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Abstract
Cloud local disks are attractive for their affordable price
and high performance. The recent advancement in CPUs
motivates cloud vendors to further multiplex the computing
resources to serve more users. Unfortunately, such proposals
are constrained by the limited offerings of cloud local disks
per server as the underlying storage devices are either large
but slow (e.g., HDDs) or fast yet small (e.g., NVMe SSDs).

In this paper, we explore the possibility of leveraging high-
capacity QLC-based SSDs for cloud local disks. However,
the three preliminary unsuccessful attempts indicate that
QLC SSDs cannot simply work as drop-in replacement. The
root cause is the two levels of write amplification caused
by device-level address mapping with Indirection Unit and
NAND-level garbage collection.
With these lessons learned, we propose CSAL, the next-

gen local disks in Alibaba Cloud. CSAL includes a high-
performance SSD as write buffers and a large-capacity QLC
SSD for persistence. With a two-level Logical to Physical
(L2P) address mapping table, CSAL achieves fine-grained
(4KB) data accessing and significantly alleviates the two lev-
els of write amplification. Results show that CSAL always
prevails with superior performance and can achieve up to
2.22×, 1.82×, and 2.03× speedups against the second-best
peers in micro, application, and deployment benchmarking,
respectively. As of now, we have deployed CSAL on thou-
sands of servers and made CSAL open-source to the public.

CCS Concepts: •Computer systems organization→ Sec-
ondary storage organization; • Information systems→
Hierarchical storage management; Cloud based stor-
age.
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1 Introduction
Cloud local disk is a popular service (e.g., AWS I3[13, 14],
Azure Lsv3 [15, 16], Alibaba Cloud I3 [20]) for its perfor-
mance and affordable prices. In cloud local disks, the phys-
ical storage devices are directly attached to the compute
servers and virtualized as block devices to the virtual ma-
chines (VMs). Given this setup, a compute node, constrained
by its finite compute and storage resources, can only offer a
limited number of VMs (a.k.a., ECS instances).
Recently, the performance of CPUs has been growing at

a fast pace. For example, the number of CPU cores has dou-
bled from Intel’s Cooper Lake [23] to Sapphire Rapids [42].
Meanwhile, the per-core efficiency has also significantly im-
proved [23, 42, 43, 55]. The increasing computing power
motivates to further multiplex resources and accommodate
more instances per server. However, this idea is constrained
by the development of storage devices. On the one hand,
while HDD vendors continue to supply the markets with
high-density drives (e.g., Seagate and Western Digital an-
nounced 20TB and 22TB HDD [24, 31]), the bandwidth of
HDDs is still around 250MB/s per drive. Therefore, their
performance per TB actually drops and thus prevents the
local disks to increase capacity while achieving the same
Service Level Objectives (SLOs). On the other hand, high-
performance Storage Class Memory (SCM) SSDs, such as
Samsung Z-NAND SSD [48], Intel Optane SSD [6], Solidigm
SLC SSD [53], and KIOXIA XL-Flash SSD [34], provide com-
petitive performance but can have limited storage capacity
and much higher costs [22].

One intuitive approach to break such a dilemma is to adopt
the emerging QLC SSDs [26, 32, 39, 40, 50] as the local disks.
Thanks to their high-density (4× higher than SLC) and low-
cost (less than 1/4 of SLC), QLC SSDs provide us with large
capacity at an affordable cost. Following this direction, we
have experimented with three preliminary attempts based
on existing techniques, including deploying the QLC SSD as
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a drop-in replacement, building a layered system (i.e., Open-
CAS [8]) with a high-performance SSD (HP-SSD), and using
the dm-zoned (a kernel device mapper) [4].

However, all three attempts fail to deliver expected perfor-
mance. Through analysis, we conclude that the root causes
are the two levels of write amplification. First, QLC SSDs em-
ploy coarse-grained logical to physical (L2P) mapping (e.g.,
64KB indirection unit in Intel P5316 QLC SSD [21, 26, 28, 51]).
The 64KB is much larger than 4KB L2P entry in traditional
NVMe SSDs, thereby incurring high device-level write ampli-
fication (i.e., 4KB logical writes become 64KB NAND writes).
Second, using a Flash Translation Layer (FTL) to manage the
address mapping inside QLC can also lead to severe NAND-
level write amplification under garbage collection as data
with different lifespans are now mixed together [17].

