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Superblock management is widely used in commercial products of flash memory, in which multiple blocks
from different parallel units are organized as a superblock, to provide high-level access parallelism. However,
excessive parallelism inadvertently amplifies the negative effects of read reclaim (RR) due to the larger scale
of data migrations and space reclamation. This is because a superblock-granularity RR operation must be
triggered when any block inside a superblock reaches the RR threshold, even though other blocks are far from
the threshold. To improve the RR efficiency for superblock management, this paper proposes a shuffling-based
RR scheme for unifying read accesses across all component blocks inside the superblock without any additional
space costs. Specifically, it shuffles the blocks of superblock with the granularity of card that consists of
multiple data pages in the RR process and ensures no impact on access parallelism after shuffling. As a result, all
component blocks may serve a similar number of read requests and approach the RR threshold synchronously.
Trace-driven simulation experiments demonstrate that our proposed method can reduce the RR operations
and read latency by 14.5% and 12.9%, compared with conventional superblock-granularity RR schemes in
flash memory, while preserving access parallelism.

CCS Concepts: » Information systems — Flash memory; - Hardware — External storage.

Additional Key Words and Phrases: NAND-based Flash, Superblock Management, Read Reclaim, Shuffling,
Write Amplification, I/O Performance.

1 Introduction

The escalating density of NAND flash memory, while effectively reducing the per-unit cost, ex-
acerbates its susceptibility to intrinsic circuit-level noise phenomena, including retention disturb,
program disturb, and read disturb [1, 2]. Among these, read disturb represents a particularly in-
sidious anomaly wherein the act of reading data from a specific flash page inadvertently alters
the threshold voltages of adjacent, unread pages within the same block. The cumulative effect of
these perturbations can precipitate read-disturb errors, thereby compromising data integrity [3]. To
mitigate the deleterious impact of read disturb and forestall data corruption, the read reclaim (RR)
mechanism is employed as a prophylactic measure. This technique entails the systematic migration
of valid data pages from the affected block to another new block, followed by the erasure of the
disturbed block to rejuvenate its storage capacity and ensure continued reliability [4-6].

To optimize access parallelism in NAND flash memory, the concept of a superblock has been
introduced, wherein multiple physical blocks are logically aggregated into a single, higher-level
entity [7, 8]. Specifically, physical blocks sharing the same ID across distinct parallel units (e.g.,
planes or channels) are consolidated into a unified superblock. Within this structure, pages located
at the same offset across the constituent blocks are collectively termed a superpage, which serves
as the fundamental unit for programming operations [9, 10]. This superblock-based architectural
design ensures that maximum parallelism is consistently harnessed during read/write operations.
This is because aligned write points within the superblock can enable multi-plane (MP) commands
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to efficiently complete operations on the underlying flash array in parallel, indicating the number
of falsh transactions can be greatly reduced. Consequently, it can deliver sustained high throughput
and enhance overall performance [10, 11]. Owing to these advantages, the superblock management
strategy has been widely adopted in modern commercial flash memory products, such as Samsung
PM9D3 [12] and Micron 2400 [13], underscoring its significance in contemporary flash memory
architectures.

The superblock serves as the fundamental unit for both garbage collection (GC) and read reclaim
operations, enabling efficient space management and access parallelism [11, 14]. Specifically, when
the number of read accesses to any individual block within a superblock exceeds a predefined
read reclaim threshold (e.g., 10K reads [15]), a superblock-level read reclaim operation is initiated.
During this process, all valid data pages within the affected superblock are relocated to a free
superblock, irrespective of whether the majority of these pages remain unaffected by read disturb
and are not yet at risk of data corruption. This conservative approach, while ensuring data reliability,
results in the premature migration of undisturbed valid data pages and incurs unnecessary block
erase operations. Such inefficiencies not only degrade I/O responsiveness, but also exacerbate the
write amplification factor (WAF)!, which is the ratio of data pages written to the flash memory
including extra flash writes caused by RR and GC operations to data pages initially issued by the
host [16]. This highlights a critical trade-off between data reliability and performance optimization
in superblock-based flash memory management.

To enhance the efficiency of superblock-granularity read reclaim, we propose a novel shuffling-
based read reclaim scheme, termed Shuffler. This scheme aims to uniformly distribute read accesses
across all component blocks within a superblock, thereby reducing the frequency of read reclaim
(RR) operations without incurring additional space overhead. In summary, this paper makes the
following three contributions:

- We propose shuffling across component blocks of superblock with the unit of card that
contains multiple data pages, during the RR process. Specifically, it exchanges cards between
different component blocks based solely on their block-level read counts. Consequently,
the scheme ensures a more balanced distribution of read accesses across the superblock,
thereby mitigating localized read disturb and reducing the frequency of RR operations.

- We build a mathematical model to direct full/partial shuffling in the RR process, without
impacts on superblock access parallelism. Specifically, data pages in the component block are
divided into multiple cards and then redistributed across blocks in the superblock according
to the principle of the Latin square [19], to minimize access dissimilarity across blocks
without compromising the inherent access parallelism.

