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Abstract—3D NAND flash with charge trap (CT) technology
has been developed by stacking multiple layers vertically to boost
storage capacity while ensuring reliability and scalability. One of
its critical characteristics is the large endurance variation among
and inside blocks and layers. With this feature, traditional bad
block management (BBM), which determines block lifetime by
the page with worst endurance, results in underutilization of solid
state drive (SSD) usage. In this paper, a layer variation aware and
fault-tolerant bad block management, named LaVA, is proposed to
prolong the lifetime of 3D NAND flash storage. The relevant layer,
instead of the entire flash block, is discarded at a finer granularity
when a page failure is encountered. Experimental results based
on real-world workloads show that LaVA can significantly extend
the endurance of 3D CT NAND flash (30.6%-62.2%) with a
small performance degradation (less than 10% increase of tail
1/0 response time), compared to the conventional technique.

Index Terms—bad block management, 3D charge trap NAND
flash, endurance, reliability

I. INTRODUCTION

Planar NAND flash is experiencing scaling limits, hindering
storage capacity growth with low cost due to an increased raw
bit error rate (RBER) as feature sizes shrink and more infor-
mation bits squeeze into a single cell [12]. As an alternative,
through stacking memory cells vertically (in Z direction with
multiple layers), 3D structures can boost density, lower price-
per-bit, and guarantee reliability since adequate feature sizes
[9]. Nowadays, charge trap (CT) technology and triple-level cell
(TLC) become mainstream, offering better scalability, higher
storage capacity, and considerable reliability [16], [26]. How-
ever, the endurance of 3D NAND flash memory is constrained.

Three types of errors, read/program/erase errors, occur with
flash memory. Repeated program/erase (P/E) cycles increase
RBER as the solid state drive (SSD) wears out, leading to
uncorrectable errors and lifetime loss [20]. Bad block manage-
ment (BBM) detects and retires blocks whose reliability cannot
be guaranteed to maximize SSD usage while ensuring reliabil-
ity and performance. To extend SSD’s endurance, [14], [15]
propose machine learning models to predict the optimal time
for retiring a block, tackling the lifetime challenge due to 3D
flash memory’s process variations. [25] suggests managing bad
blocks with cluster similarity to also consider SSD’s reliability.
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Nevertheless, all of these research works focus on block or
cluster granularity, and the “big block” problem of 3D flash
memory exacerbates the efficiency of bad block management.

One critical characteristic of 3D CT NAND flash is its large
endurance variation [24]. Through careful chip characterization,
we find different layers show significant endurance variances
(called cross-layer variation) while flash pages in the same layer
have similar endurance (called intra-layer concentration). With
these features, the block-granular naive bad block management,
which determines lifetime by the unit with worst endurance,
contributes to storage capacity underutilization. Based on this
observation, we propose an effective layer variation aware and
fault-tolerant bad block management named LaVA. It discards
only the relevant layer at fine granularity rather than the
entire block when a page failure happens, providing significant
improvements in storage capacity utilization and endurance
extension for a wide range of application scenarios.

LaVA faces two challenges. The first is usage generality and
flexibility. To break granularity limitations of both FTL- and
retire-level implementations, lazy marking to merely update the
layer status bitmap and keep other tables invariant whenever a
retirement, whose size is decided by the introduced layer failure
threshold, happens is presented. The second is the impact on
I/O performance under LaVA. During a retirement, valid data
within bad layers needs to be migrated, which causes read/write
(r/w) bursts that interfere with user I/O. To this end, we propose
delayed migration executed when the device is idle.

In summary, this paper makes the following contributions:

e We characterize reliability features of 3D CT NAND
flash and summarize critical observations into intra-layer
concentration and cross-layer variation.

« We develop an efficient layer-aware and fine-grained flash
management technique, LaVA, to optimize storage capac-
ity utilization and prolong flash lifetime. Additionally, co-
operation with a layer failure threshold provides flexibility
and balance between endurance and performance.

e We simulate LaVA with real-world workloads. Results
show that LaVA can significantly improve SSD lifetime
(30.6%-62.2%) with a slight performance degradation,
compared to the traditional bad block management.
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II. BACKGROUND AND MOTIVATION
A. 3D Charge Trap TLC NAND Flash

Mainstream flash manufacturers have turned to the charge
trap technology [10] in their 3D NAND flash products. A CT
cell adopts an insulating charge-trapping layer typically made
of silicon nitride, providing better scalability and less coupling
effects [16]. When tens of millions of cells are arranged
together in a 3D structure, a NAND flash array can be formed.
The storage medium comprises an array of word lines (WLs)
continuously connected from top to bottom along the channel
side. A WL is the basic unit of program operations, and each
WL consists of three pages corresponding to the 3-bit data
stored in a TLC cell. WLs on the same X-Y plane make up a
layer, while those on the same X-Z plane belong to a string.