Based on the lessons we have learned, we propose CSAL,
the next-gen cloud local disks in Alibaba Cloud. CSAL re-
quires around 3GB DRAM for in-memory data structure,
manages an HP-SSD as a write buffer, and uses a large-
capacity Zoned Namespace (ZNS) QLC SSD for persistence.
There are two simple and effective features in CSAL. First,
we design a two-level L2P table to achieve fine-grained (4KB)
data accessing and thus alleviating the device-level write am-
plification. Second, CSAL performs periodical compaction
that reclaims write buffer space by aggregating cold data
as large sequential writes to the underlying ZNS QLC SSD.
The aggregation is by users (i.e., VMs) and hence can reduce
NAND-level write amplification with the best effort.
We extensively evaluate CSAL against the alternatives

(i.e., QLC SSD, Open-CAS and dm-zoned) with microbench-
marks (sequential/random workloads with uniform/skewed
distributions), end-to-end tests on Aerospike database and
RocksDB, and field-level evaluations on HDFS clusters. We
observe that CSAL-based solutions delivers the highest per-
formance and achieves up to 2.22×, 1.82×, and 2.03× speedup
against the second-best option with microbenchmarks, ap-
plication evaluation, and field deployment, respectively.

Here, we summarize the contributions in this paper:
• We evaluate and analyze three potential approaches to
employ high-density QLC SSDs as local disks based on
existing techniques. We also summarize three lessons from
our exploration to guide CSAL designs.

• We present CSAL, our proposal for the next-gen cloud
local disks with detailed descriptions on the in-memory
data structures, on-disk layouts, and the key procedures.

• We extensively evaluate CSAL and other alternatives on
raw device performance, write amplification reduction,
and end-to-end applications.

• Wedeploy CSAL in the real-world local disk systems across
thousands of nodes, and release the source code of CSAL
to the public by upstreaming CSAL into SPDK †, an open-
source storage performance development kit.

†https://github.com/spdk/spdk (see detailed user guide in Appendix §A)
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Figure 1. The Local Disk Architecture.

For the rest of the paper, we first introduce the background
of the local disk in the Alibaba Cloud and QLC SSD (§2). Then
we perform and analyze the three motivational studies (§3).
Afterwards, we introduce the design (§4) and implementation
(§5) of CSAL. Finally, we evaluate our prototype (§6), survey
the related works (§7), and conclude our work (§8).

2 Background
2.1 Cloud Local Disk: (Beyond) Status Quo

Overview. In Figure 1, we show the architectural overview
of the local disks in Alibaba Cloud. The host mounts the
storage devices as block devices. Then, the Logical Volume
Manager (LVM) further wraps the block device(s) as multiple
virtual logical devices. A Virtual Machine (VM) can subscribe
to multiple such virtual logical devices as its local disks via
storage virtualization technologies (e.g., vhost-user-blk [58]
and vhost-NVMe [61]). We use Linux AIO [41] to access
HDDs (capacity-oriented local disks), and SPDK NVMe dri-
ver [60] for SSDs (performance-oriented ones). In this paper,
we focus on the design for the capacity-oriented local disks.
Resource granularity. A common practice in cloud local
disks (e.g., adopted by AWS[13, 14], Azure [15, 16], Alibaba
Cloud [18, 19]) is that vendors set a proportion (usually an
eighth) of the whole physical resources as the finest granular-
ity. Users can subscribe to one or multiple such proportion(s)
as an instance. For example, the smallest AWS D3.xlarge
instance [12] has 4 vCPUs, 32GB memory, and 6TB stor-
age space (backed by 3×2TB HDDs) whereas the largest (8×
more) has 32 vCPUs, 256GB memory, and 48TB space (i.e.,
24×2TB HDDs). We have the similar hardware configura-
tions and also followed this routine. The reason behind the
fixed combination is to avoid wasting resources led by over-
subscribing. For example, if we allow one VM to occupy all
CPU cores but only half the memory and storage space, we
would not be able to accommodate other VMs even if other
resources (e.g., memory and disks) remain available.
Opportunity. The recent advancement in CPU—in terms of
numbers of cores and per-core processing power (e.g., from
Cooper Lake to Emerald Rapids [23, 42, 43, 55])—provides
us with the possibility to further multiplex the resources for
more users. For example, with computing power doubled,
we should be able to accommodate twice as many instances
(e.g., allowing 1/16 as the finest granularity) while keeping
the same Service Level Objects (SLOs).
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SLC MLC TLC QLC HDD
Space (TB) 0.6 1.2 6.4 23 22
Read (GB/s) 7.2 7.0 6.8 6.0 0.26
Write (GB/s) 6.1 5.2 4.2 2.5 0.26
IOPS-R (K) 1500 1300 1000 800 0.24
IOPS-W (K) 1350 800 150 5.7 0.46
Endurance (%) 2000 1500 333 100 -
Cost (%) 400 200 133 100 -