- We perform evaluation tests by replaying commonly used I/O traces of real-world appli-
cations. The results demonstrate our method can noticeably reduce RR operations and
write amplification factors by 14.5% and 5.8% respectively, in contrast to conventional
superblock-granularity RR schemes.

The rest of the paper is organized as follows: the background and motivations are shown in
Section 2. The specifications of shuffling-based read reclaim are presented in Section 3. Section 4
depicts evaluation experiments and relevant discussions. Finally, we conclude the paper in Section 5.

'Write amplification is the nature of flash memory, which consumes extra program/erase cycles and then speeds up device
wear-out [17, 18].
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2 Background and Motivation
2.1 Background Knowledge and Related Work

NAND flash-based SSDs have emerged as a high-performance alternative to HDDs, dominating
the storage market due to their speed and reliability [6]. A key feature of SSDs is their multi-level
parallelism, which is achieved through a hierarchical structure: multiple channels, each connecting
to several chips, which are further divided into dies and planes, and each plane contains hundreds
of blocks [20]. To maximize this parallelism, SSD manufacturers aggregate blocks with the same
block ID across multiple planes into a superblock, to boost performance. A superblock consists of
multiple physical blocks sharing the same block ID across planes, ensuring all constituent blocks
operate in unison. This requires that all blocks within a superblock remain in the same state (e.g.,
free or allocated) at any given time, necessitating data management schemes at the superblock level.
In summary, superpages can enhance I/O throughput for read/write operations, but they degrade
garbage collection and wear-leveling efficiency due to coarse-grained erase management [14].

Emerging research continues to explore optimizations such as superblock-level garbage collection
and read reclaim, further enhancing the efficiency and reliability of superblock-based systems. To
reclaim space, flash drives perform garbage collection at the granularity of superblock. Assuming
superblock A is selected as the victim for garbage collection, all valid data pages within superblock
A will be migrated to superblock B. Following the migration, the entire superblock A is erased,
freeing it for future use [10]. As a result, superblock management inevitably leads to significant
write amplification due to GC operations, which degrades both I/O performance and flash memory
endurance [21]. To address the aforementioned issues, many novel garbage collection designs [22]
and wear-leveling techniques [8, 14] have been proposed for superblock management. Considering
flash blocks have different performances and characteristics because of process variation, Tseng et
al. [10] have proposed organizing the blocks with strongly similar characteristics that are introduced
by process-variation as one superblock. Similarly, Wang et al. [14] proposed to dynamically organize
superblocks according to real-time wear levels of blocks, for maximizing access parallelism.

The RR strategy is proposed to avoid permanent data corruption caused by read disturb, through
migrating data pages from affected blocks to other free blocks [23]. In the context of superblock
management, SSDs generally trigger superblock-level read reclaim while the read count of any
component block of the superblock approaches the RR threshold, even though that of other
component blocks is still far from the threshold. In the RR process, all valid data pages within the
superblock are indiscriminately migrated to other new superblocks. This approach leads to the
same RR cases in the future, which in turn exacerbate write amplification, negatively impacting the
overall performance and endurance of the flash memory system [10, 24]. Tracking read counts at
the page level can help unify the distribution of read accesses during the RR process, thus reducing
the number of RR operations caused by uneven read distribution across component blocks inside
superblock. However, page-level read counters would inevitably require a significant amount of
memory space, which could compete with data cache resources and negatively impact system
performance [25].

We argue that, however, no existing RR schemes could well address the issue of unifying read
accesses over component blocks inside the superblock without additional space overhead. Further-
more, existing schemes are insufficient in mitigating write amplification induced by RR operations
in flash memory systems that employ superblock-level granularity for space management.

2.2 Motivations

We conducted an experimental study to compare block-based management and superblock-based
management. Specifically, we utilized an open-source SSD simulator to replay several block I/O
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Fig. 1. Comparison of read latency and write amplification factor with block and superblock management
for flash memory. All benchmarks are either read-intensive or small write footprint, and no GC operations
were triggered, meaning only extra writes induced by RRs cause write amplification.

traces selected from two recent and widely adopted collections. The detailed experimental settings
are described in Section 4.1. Figure 1(a) shows the comparison results of the I/O latency, and
Figure 1(b) write amplification factor (WAF) while using two management approaches, where
the value of 100% corresponds to the actual value of 1.0. As seen, superblock management
significantly improves read responsiveness, outperforming block management by more than 14.5%.
This enhancement is attributed to its superior utilization of access parallelism across multiple
parallel units. However, superblock management also leads to a substantial increase in the write
amplification factor, with WAF rising by up to 14.9% compared to block management. This confirms
that superblock-granularity read reclaim operations contribute to higher write amplification, which
in turn accelerates flash memory wear and reduces its overall endurance.

Furthermore, we conducted an in-depth analysis of read count variations across component blocks
during superblock-granularity read reclaim (RR) operations. Figure 2 illustrates the concentration
range and median values of block read counts within superblocks subjected to RR operations.
The results reveal that the read counts for a significant portion of component blocks remain far
below the RR threshold of 10K reads, as specified for triple-level cell (TLC) flash memory [15]. This
phenomenon occurs because the superblock-granularity RR process is triggered as soon as any
single component block approaches the RR threshold, regardless of whether the majority of blocks
within the superblock have served only a minimal number of read accesses. Consequently, many
blocks with low read counts are unnecessarily included in the RR process, leading to premature
data migration and inefficient resource utilization.