B. Traditional Bad Block Management

NAND flash blocks no longer reliable for storing and retriev-
ing data are referred to as bad blocks. Flash devices can ship
from factories with bad blocks that originated in the manufac-
turing process. More importantly, NAND flash memory suffers
from limited endurance. As repeated program/erase operations
gradually wear out cells’ tunnel oxide, bit errors occur due to
retention, fast de-trapping, and read/program disturb, arising
data corruption and bad blocks. Mitigating or tolerating bit
errors on these blocks often requires a much higher cost than
benefits of using them. Therefore, flash-based storage systems
employ bad block management to identify and retire bad blocks
so that they will no longer jointly threaten data safety. Once
any page fails, traditional BBM [21] marks the corresponding
block as bad and considers all of its pages as failed, even those
that could still be used. Then, all valid data within the block is
migrated in background (i.e., when SSD controller is not busy).

C. Endurance Extension Challenges and Opportunities

To gain a better understanding of adopting 3D CT NAND
flash characteristics in flash management techniques, specifi-
cally in the aspect of reliability enhancement, we conducted a
motivational study to identify challenges and opportunities that
have not yet been explored. The test data were obtained from
our ARM- and FPGA-based experimental platform [24].
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Fig. 1. Page lifetime distribution within a block.

it becomes bad. Page lifetime within a block has a notable
difference. When reaching ECC’s maximum error correction
capability, the lifetime of the strongest page is 35700 P/E
cycles, which is 2.23x of the weakest one (16000 P/E cycles).
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WL is viewed as its lifetime.
Fig. 2 shows lifetime distribu-
tion of different WLs in a block,
where a darker color indicates a shorter lifetime. Two fea-
tures of WL failure occurrence exist. The first is intra-layer
concentration. When a failed WL appears in one layer, other
WLs in the same layer are likely to fail shortly. The second is
cross-layer variation, i.e., large endurance variations exhibited
among different layers, which is significant (up to 1.7x). The
nature of intra-layer concentration is caused by the cross-layer
variation in 3D CT NAND flash memory, which is related to the
manufacturing process and layered voltage applied. Moreover,
such phenomena may become more prominent as 3D structure
stacks more layers.

Aforementioned results indicate that using traditional BBM
in 3D structures cannot maximize flash lifetime and storage
utilization. Large endurance variations among and inside blocks
and layers cause storage capacity underutilization both spatially
and chronologically. A deeper understanding and employment
of medium characteristics is necessary for the efficiency of flash
management techniques, leading to LaVA’s development.

Fig. 2. Lifetime distributions of
WLs within a block.

III. DESIGN

To account for intra-layer concentration and cross-layer
variation, we propose a layer variation aware bad block man-
agement, LaVA, to enhance storage utilization and extend flash
endurance. We first provide LaVA’s overview before delving
into detailed implementation in read, write and erase operations.

A. LaVA Overall Design
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excessive bit errors as failed and marks that layer as bad.
Additionally, only valid data in that layer are migrated. Fig. 3
displays an example of LaVA’s overall flow and compares it
to the traditional BBM. For simplicity, only Block 0 and 1
are depicted, with 4 layers (not the actual 48) drawn in each
block for demonstration. Each layer has 4 WLs represented by
small squares of different colors indicating their states (free,
valid, invalid, or failed). As shown, when a page in WLI12
fails, instead of viewing the entire Block O as a bad block and
migrating all of the valid data therein like traditional BBM do;
LaVA only reallocates the valid data in WL12 and WL13 after
marking Layer03 where WL12 is located to the bad state.