Table 1. Storage Comparison. For NAND SSDs, data are

provided by Solidigm [52]. Capacity is the median of current

commodity SSDs; endurance, density, and cost are normalized

number. Data of HDDs are from Western Digital [24].

Challenge. While adding more memory can be straightfor-
ward, simultaneously increasing the performance and capac-
ity of storage devices is challenging. First, if we continue to
use HDDs, increasing the capacity is achievable thanks to the
emergence of high-capacity HDDs, such as Western Digital’s
22TB CMR HDDs [24]. While the space is quadrupled (or
more), these HDDs still rave similar bandwidth (250MB/s) as
earlier models. Hence, the bandwidth per TB drops to 25% or
even less, thereby failing to keep the same Service Level Ob-
ject (SLO). On the contrary, high-performance NVMe SSDs
provide enough throughput (5-6GB/s for reads and 2-2.5GB/s
for writes) but can be constrained by the capacities and much
higher CapEx per TB. Note that, for efficiency, the size (i.e.,
rack unit) of our physical servers is 2U. Hence, we cannot
simply solve the dilemma by installing more drives.

2.2 High-density NAND Flash SSD

Characteristic. For off-the-shelf SSDs, the NAND density
has been gradually increasing from SLC (one bit per cell) to
QLC (four bits per cell) with PLC (five bits per cell) loom-
ing on the horizon [26, 32, 39, 40, 44, 50]. Table 1 shows a
comparison of SSDs based on different types of NAND. The
QLC-based SSDs can provide comparable storage space to
high-capacity HDDs while delivering 10× more through-
put (i.e., 2.5GB/s for writes and 6.0GB/s for reads), thereby
serving as a promising candidate for the local disks.
Interface. Currently, there are two types of interfaces for
QLC SSDs. First, QLC SSDs can be exposed as generic block
devices to serve block I/O requests, including random and
sequential reads/writes. The on-device Flash Translation
Layer (FTL) performs logical-to-physical address translation,
garbage collection, and wear-leveling. The other interface is
the Zoned Namespace (ZNS) [17] where the SSD formats its
internal space into multiple sequential zones to the host. In
this setup, the host needs to directly manage the random-to-
sequential translation but can avoid interface tax [17].

3 Preliminary Attempts
With significantly higher throughput (up to 2.5 GB/s for
writes, around 10× higher thanHDD) and large capacity (20TB

or more), one QLC-based SSD can replace at least 8×2TB
HDDs (our last-gen local disk), yielding enough headroom
for accommodating more instances. In this section, we de-
scribe three preliminary attempts at enabling the QLC SSDs.
We highlight the pros and cons of these solutions, and con-
clude this section with our lessons learned.