These observations motivated us to design a novel read reclaim scheme tailored for superblock
management in flash memory, aiming to uniformly distribute read accesses across all component
blocks within a superblock, thereby reducing the frequency of RR operations. After achieving a
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Fig. 2. Read count variations over component blocks when carrying out superblock-granularity RR operations,
and the block read count to trigger the RR operation is set as 10, 000 [15]. In which, the yellow box represents
the interquartile range between the 25th and 75th percentiles of read counts in RR blocks, with the red line
marking the median read count per benchmark execution.

more balanced read distribution, the write amplification factor caused by RR operation can be
minimized as well when running user applications.

3 Shuffling-based Read Reclaim
3.1 Architectural Overview

To address the issue of block read count dissimilarity within superblocks, we propose Shuffler, a
novel scheme that performs data page shuffling during the read reclaim process. Figure 3 illustrates
the main steps of Shuffler. As illustrated, the scheme initiates by evaluating read access imbalance
across a superblock’s component blocks, quantified as A. Based on the severity of this imbalance,
Shuffler dynamically selects between full shuffling (the upper case in the figure) and partial shuffling
(the lower case in the figure). Specifically, full shuffling is triggered when the read distribution across
component blocks is extremely uneven, involving all component blocks in the exchange of data
pages to achieve a balanced read distribution. On the other hand, partial shuffling is applied if the
read access imbalance is moderate, targeting only a subset of component blocks in the superblock
for data page exchanges.

We emphasize that Shuffler is meticulously designed to preserve access parallelism even after
shuffling data pages. This is achieved by maintaining the superpage-level organization of data,
ensuring that the superpage structure remains consistent throughout the read reclaim (RR) process.
To accomplish this, we introduce a card-granularity Latin square mechanism to guide the shuffling
of data pages within the superblock. In this approach, data pages within each block are divided into
multiple cards, with the number of cards corresponding to the number of parallel units involved in
the shuffling process. The Latin square framework can guarantee that each card will be redistributed
only within the same column, thus preserving the alignment of superpages and maintaining access
parallelism.

Through leveraging the Latin square, Shuffler can not only balance read accesses across com-
ponent blocks to reduce the frequency of read reclaim operations, but also preserve the inherent
parallelism of the superblock architecture. This dual focus ensures that the system maintains high
data throughput and low latency while minimizing write amplification caused by RR operations.
As a result, Shuffler emerges as a robust and efficient solution for optimizing read reclaim in flash
memory systems that adopt superblock management, addressing both performance and endurance
challenges.
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Fig. 3. Overview of Shuffler that supports card shuffling. The superblock has 4 blocks of A, B, C, D on their
parallel units, and each treatment of card (e.g., Ay, which consists of 4 data pages of Pag1, Paos, Pa11, and
Pai3) occurs only once in each row and each column after shuffling according to the principle of the Latin
square (see §3.2). The symbol of A means the read access imbalance level of the component block, which is
the base of shuffling routine selection (see §3.3 and §3.4).

3.2 Latin Square Shuffling

Assuming a superblock consists of n blocks, and each block B; has m pages. Let PR;; denote the read
count of page j in B;, BR; represent the total read count of block B;, and o7 indicate the variance
of read counts among its m pages. Without access to individual PR;; values and given only the
block-level BR; for the n blocks in the superblock, we assume that the PR;; values within each
block are independent and identically distributed (i.i.d.). Thus, PR;; can be defined as a random
variable with:

E(PRU) ZBR,'/m (1)

D(PR;j) = o7 [m ®)

Specifically, Shuffler aims to balance read counts across blocks by leveraging opportunities during
migrating disturbed pages from block B; to block B;. To achieve this, during data page shuffling,
the balancing scheme must satisfy the following constraints:

ZXUHWIZBR j:1,2,...,n (3)
i
o
le.j._l:o'z i=12....n (4)
: m
injzm i=12...,n ®)
7
inj:m j=12,...,n (6)
i
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where BR = (X5, BR;)/n, 0® = (X, 6?)/n, and x;; is the number of pages migrated from B; to
B;. Then, the expected total read count of these x;; pages could be represented as (BR;/m) - x;j,
with variance (O’iz /m) - xij.

If both BR; and 6?7 are known, a specific adjustment strategy x;; can be derived by solving
the constraints. However, since each block only provides an aggregate read counter BR; without
page-level access counts, 67 remains unknown, rendering the constraints unsolvable. Fortunately,
for any o7, x;; = m/n satisfies the system of equations. Thus, under the constraint of unavailable
page-level read access information, a uniformly randomized adjustment scheme of Latin square is
an equilibrium strategy in expectation. This serves as the theoretical foundation for the validity of
Latin squares in such shuffling scenarios.