We maintain a bitmap to record each layer’s bad or healthy
state. As for BiCS2 TLC from Toshiba, a representative 3D
CT NAND flash product we choose to conduct experiments,
its chip has a capacity of 2.48Tb (310GB) and contains 31552
blocks. Considering every block has 48 layers, the bitmap
size is approximately 185 (=(31552x48x1bit)/(8x1024)) KB,
indicating a negligible space overhead. Due to the independent
layer status bitmap, LaVA techniques can be applied to any
device that uses the flash translation layer (FTL) managed with
various granularity, such as page-level [6], [8], [13], block-level
[31, [4], and hybrid-level mapping [11], [23].

LaVA tackles challenges associated with incorporating reli-
ability characteristics of 3D CT NAND flash into bad block
management through three specific aspects, which are elab-
orated subsequently. We take the simple and classical page-
level mapping algorithm as an example for straightforward
clarification to illustrate LaVA. Three tables are required during
the FTL operations: 1) an address translation mapping table that
directs a logical page to its corresponding physical page (L2P),
2) a physical page status table, and 3) a layer status bitmap.

B. LaVA in Read Operations

The process of read operations for LaVA is described in
Algorithm 1. First, data is read from the corresponding physical
page, which is retrieved according to the mapping table (Line 1-
3). ECC is then performed on this data to determine the page’s
RBER (Line 4). If the RBER exceeds ECC’s maximum error
correction capability, the layer including the current page is
marked as a bad layer (Line 5-7).
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Fig. 4. Read operations for LaVA.

Algorithm 1 LaVA with layer failure threshold introduced in
Read Operations.

Input:
The logical page number for the read operation, Ipn_rd.

Output:

Read the content from the corresponding physical page.

: Check the mapping table with Ipn_rd as an index.

: Get the mapped physical page number ppn_rd.

Read the content from ppn_rd.

: Execute ECC and calculate its RBER.

: if RBER > maximum error correction capability then
Calculate its layer number.
Mark its layer status as bad in the layer status bitmap.

/* layer failure threshold introduced */

8: Count the number of bad layers in the block that ppn_rd belongs
to according to the layer status bitmap.

9: Calculate the bad layer ratio of the number of bad layers to the
total number of layers in the block.

10: if bad layer ratio > layer failure threshold then

11:  Mark the entire block as bad in the layer status bitmap.
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of Independent Disks) is invoked for data correctness. Note
that the status of pages remains. We reserve conventional
design, which leverages two information bits to represent three
page states (valid, invalid, and free), to break the constraints
about FTL’s implementation granularity [22]. The failed WL
depicted in Fig. 3 indicates the bad layer merely. Such a lazy
marking approach also alleviates the overhead for updating
management data since it operates at layer level with fewer
records than pages. Furthermore, lazy marking keeps page
status management unaltered, leading to slight costs only for
bitmap consistency with multiple processes/threads.

The migration of valid data will occur when storage devices
are idle. A task queue is created to assist. During the current
operation, valid data in the bad layer is temporarily stored in
DRAM buffer, and a task is inserted into the queue, indicating
a delayed migration of data to flash will be executed when the
SSD is not busy. Thanks to the fast DRAM access, this delay
gains performance benefits by preventing time-consuming un-
derlying writes from present operation. Additionally, storing in
the temporal buffer avoids errors of retention and read/program
disturbance, focusing on both reliability and performance. Due
to space limitations, Fig. 4 only displays the movement of a
single WL’s valid data in the bad layer. During the SSD’s free
period, the valid data residing in the bad layer (ppn 63 —65) is
transferred to free pages in a healthy layer (ppn 99 — 100).
According to the inverse mapping table, the corresponding
items in the mapping table are changed to the newest ppn,
and the states of pages involved in data relocation are updated.

Marking a bad block after all its layers fail can maximize
space utilization and endurance extension. However, with less
space available due to layer failures, garbage collection (GC)
happens more frequently and performance suffers. Meanwhile,
fragmentation becomes increasingly problematic. There exists a
tradeoff between the lifetime and performance in deciding when
to retire an entire block due to gradual layer failures. We set a
threshold named layer failure threshold. If the ratio of failed
layers to all layers in a block exceeds this threshold, the block is
marked as bad and will not be used anymore (Line 8-11). Note
that read operations do not need to check the layer status bitmap



since delayed migration enables subsequent requests to retrieve
valid data from either the bad layer or the newly allocated
healthy block. Hence, read operations under LaVA are similar
to the conventional ones as they only require mapping table
lookups. Relying on the common SSD controller’s inherent
strategy is sufficient for multiple processes or threads.

