected
block 1/0 trace. (a) Buffer size: 2 MB. (b) Buffer size: 8 MB. (c¢) Buffer size:
32 MB.

The most important thing is that, our RL method shows a
similar level of cache use efficiency as the Baseline method.
That is to say, our method does not pose a noticeable impact
on the metric of cache use efficiency. Note that, the read
performance gain of the proposed approach primarily benefits
from the effective alignment with the four types of QLC pages,
that is, more frequently read data can be served by LSB pages
that exhibit the lowest read latency.

2) Erase and Lifetime Statistics: We use the metric of erase
count induced by GC to reflect the endurance of the SSD.
Fig. 14 reports the result of erase numbers after running the
selected traces, when implementing different FSP scheduling
methods under varied cache settings.

As discussed, Baseline-RW yields the least number of write
hits in the cache, resulting in an average increase of 2.2
x in terms of the erase count. In addition, Fig. 14 shows
that Frequency brings about more erase operations by 7. 6%
on average, compared to Baseline. On the one hand, the
Frequency mechanism aggressively triggers rewrite operations
for the hot read data, since it only holds the recent frequency
information whose trigger condition is less stringent than that
of our proposed mechanism. On the other hand, it fails to
smartly guide the matching between the cached data and
QLC page types, thereby further increasing the number of
subsequently triggered rewrite operations.

RL slightly increases the erase number by 2.5% on
average, compared to the Baseline. This is because it only
groups candidates of the evicted data pages from a limited
number of tail pages in the cache, which negligibly impacts
cache use efficiency, as well as the measure of erase count.
In addition, it can successfully direct FSP scheduling to the
appropriate pages, which also limits the erase number induced
by the subsequent rewrites.
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Fig. 15. Time overhead after running the selected traces with advanced FSP
scheduling methods of Frequency, Distance, and RL. (a) Cache size: 2 MB.
(b) Cache size: 8 MB. (c) Cache size: 32 MB.

To further explore the impacts of the proposed method on
the SSD lifetime, we collect the total amount of the processed
write data before the appearance of 5% wear-out blocks inside
SSDs [49], [50]. Specifically, we run the selected workloads
in a repeated manner until the number of wear-out blocks
approaches 5% of all the blocks, and then record the amount
of write data. Our proposed RL scheme slightly reduces the
lifetime by 0.7% on average, compared to the Baseline.
We suggest that the static wear-leveling [25] is employed to
balance the erase distribution inside SSDs, for boosting the
SSD’s lifetime.

3) Time and Space Overhead: Three optimized FSP
scheduling approaches need to traverse a fixed 5% of cache
data pages (i.e., the candidates of data pages), so that they
consume computation time in the process of cache eviction.
Considering SSD controllers usually have limited computation
power and memory capacity, we use a local ARM-based
machine equipped with an ARM Cortex A7 Dual-Core with
800 MHz. Fig. 15 shows the comparison results of extra time
cost, compared to the Baseline.

The measurements demonstrate that our proposed method
only takes between 1.6E-05% and 0.31% of the total
I/O processing time. Obviously, all the three optimized FSP
scheduling methods do need more time consumption in
the search process, while the number of evicted data page
candidates increases with the DRAM cache size varying from
2 to 32 MB. Note that, the time overhead is collected
in a resource-limited ARM platform that was described in
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Section IV-A. The experimental results in Section IV-B have
considered the impact of the time overhead on the I/O latency.

It is worth mentioning that our proposed RL approach
incurs an extra part of the time overhead caused by decision
making and policy updating in the RL-based model. However,
this part of the overhead does not increase as the cache
capacity becomes larger. This is because the update process
is independent of the cache size, only depending on the size
of the g-table. We suggest that our RL-based FSP scheduling
scheme does not result in noticeable time overhead, which is
consistent with the other RL-based optimization methods in
SSDs [28], [29], [30], [31].