3.3 Read Imbalance Estimation and Card Shuffling

This section describes how to estimate read access imbalance levels across component blocks
within a superblock and introduces a systematic approach to quantify read access disparities
inside the superblock. It then explains how to organize and shuffle cards using a card-granularity
framework, ensuring uniform read distribution while preserving access parallelism.

Assessing read imbalance. A superblock consists of n flash blocks distributed across parallel
units. As defined, BR; indicates the total read count of the i-th block. Equation 7 then defines an
indicator to reflect the imbalance degree of read accesses over blocks inside the superblock.

_ |BR; — BR|
~ BR
where BR is the average block read count in the superblock.

Each component block within the superblock is assigned a unique value of A, which quantifies
the imbalance level of read accesses of the superblock. Then, we employ this metric to determine
the appropriate shuffling policy, full shuffling for highly uneven distributions, partial shuffling for
moderate imbalances, or no shuffling when read accesses are balanced. This adaptive approach
ensures efficient data redistribution in the RR process, for optimizing I/O performance and endurance
of SSD devices adopting superblock management.

Shuffling principles and card organization. Shuffler performs data page shuffling with the
unit of card, to unify read accesses across all component blocks during superblock-granularity read
reclaim. Following the principle of Latin square, we first formulate card-shuffling rules to ensure
the preservation of access parallelism. Let C;; denote the j-th card from the i-th block at the i-th
parallel unit, and the set of pages within C;; is represented by:

A (7)

Cij = Apijo Piji> - - - ’Pij%,l} (8)
where m is total pages in a block, and »n is the number of parallel units involved in shuffling.

Then, the updated card after shuffling can be denoted as Cy j», which should satisfy:

{z.’ 1. j mod n 9
J =]

In summary, Shuffler triggers full shuffling if all component blocks in the superblock exhibit
significant read workload imbalances, or partial shuffling if only some blocks are imbalanced.
This decision is based on whether their A values, calculated using Equation 7, exceed predefined
thresholds. If no imbalance is detected, the default read reclaim routine is applied, which does not
reallocating data pages across blocks. Before initiating a new shuffling round, data pages within



18 Liao et al.

Algorithm 1: Selection of shuffling routines
Input: BR; (i=0,1,...,n-1) of superblock sb, Ap, Ap.
Output: full/partial/no shuffling is done.

1 Function main()

2 *estimate block read imbalance”
3 delta_set = cal_blk_delta(BRy, ..., BR,_1);
4 Amax =get_max_delta(delta_set);
5 *carry out full shuffling on the superblock of sb*
6 if A,ax = Ap then
7 *form cards spanning on n parallel units*
8 form_card(sb, n);
9 full_shuffling(sb);
10 return;
11 else
12 partial_set ={};
13 *generate the partial shuffling set”
14 for blk in sb do
15 if delta_set[get_idx(blk)] > Ap then
16 L L add_to_set(partial_set, blk);
17 *partial shuffling or no shuffling”
18 if get_size(partial_set)>1 then
19 form_card(partial_set, size(partial_set));
20 partial_shuffling(partial_set);
21 return

each block are reorganized into multiple cards, corresponding to the number of involved parallel
units. Fach card is constructed by randomly grouping data pages within the block, ensuring that
all component blocks follow the same randomization rule. This preserves the superpage structure
and maintains access parallelism during card reorganization.

3.4 Selection of Shuffling Routines

To direct the selection of shuffling routine, we measure the read imbalance status of the superblock
by comparing all A values of component blocks with two predefined thresholds of Ar and Ap (with
Af > Ap). Then, the proper shuffling routine will be used for the current superblock-granularity RR
operation, and Algorithm 1 illustrates the specifications. Note that the two pre-specified thresholds
remain constant regardless of workload variations and are used to measure the imbalance level of
read accesses among component blocks within the superblock, triggering data page shuffling when
necessary. While accommodating workload-induced variations in shuffling frequency (the number
of RR operations) and scope (the blocks invovled in the RR operation), the imbalance detection
thresholds that trigger data shuffling remain fixed regardless of application characteristics.

As seen, it first calculates all A values for all component blocks, and obtains the maximum
one labeled as Ay;qx. Then, the full shuffling routine will be employed if A4« is greater than Ap,
since it considers the read accesses across all component blocks are greatly uneven (Lines 2-10).
If the condition is not satisfied, the component blocks will be included in the candidate set of



Shuffler: A Novel Read Reclaim Scheme for Superblock Management in NAND Flash 1:9

Table 1. Experimental settings of the MQSim simulator

Parameters Values | Parameters Values
Channel count 8 Read latency 0.038ms
Chip count 4 Write latency ~ 0.35ms
Plane count 4 Erase latency ~ 3.5ms
Block per plane 64 GC threshold 10%

Page per block 1024 | RR threshold 10K

Page size 8KB FTL scheme superpage
DRAM data cache  64MB | Superblock size 4 blocks

partial shuffling, if their A value is larger than Ap (Lines 12-16). As a result, the partial shuffling
routine will be used if the candidate set consists of more than one block, as shown in Lines 18-20.
Otherwise, it will select the routine of no shuffling, indicating a conventional superblock-granularity
RR operation will be performed.