C. LaVA in Write Operations

Performing write operations with LaVA is similar to the
conventional solution, except LaVA needs to determine the
status of the belonging layer of retrieved or selected physical
page in the bitmap (Line 4 and 15 in Algorithm 2). Once data
writing is complete, updates are made to both the L2P mapping
table (Line 18) and ppn status table (Line 8, 12 and 17) based
on various data layouts.

Algorithm 2 LaVA in Write Operations.

Input:
The logical page number for the write operation, lpn_wr;
Written content.

Output:
Write the content to the corresponding physical page.

1: Check the mapping table with [pn_wr as an index.

2: if Ipn_wr exists in the mapping table then

3:  Get the mapped physical page number ppn_wr_1.

4:  Calculate its layer number and check its layer status.
5. if the layer status is healthy then

6: if the status of ppn_wr_1 is free then

7: Write the content to ppn_wr_1.

8: Valid ppn_wr_1 in the physical page status table.
9: else

10: Go to Line 12.

11:  else

12: Invalid ppn_wr_1 in the physical page status table.
13: Go to Line 15.

14: else

15:  Find a free page ppn_wr_2 with healthy layer status.
16:  Write the content to ppn_wr_2.

17:  Valid ppn_wr_2 in the physical page status table.

18:  Update the mapping table.

Fig. 5 demonstrates
how LaVA is used to
perform write opera-
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healthy layer. In this case, ppn 106 is selected and b is written
into it. Finally, the mapping table and ppn status table entries
related to ppn 106/61 are updated. Given delayed migration,
updating the state of ppn 61 as invalid is necessary to avoid
redundant data movement. As mentioned, leveraging the lazy
marking approach simplifies the write operation process with

ppn106 E
‘°‘ jalid ppn 107 — )
{106 free | Y ppn 143(

107 free

Fig. 5. Write operations for LaVA.

LaVA, as looking up a free page in the layer status bitmap costs
less than traversing through the page-level ppn status table.

When a program operation fails, the affected layer is marked
as bad and migration is delayed, which is the same as read
operations encounter errors beyond ECC’s capability. The only
difference is that the write operation requires additional bitmap
checks. To ensure correctness under multiple processes/threads,
we maintain a request queue for all requests sent to SSD, so
that only one request can access the bitmap at any time.

D. LaVA in Erase Operations

When the SSD nearly reaches full capacity, the garbage
collection is invoked. The SSD controller picks the flash block
with most invalid data as the target and relocates internal
valid data to another healthy block. Then, the erase operation
is executed on the victim block to make more pages free.
In LaVA, no revisions are made to original erase operations
considering fragmentation issues and delayed migration. Thus,
no additional overhead even for multiple processes/threads. Due
to the fact that the data status in the bad layer that has already
been migrated delayed will be updated to invalid, there is no
redundancy in data movement during garbage collection. Even
if erase operations occur before delayed migration, the transfer
of valid data within the entire block, including bad layers,
will further alleviate fragmentation issues. Once the transfer
is complete, the original data is marked as invalid, preventing
subsequent delayed migrations from moving duplicate data.
To avoid time-consuming erase verification failures, sub-block
erase designs [5] can be used to skip bad-marked layers.

1V. EVALUATION
A. Experimental Setup

Conducting experiments on a hardware SSD prototype can
be costly and time-consuming due to the difficulty in obtaining
a 3D SSD with open-source firmware. As such, we evaluate
LaVA against traditional BBM on SSDsim, a prevalent and
hardware-verified SSD simulator that can accommodate various
hardware configurations [7]. We modify SSDsim to simulate
a 9GB NAND flash storage with 3D structures, following
specifications based on the motivational study’s testbed (see
Table I). Temporal simulation is adopted without actual data
reads/writes involved. All management data is stored in mem-
ory, including the layer status bitmap which has an extra
storage overhead of about 48KB. To ensure the consistency of
metadata, we keep backups to simulate real hardware’s power
failure protection. The simulator employs page-level DFTL
[6], greedy garbage collection and static wear leveling. We
maintain lists of each page’s maximum P/E cycles under dif-
ferent ECC capabilities collected through experiments on real
platforms to simulate ECC operations, with a space overhead
of 2.25MB. Additionally, traditional BBM and LaVA are im-
plemented with an exclusive queue to postpone migration until
the device is idle based on SSDsim’s feature of event-driven.
We revise read/write processes to include bitmap lookups
and status checking/setting, which are performed before the
chronological-simulated underlying flash operations.