Our proposed RL method needs to hold the history read
frequency information, i.e., 1 bit for short-term and 2 bits for
long-term access frequency on the data page. It needs 48 MB
for simulated 1 TB SSD, while the Frequency requires 16 MB.
Besides, different from the other FSP scheduling methods that
do not need extra data structures, our RL method results in the
space overhead. To be specific, RL holds a g-table with two
types of the g-values, to direct FSP scheduling and update the
q-values based on the rewards from the system environment.
They consume 4 KB (= 128 (states) * 4 (actions) * 4B (one
entry needed for g-value) * 2 (table number)). In addition,
the logical addresses of the data pages that are evicted in the
previous episode should always be recorded for getting the
reward and the read frequency information. Except for the
logical addresses, it also requires 1 bit to represent the data is
a small I/O request or not, and 2 bits to record the previously
written page type. Therefore, it totally requires 2.32 KB (=
1000 (steps in an episode) * (2B (logical address number)
+ 3bits)). In summary, RL takes acceptable memory space in
SSDs for directing the FSP optimization.

V. RELATED WORK
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RL is a lightweight method which can make deci-
sions for the system scheduling without heavy overheads.
For the internal GC scheduling in NAND-based SSDs,
Kang et al. [28] proposed an RL-assisted method for GC to
reduce the long-tail latency and ensure the quality of services.
Similarly, Li et al. [29] proposed an RL-based scheduling
on read refresh operations, caused by read disturb errors,
for mitigating the negative impacts of normal I/O requests.
Fan et al. [30] proposed a Q-learning-based backup strategy to
efficiently execute the program by utilizing the residual energy.
Pan et al. [31] utilized RL for the cache cleaning on DM-
SMR, and thus mitigate long-tail latency. These scheduling
methods focus on the topic of quality of services, and do
internal operations at the suitable time periods based on the
RL decisions. In addition, Wu et al. [32] proposed an RL-
based I/O merging for SSDs. It considers the operations and
size of queued I/O requests as the states of RL, and thus
fine merging methods can improve the system throughput.
Different from these RL-based mechanisms, our proposed
method faces the topic of varied read latency of high density
SSD pages. Considering the factors of access frequency and
size, data pages can be grouped and simultaneously written
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through FSP into specific QLC pages, for yielding better read
performance.

B. FSP Technology-Based Proposals

For the purpose of adapting to the software layer manage-
ment of FSP technology, Wu et al. [35] proposed an FSP-aware
data allocation policy for improving the read performance.
It considers grouping the data whose access addresses are
not adjacent. Then, the internal parallelism can be exploited
to yield better read latency. Liu et al. [36] proposed a page
allocation scheme in the SSD firmware, which supports the
smaller program granularity of the FSP operation, to employ
the irregular number of written data pages. It can eliminate the
space fragmentation and thus improve the page utilization in
the SSD storage system. However, while the FSP operations
make the program latency about four page types uniform,
the read latency of them has significantly varied values. Our
proposal of FSP scheduling considers the dissimilarity of page
types, to classify the best fit of the cached data pages, and
flush them into specific QLC pages, thus improving the read
access performance.

C. Read-Optimized Scheduling Proposals

For the purpose of speedup the read performance of high
density SSDs, Chang et al. [43] proposed a read performance
improvement method for the TLC flash memory, by utilizing
a list to record the read count, and a bitmap to keep track of
recently unread fast pages. Lv et al. [44] introduced a read
data hotness identification via an LRU list, and move them to
the page having corresponding read latency. However, these
methods target the traditional four-step programming routine,
and we propose an RL-based scheduling method under the
default FSP-enabled 3-D QLC NAND flash-based SSDs.

VI. CONCLUSION AND FUTURE WORK

This article proposes a page type-aware FSP scheduling,
through RL in 3-D QLC SSDs. Our goal is to map the
frequently read data to the QLC pages with lower access
latency, and flush other data to the slow QLC pages in an
FSP operation, for boosting read performance of high density
SSDs. To this end, we employ RL to classify the (cached)
application data into four categories on the basis of their
historical access frequency and the associated request size.
After that, we can match four data pages in cache that have
different output actions of the RL-based classification model,
to the suited QLC pages and flush them together with one-
shot program of FSP. In addition, we proactively trigger
rewriting the hot read data that was previously stored in slow
pages, by grouping it with the cached data as an FSP unit.
Experimental results show that our proposal improves the read
responsiveness by between 14 .2%-62 . 7%, in contrast to the
state-of-the-art methods.

Our proposal of RL-based scheduling is initially designed
for the SSD devices adopting page-level mapping. In the
future, we will further investigate the applicability of our
approach in the scenarios of data interleaving across the QLC

pages.
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