4 Experiments and Discussions

4.1 Experimental Settings

We conducted trace-driven experiments using the MQSim [26] simulator to evaluate the proposed
Shuffler scheme, utilizing its support for diverse configurations and its validation accuracy against
real hardware platforms. We simulated a 64GB flash memory with superblock management at
parallel units of planes, and configured its performance parameters by referring to [3, 15, 27, 28].
Table 1 shows the values of parameters in evaluation. The GC threshold defines the trigger condition
for garbage collection operations, which are activated when the amount of available space falls
below the predefined threshold [11]. We construct the superblock from 4 blocks distributed within
one chip, each containing 4 planes. A larger superblock configuration with 32 blocks will be also
evaluated in Section 4.4.1.

We selected 10 block I/O traces from recently published and widely-adopted collections, because
their heterogeneous workloads robustly demonstrate our mechanism’s adaptability across diverse
I/O patterns. Among them, two traces are from the Alibaba center, including alibaba_112, and
alibaba_121 (labeled as ali0 and ali1) [31]. Six I/O traces are from a real-world VDI application [32].
Specifically, these traces are additional-01-2016021616-LUN2, 2016021619-LUN2, 2016021619-LUNS3,
2016021620-LUNZ, 2016021620-LUN3, and 2016021716-LUNO (labeled as lun0-lun5). Additionally, we
generated two synthetic workloads using MQSim (labeled as gen0 and gen1), to purposely conduct
hottest-read tests for triggering more RR operations and then verifying the effectiveness of Shuffler.
The specifications on used traces in our evaluation are reported in Table 2. As read, the metric of
Rd R means the read ratio, Rd Size indicates the average size of read requests, Hot R represents
the ratio of data pages that have been read repeatedly to all data pages, and FP implies the total size
of read and write footprint. In order to trigger more RR operations, we repeated the benchmarks
128 times.

Three comparison counterparts are used in our evaluation.

e Baseline, which is the conventional read reclaim scheme for superblock management
performs RR operations at the superblock granularity. It triggers a read reclaim process
whenever any block within the superblock approaches the predefined RR threshold, regard-
less of the read workloads of other blocks.
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Table 2. Specifications on the selected traces

Trace Req # RdR RdSize HotR FP

alio 1,890,017 67.1% 19.8KB 59.9% 1.5GB
ali1 2,340,016 77.2% 20.4KB 70.5% 1.1GB
luno 1,062,359 66.6% 20.3KB 27.7% 13.9GB
luni 1,644,153 76.8% 16.1KB 38.2% 19.4GB
lun2 | 1,133,348 67.6% 25.7KB 28.1% 17.7GB
lun3 | 1,147,164 69.2% 23.5KB 29.3% 17.9GB
lun4 1,252,039 73.3% 23.2KB 33.6% 14.5GB
luns 1,403,521 59.9% 31.6KB 27.0% 25.7GB
gen0 | 2,000,000 85.0% 16.2KB 64.9% 3.2GB
genl | 2,000,000 90.0% 16.0KB 49.0% 6.4GB

e Page, which utilizes page-level read counts to track the read hotness of data pages in

blocks [29]. It then groups data pages into component blocks based on their historical read
hotness, aiming to balance read accesses across all blocks in future time windows. However,
since each block contains hundreds of data pages, it incurs significant space overhead for
maintaining page-level metadata. This overhead competes for memory space within data
cache inside SSDs, reducing the available data cache capacity and then potentially degrading
cache hits and I/O performance.
Moreover, we aggregate the read counters of multiple consecutive logical pages into a
single counter. These page group-based read counters are utilized to guide page migration
during shuffling. Compared to the native Page approach, it can significantly reduce the
space overhead required for read counters. We have implemented group sizes of 8 and 64
pages, labeled as Page-8 and Page-64, respectively.

o Shuffler, which is the card-granularity shuffling mechanism for read reclaim in superblock
management. It redistributes data pages across component blocks using cards as the basic
unit, based on their block-level read counts during the RR process. Thus, it can effectively
unify read accesses across all blocks, reducing read imbalances while maintaining access
parallelism and minimizing unnecessary data migrations.

As discussed, Shuffler employs two thresholds, Ap and Ap, to determine whether partial
shuffling or full shuffling should be triggered. Based on the results of our sensitivity studies
(refer to Section 4.2), we set Ar to 0.30 and Ap to 0. 10 by default.

Sensitivity of Parameters

This section carries out sensitivity tests to guide the configuration of two thresholds, Ap and Ar.
Full shuffling is triggered when the read imbalance exceeds Ar while partial shuffling is triggered
when it lies between Ap and Ar. If the thresholds are set too small, card shuffling may be triggered
frequently, but random shuffling cannot always guarantee a further reduction in read imbalance.
On the contrary, if the thresholds are set too large, fewer read reclaim (RR) operations may be
triggered, which could delay the balancing of read workloads across the superblock.