TABLE I
PARAMETERS OF SIMULATED NAND FLASH MEMORY.
Parameter Value Parameter Value
User-visible/Physical Capacity 7.5GB/9GB Block Size 48 layers (9MB)
Channel Number 2 channels Layer Size 12 pages (192KB)
Channel Size 2 chips Page Size 16384 bytes (16KB)
Chip Size 1 die Over-provisioning 20%
Die Size 1 plane Read/Program Time 7518/1100p8
Plane Size 256 blocks Erase Time 10ms
TABLE II

WORKLOADS PARAMETERS.

Workload Total Requests ~ Write Request Ratio ~ Avg. Req. Size (KB) ~ Avg. Req. Interval (ms)

exchange [17] 600,000 67.99% 16.1 1.18
hmoO [18] 3,993,317 64.50% 8.9 15.15
usr0 [19] 2,236,836 59.61% 228 27.03
ts0 [19] 1,801,487 82.40% 9.3 38.80
vps [1] 6,451,273 51.04% 11.2 27.71

We select five block-level trace, exchange, hm0, usr0, ts0,
and vps, collected from various servers and systems, with their
information outlined in Table II. Diversity in read/write ratio,
request size and intensity make them fit various usage scenarios
well and they are also widely studied and evaluated in previous
works [1], [19]. Limited write requests within each trace are
insufficient to wear out SSD. By feeding and replaying trace
files repeatedly, statistics can be obtained when SSD reaches its
end-of-life. As more layers and blocks fail, the available over-
provisioning space shrinks and performance would significantly
decrease despite the I/O requests can still be served. In our
experiments, we regard the SSD lifetime to end when the over-
provisioning space falls below 4% of the user-visible capacity,
due to intolerable performance degradation.

B. Lifetime Extension Evaluation

To quantitatively evaluate the efficacy of LaVA lifetime
extension, we need to redefine SSD lifetime. Typically, page
endurance is measured by its P/E cycles. Therefore, SSD
lifetime can be intuitively represented by the maximum data
amount of flash writes or user data writes until the ECC can
no longer guarantee reliability. The lifetime is calculated in

lifetime <= Drpam = Y i—1 Cp/E(i, %) Dolock ©)
and
lifetime <= Drava =371 3721 Cp/e(j, ) - Diayer
=31 2 [Cr/e(E, )+ ACP £ (5, )] Diayer (3
where Drppy and Dpgya represent the maximum data
amount of flash writes or user data writes for the traditional
BBM and LavA. Dyoer, and Djgye, refer to the amount of
data stored in a block (n blocks in total) or layer (m layer per
block). Cp/g(k, ) indicates P/E cycles of the weakest page
within the k%" block or layer under maximum error correction
capability of x, and A means its increment among layers.

1) Maximum volume of flash writes: We analyze the lifetime
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side means a larger number of errors can be corrected,
indicating a stronger error correction capability, and vice
versa. LaVA gains pronounced lifetime extension for various
capabilities of ECC. It is noticeable that the increase with
weak capability is much more substantial than that with strong
capability. This can be attributed to weaker ECCs tend to mark
flash pages as bad at an early stage (i.e. a smaller Cp/p(k, 7)),
leading to low space utilization under traditional BBM and
providing more optimization space for LaVA. Conversely,
stronger error correction capability results in failed pages
appearing later and larger Cp, (K, x) being accumulated. This
larger base makes the increment (A) less significant, causing
a gentle decrease in LaVA’s endurance extension.