Figure 4 shows the normalized results of RR counts after replaying the selected benchmarks
with the proposed Shuffler scheme. On the one hand, smaller values for two thresholds tend to
trigger data shuffling in RR processes but do not necessarily result in optimal I/O performance,
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as frequent shuffling cannot always guarantee an optimal balance in read distribution across the
superblock. On the other hand, larger thresholds imply data shuffling will be triggered only if the
read imbalance across component blocks become more obvious, which means it cannot promptly
ensure the balance of read distribution across all blocks within the superblock. Based on sensitivity
analysis, we recommend Ar = 0.3 and Ap = 0.1 as defaults since they can yield the least number of
RR operations across experimental scenarios.

4.3 Performance Results and Discussions

To measure the validity of our proposal, we use the following metrics in our experiments: (a)
number of read reclaim, (b) read balance, (c) write amplification factor, and (d) I/O latency.
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Shuffler generally result in fewer RRs after replaying the selected benchmarks, in contrast to Baseline.

4.3.1 Read Reclaim Analysis. The primary objective of Shuffler is to minimize the number of RR
operations. As illustrated in Figure 5, the results demonstrate the number of superblock-granularity
RR operations after running the selected benchmarks. As observed, Shuffler and Page can decrease
the number of RR operations by 14.5% and 7.8%, in contrast to Baseline. This fact verifies that
exchanging data pages among component blocks of the superblock can effectively unify read
distribution, thus reducing the number of RRs when running user applications.

It is worth mentioning that the Page scheme outperforms Baseline in most cases, but performs
worse when running the ali0 benchmark. This is because the Page method maintains page-level
counters to track read hotness of data pages for directing page reallocation in the RR processes,
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Fig. 7. Read count consistency in the read reclaimed superblocks after replaying the benchmarks with three
read reclaim schemes.

which must reduce effective data cache capacity, thus degrading cache read hits? and more read
accesses on the flash memory. Because Page-8 and Page-64 minimize the memory overhead for
tracking read accesses, more cache capacity becomes available for absorbing read requests, thereby
reducing the frequency of RR operations compared to the Page scheme. However, their group-
level recording mechanism captures only coarse access patterns, which compromises tracking
accuracy, as all pages within a group share a single access counter. In contrast, our proposed Shuffler
completely eliminates the need for such read counters, thus introducing no cache space overhead.
Although a card has a larger granularity, it is formed by randomly grouping pages within a block.
This random composition allows our card-based shuffling to fundamentally perform page-level
reorganization. Consequently, it offers finer-grained flexibility compared to the coarser Page-8
and Page-64 schemes, enabling unevenly accessed pages to be effectively distributed across the
superblock over several shuffling rounds.

Another notable observation is that Shuffler performs slightly worse than Page-8 and Page-64 on

the two ali traces. These workloads have small footprints of ~1GB and relative large hot ratios
(see Table 2), where grouped read counters maintain sufficient cache efficiency and access tracking
accuracy. But, we emphasize that Shuffler can perform the best across other workloads. This fact
confirms our method efficiently unifies read distribution with zero memory overhead, delivering
better results especially under changing access patterns in large footprint scenarios.
4.3.2  Read Balance in Superblocks. We depict the relationship between the convergence of read
imbalance across all component blocks and the number of RR operations, to represent the level of
read balance in read reclaimed superblocks. As the results shown in Figure 6, Shuffler can gradually
converge the difference in the number of read requests on the component blocks of superblock, as
the round of RR operations increases. Unlike Baseline, which does not exchange data pages during
the RR process thus cannot change read differences across component blocks in the superblock,
Page and two Page-group methods can decrease the read difference inside the superblock through
page reallocation over component blocks to some extent.

In order to disclose the read access consistency in read reclaimed superblocks, we collect the
range and the average of block read counts in the superblocks, and present the results in Figure 7.
We can see that the read count of most component blocks is close to the RR threshold of 10K
while using Shuffler, implying better unified read workload distribution across blocks. In addition,
it demonstrates that page-level or group-level read counters cannot always guarantee optimal

2See Section 4.3.4 for more details about the results of I/O latency.
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read balance after data reallocation in RR processes, because historical read patterns may not
consistently reflect future workload distributions.

4.3.3  Write Amplification caused by RR. The lifetime of flash memory is limited by the number of
program/erase cycles (P/Es), and a large write amplification factor means more page programs that
will consume available P/Es and then degrade the endurance. Figure 8 presents the experimental
results of write amplification induced by read reclaim operations after replaying the selected
benchmarks. As shown, Shuffler demonstrates a significant reduction in the write amplification
factor, achieving up to a 13. 9% improvement compared to both Baseline and Page. This enhancement
can be attributed to Shuffler’s ability to uniformly distribute read operations across component
blocks. Consequently, it can effectively minimize the number of page migrations triggered by
superblock-granularity RR operations, thus substantially mitigating write amplification.

In addition, we record the number of block erases that is the indicator of lifetime, and present
relevant results in Figure 9. Clearly, it shows a similar tendency to the results of write amplification,
since a large write amplification factor corresponds to more write data that will lead to more erase
operations on the flash memory. This fact further proves that Shuffler can achieve the best lifetime
of flash memory in all cases, because of the minimized write amplification.