65 2) Maximum volume of
user data writes: SSDs
suffer from write am-
plification (WA) due to
garbage collection, sev-
eral more bytes are writ-
ten to the flash at device
level for every byte writ-
ten by an application, sig-
nificantly increasing data
traffic written to flash by
orders of magnitude com-
pared to data requested by
applications. In Fig. 7, we
comprehensively evaluate LaVA’s lifetime extension in terms
of user data writes under various workloads and layer failure
thresholds. Considering the larger optimization space under
the current reachable maximum error correction capability of
ECC, experiments are carried out under the RBER constraint
of 5x1073. As the layer failure threshold grows, the impact of
LaVA on lifetime extension gradually increases (ranging from
30.6% to 62.2%, depending on the traces). In the case of the
largest threshold (0.9), there is an average increase of 54.6%,
while for the smallest threshold (0.1), the average increment is
only about 33.8%. One reason for this trend is that a higher
threshold allows for more storage and write operations before
blocks wear out by providing more space. Overall, compared to
traditional BBM, using LaVA greatly boost SSD endurance, and
larger layer failure thresholds result in greater improvements.
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Fig. 7. The increase of the maximum
volume of user data writes (LaVA vs.
Traditional BBM).

C. I/O Performance Evaluation

We now assess how LaVA affects I/O performance. Fig. 8
presents comparisons of response time (read/write latencies)
between LaVA (with various layer failure thresholds) and
traditional BBM across different workloads through the SSD
lifetime (only two traces are shown due to space constraints).
The dotted lines indicate the time points when bad layers started
to appear for each scenario. Both techniques exhibit a similar
trend in the variation of I/O response time. The comparable
response time during early runtime suggests negligible over-
head of LaVA on SSD performance in read/write operations.
However, there is an increase in response time towards the end
of SSD lifetime (the right side of dotted lines) under LaVA,
especially as the threshold grows. This is due to less available



LaVvA/0.3

LavA/0.9

8897 bad layers

10 Traditional BBM LavA/0.1 |

N

LaVA/0.5 LavA/0.7
10|
8|

6 8897 bad layers 8897 bad layers
P/E Cycle (x10%)

(a) exchange

©

1/0 Response Time

10 Traditional BBM LaVA/0.1 LaVA/0.3

8

6

LaVA/0.5 LaVA/0.7

10

a
6

4 27174 bad layers 27174 bad layers 27174 bad layers

P/E Cycle (x10%)
(b) hmO

LaVA/0.9

1/0 Response Time
IS
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over-provisioning space when SSDs wear out, causing frequent
garbage collection and performance degradation.

We use the 99*" and 95" percentile I/O response times as
the metrics for our analysis. Exchange (Fig. 8 (a)) is much more
I/O-intensive than other traces; therefore, more significant GC
overheads add to its response time, resulting in a larger decline
in performance. Regarding other workloads (refer to Fig. 8 (b)),
LaVA outperforms traditional BBM by increasing SSD lifetime
by an average of 57.2%, while only raising the 99'%/95t"
percentile I/O response time by an average of 7.8%/3.9% under
the largest layer failure threshold (0.9). To be more specific,
compared to the traditional bad block management:

o for the threshold of 0.1, LaVA improves SSD lifetime by
30.6% and increases the 99*"/95!" percentile I/O response
time by 8.0%/2.6% (less than 10%);

« for the threshold of 0.3, LaVA improves the SSD lifetime
by 40.1% and increases the 99"/95'" percentile 1/O
response time by 17.9% / 5.6% (less than 20%);

o for larger thresholds, LaVA significantly increases the
99!"/95" percentile /O response time (more than 5x).

In summary, LaVA considerably prolongs the lifetime of SSD
(30.6%-62.2%) compared to the traditional BBM with only
a slight drop in performance (less than 10% increase in tail
I/O response time). This approach achieves a good balance
between endurance extension and performance degradation. For
those who pursue an even longer lifetime, a large layer failure
threshold is preferable. However, if performance is a concern,
a moderate layer failure threshold is recommended.

V. CONCLUSION

This paper proposes a layer variation aware and fault-
tolerant bad block management, LaVA, to effectively extend
the endurance of 3D CT NAND flash storage. LaVA is in-
spired by the nature of cross-layer variations and intra-layer
concentration of errors among pages and blocks to maximize
the lifetime potency of each page. A fine-grained technique
is introduced as opposed to the traditional coarse-grained bad
block management. When a page failure occurs, only pages

inside the relevant layer of the block are discarded, rather
than all pages within the block. Such a layer-level strategy
achieves good trade-offs between lifetime improvement and
performance maintenance while providing users with greater
flexibility. Experimental results based on real-world workloads
demonstrate that LaVA dramatically enhances SSD lifetime
(30.6%-62.2%) with minimal performance degradation (less
than a 10% increase in tail I/O response time) compared to
the traditional bad block management.
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