4.3.4 1/0 Latency. TheI/O latency is the critical performance measurement in the context of flash
memory. We recorded the average read/write latency after running the selected benchmarks, com-
puted as the total read/write time divided by the total number of read/write requests. Figures 10 and
11 present read and write latencies separately, normalized to Baseline, to isolate operation-specific
performance improvements. As shown, our Shuffler method achieves the best read responsiveness,
reducing the read latency by 12.9%, 11.9%, 5.9%, and 4.5%, in contrast to Baseline, Page, Page-8,
and Page-64 respectively. This is because Shuffler can efficiently reduce the number of superblock-
granularity RR operations and fewer RR-related I/O requests are generated, thus their interference



Shuffler: A Novel Read Reclaim Scheme for Superblock Management in NAND Flash 1:15

125%

& [ Baseline Page [ Page-8 Page-64 Shufﬂer]

> 100% | 70 ¢ 7%

S 75%| A g

= x &

= o - &

g 0% 1 2

Q s o]

= 25% | O §

0% & | & | alE ] A & A SIS A

ali0 alil lun0  lunl lun2 un3  lun4 unS gen0 gen
(0.9ms) (1.0ms) (3.9ms) (4.0ms) (6.4ms) (5.6ms) (5.4ms) (29.9ms) (1.1ms) (1.2ms)

Fig. 10. Comparison of the average read latency after replaying selected benchmarks across three different
RR schemes.

Bascline  [:7¢# Page [ Page-8 [ Page-64 Shuffler

125%
100%
75%
50%
25%
0%

i

= =

Write Latency

ali0 alil lun0  lunl lun2  lun3  lun4 lun5 gen0 genl
(0.3ms) (0.2ms) (7.0ms) (72.6ms)  (24.5ms)  (24.0ms) (22.2ms) (0.1ms) (0.1ms) (0.1ms)

Fig. 11. Comparison of the average write latency after replaying selected benchmarks across three different
RR schemes.

with user I/O requests can be minimized. Moreover, our proposal supports shuffling data pages
in the card granularity in the RR process, which can help preserving access parallelism, as the
superpage structure remains intact throughout the process.

On the other hand, all the methods generally reveal similar results of write latency. This is
because all the optimization methods targets at RR operations, highly related to read latency.
Another interesting clue is that the Page scheme performs the worst in most cases on the measure
of the average write latency, though it can also yield a balanced read distribution across blocks in
the superblock (see Section 4.3.2). We argue that Page requires maintaining page-level read counters
to direct page reallocation in the RR processes, which must compete the cache space with user data,
thus impacting cache use efficiency and I/O performance. Figure 12 presents the results of cache
hit ratio for write and read requests after replaying the selected benchmarks. Clearly, Baseline and
Shuffler achieve the same cache hit ratio, while Page and Page-8 bring about less cache hits by
24.5% and 3.1%, when comparing to Shuffler, since they all require substantial cache space to hold
page- or group-level counters. It is also worth noting that, the results of read cache hit ratios are
relatively low in lun traces, since these traces unveil large access footprints and low hot ratios (see
Table 2) Additionally, both synthetic workloads (i.e., gen0 and gen1) follow random access patterns,
so that the cache cannot effectively absort incoming requests, resulting in consistently low hit
ratios for both read and write requests in these two traces.

The long-tail latency is another indicator to reflect the quality of I/O service in the worst scenario.
In general, a small value of long-tail latency can ensure better user experience of I/O service. Then,
we collected the long-tail latencies of all methods. Figure 13 presents the results, where the x-axis
represents I/O response time and the y-axis shows the Cumulative Distribution Function (CDF)
for the slowest 1.0% of I/O requests. As seen, Shuffler outperforms other schemes in terms of
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long-tail latency, and it can cut down the long-tail latency by 17.3%, 9.3%, 8.5% and 7.3% at
the 99.99th percentile in contrast to Baseline, Page, Page-8, and Page-64, respectively. We attribute
this improvement primarily to balanced read distribution achieved through data page shuffling
during RR operations, which eliminates access contention, and secondarily to the removal of access
counters that avoids the memory overhead inherent in Page, Page-8, and Page-64 implementations.

4.3.5 Analysis on Access Parallelism. To evaluate access parallelism under different RR schemes,
we introduce flash transaction count as a metric. Superblock architectures exploit SSD internal
parallelism through multi-plane (MP) operations [10], where bundled reads/writes share a single
transaction on the underlying flash array. In other words, a larger transaction count caused by
a specific RR scheme directly reflects the less number of MP operations and the degraded access
parallelism, when replaying the selected benchmark.

Figure 19 presents the normalized results of flash transactions after replaying the selected
benchmarks, capturing only I/O request-induced transactions. As seen, Page performs the worst, and
this is because the Page scheme distributes data pages across blocks within a superblock based solely
on historical read patterns without considering the underlying MP organization. Consequently,
this strategy severely restricts opportunities for parallel access through MP operations.

More importantly, our Shuffler mechanism achieves flash transaction parity with Baseline. Though
absolute gains prove modest against Page and its variants, this parity confirms card-based shuffling
can group data pages to match the underlying MP architecture. In other words, Shuffler can leverage
MP operations at Baseline’s efficiency level, maintaining equivalent access parallelism despite the
architectural redesign that reorganizes data pages across superblocks in RR processes.

4.4 Case Studies

4.4.1 Case Study on Scalability. To evaluate the impact of parallelism, we have conducted a case
study under a large 32-superblock configuration, where all 4 planes in one chip across all 8 channels
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were grouped into one superblock, while keeping other parameters consistent with the previous
experiments. Figures 15(a) and 15(b) present the results of RR count and read latency, respecitvely.

As shown, Shuffler outperforms the compared methods in terms of RR count and read latency.
Specifically, Shuffler can decrease the number of RR operations by 9.1%, 7.5%, 2.9% and 1.4%, so
that it decreases the read latency by 10.4%, 8.4%, 2.3%, and 1.2%, in contrast to Baseline, Page,
Page-8 and Page-64. An interesting observation is that the improvement ratios of RR count and
read latency remain similar between the large and small superblock settings. This can be attributed
to two opposing factors. On the one hand, a greater number of block components within each
superblock are involved in RR operations, making it more likely for read data to be distributed
unevenly across different components, resulting in a greater improvement. On the other hand, the
32-block configuration of superblock supports greater parallelism, so that RR operations result in
less impact on I/O latency, which moderates the overall improvement.
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Fig. 15. Comparisons of different RR schemes with 32-block configuration of superblock.

4.4.2 Case Study on Cache Size. We have conducted a case study analyzing the impact of data
cache size on system performance by replaying selected benchmarks. Performance metrics of cache
hit ratio, read latency and RR count, were collected across cache configurations of 32MB and
128MB. Figures 16, 17, and 18 present the results of cache hit ratio, RR operation counts and read
latency, respectively.

As shown, Shuffler consistently outperforms other RR approaches across varying data cache
sizes. The key observation reveals an inverse relationship between the cache size and the number
of RR operations, in which larger caches significantly reduce RR operations because the cached
data can serve read requests directly, while the cache in traces of lun and gen cannot effectively
absort incoming read requests that was discussed in Section 4.3.4. Then, we argue that Shuffler can
effectively scale across different cache configurations while maintaining performance advantages.

4.5 Overhead Analysis

The Shuffler scheme analyzes block-level read counts to guide data shuffling, ensuring a balanced
read distribution across component blocks within the superblock. Since block-level read counts
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Fig. 16. Cache hit ratio comparison of different RR schemes with different size of data cache, after replaying
the selected benchmarks. Note that, Page does not have the value of cache hit ratio in the 32M cache
configuration, since the cache space is fully used for page-level counters.

are already tracked to determine whether a block approaches the RR threshold, Shuffler incurs no
additional memory overhead.

The primary time overhead of Shuffler is caused by estimating the imbalance level of read
workloads across component blocks and selecting the appropriate shuffling routine (full, partial,
or none). Nevertheless, given the limited number of component blocks in a superblock, this time
overhead remains negligible in practice. This ensures that the performance impact retains minimal
while achieving the desired balance in read distribution.

To quantify the time overhead of Shuffler, especially during the large superblock configuration, we
explicitly collect the runtime result of shuffling process. As shown in Figure 19, Shuffler only takes
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Fig. 18. Read latency comparison of different RR schemes with different size of data cache, after replaying
the selected benchmarks.

45.7 seconds on average with 128-time repetitions of benchmarks in our experiments, accounting
for less than @.043% of the overall I/O response time, under 32-block configuration.
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4.6 Summary

With respect to comparing shuffling-based read reclaim and conventional read reclaim for su-
perblock management in flash memory, we emphasize the following two key observations. First,
page-level read counters may fail to ensure optimal read balance after RR operations, as historical
read patterns do not precisely predict future read workloads. Second, our proposal effectively
balances read accesses across component blocks within the superblock, significantly reducing write
amplification factors. In addition, we argue that data page exchange between component blocks
within a superblock does not impact SSD-level optimizations, such as data prefetching. This is
guaranteed because the SSD controller maintains full addressability of relocated data pages at all
times, and access parallelism is inherently preserved through superpage-aligned operations.

5 Conclusion

This paper has presented Shuffler, a novel read reclaim scheme designed for superblock management
in flash memory. Shuffler significantly reduces the number of RR operations by unifying read
accesses across the component blocks of a superblock, all without requiring additional space to
track the read hotness of data pages. To this end, Shuffler introduces a card-granularity shuffling
mechanism that redistributes data pages among the blocks of a superblock based on their read
counts during the RR operation. As a result, it can ensure that read accesses are evenly distributed
across component blocks while preserving access parallelism, as the superpage structure remains
intact throughout the process.

Experimental results demonstrate that Shuffler outperforms existing superblock management
schemes, reducing the number of RR operations and write amplification factors by up to 14.5%
and 13.9%, respectively. These improvements highlight the effectiveness of Shuffler in optimizing
flash memory performance and endurance, making it a promising solution for RR optimization.
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