3.1 QLC SSD as a Drop-in Replacement.

Setup. The much higher bandwidth motivates us to directly
adopt the generic block interface QLC SSD as the local disk
(Figure 2(b)) to replace the HDDs in the current approach
(Figure 2(a)). In this case, the host can multiplex a large-
capacity QLC SSD as multiple logical devices via LVM par-
titioning. Here, under the Alibaba Cloud local disk setup,
we compare this solution with 8 independent 2TB HDDs.
Specifically, we set 8 VMs, each with 7 vCPU cores and 28GB
memory. Moreover, we use FIO inside VMs to benchmark
both random and sequential write performance with 8 jobs
(i.e., one for a virtual disk inside one VM) and a queue depth
of 128.
Evaluation results. In Figure 3, we demonstrate perfor-
mance comparisons in random and sequential writes scenar-
ios. Obviously, in random writes workloads, the QLC SSD
delivers comparable (4KB block size) or higher (8-128KB)
performance. This is anticipated as the HDD can suffer sig-
nificant performance loss from random workloads. Surpris-
ingly, we notice that, in Figure 3(b), while HDDs maintain a
constant throughput, the QLC delivers rather subpar perfor-
mance.
Performance analysis. After discussion with the vendor,
we conclude that the unsatisfying performance of the QLC
SSD is caused by NAND-level and device-level write amplifi-
cation. First, an outstanding characteristic of NAND is the
“erase-before-write”. For QLC NAND, the super block ∗ size
becomes much larger (e.g., 67.4GB in Intel P5316 [51]). As
a result, frequent small writes lead to a significant increase
in NAND-level write amplification triggered by garbage col-
lection. Figure 4(a) lists the block size distribution of Al-
ibaba Cloud local disks. We can see that small block writes
(e.g., 4KB-16KB) account for more than 60% in local disks.
Moreover, in Figure 4(b), we list the NAND-level write am-
plification calculated from different typical applications on
non-shared (i.e., each application owns an independent SSD)
TLC-based SSDs in the field deployment (blue bars). The
average write amplification is 2.3 of these four applications.
However, when these four applications share a single QLC
SSD, the average write amplification of them increases to
3.8 (orange bars). This is because sharing the same large
QLC SSD will introduce additional write amplification as
the different write patterns of applications would cause data

∗A super block in the NAND Flash SSD refers to a collection of blocks
from different planes that are treated as a single unit for operations such as
erasing and programming.
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Figure 2. Comparison among Existing Approaches to enable QLC SSDs in the Local Disk Instance.

HDD QLC Open-CAS dm-zoned

0.0

0.2

0.4

4 8 16 32 64 128
Black size (KB)

B
an

dw
id

th
 (

G
B

/s
)

(a) Random writes

0.0

0.5

1.0

1.5

2.0

4 8 16 32 64 128
Black size (KB)

B
an

dw
id

th
 (

G
B

/s
)

(b) Sequential writes

Figure 3. Performance of Different Approaches.
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Figure 4. Real Workload Observation.

with different lifespans (from different users) to be stored in
the same erase block.
Second, the generic block interface SSD employs an ad-

dress translation table to map logical block address (i.e., host
LBA) to physical block address (PBA) on NANDs. The Flash
Translation Layer (FTL) maintains this Logical-to-Physical
(L2P) mapping table in the on-chip DRAM. For a common
NAND SSD, the size of each entry (some SSD vendors call
“indirection unit”, IU [21]) in the L2P table is usually 4KB
to align with the host OS page size. The typical size of an
L2P mapping table in a 1TB TLC-based SSD can be as much
as 1GB. In a QLC-based SSD, if the IU size remains at 4KB,
the total size of the mapping table would grow to 16-32GB,
which is too large for the on-chip memory to accommodate.
Therefore, current QLC-based SSDs set a larger indirection
unit size (e.g., 64KB in our Intel P5316 SSD) to shrink the
mapping table.
Consequently, for alignment, small writes in QLC-based

SSD would suffer device-level write amplification and perfor-
mance slowdown. In Figure 5, we showcase two examples to
illustrate such impact. In Figure 5(a), assume the host issues
a 4KB update request. The FTL first looks up the entry in
the L2P table and reads the corresponding 64KB data to the

64K 64K 64K 64K 64K

L2P

4K

DRAM

1. read

2. modify

3. write 64K
NAND

Indirection unit

64K 64K 64K 64K 64K

L2P

8K

DRAM

1. read

2. modify

3. write 128K
NAND

Indirection unit

8K

(a) Missized write (b) Misaligned write

Figure 5. Non-optimal Writes under 64KB Indirection
Unit. Solid lines are data flows; dotted lines are data indexs.

on-chip DRAM. After updating the 4KB, the SSD controller
then flushes the whole 64KB back to the NAND media, caus-
ing a 16× device-level amplification. The second example,
as shown in Figure 5(b), is when a larger write request (e.g.,
8KB) involves updating to two IUs (i.e., 4KB from each IU),
meaning the writes are not IU-aligned. Such misalignment
would also cause significant device-level write amplification
(16× in our 8KB example).
Endurance impact. Apart from performance influence,
there is another significant problem associated with the two
levels of write amplification: the endurance impact. As we in-
troduced in Table 1, a side effect of squeezing more bits into
a NAND cell is the shortened lifespan (i.e., less number of
allowed Program/Erase cycles) [30]. Unfortunately, the afore-
mentioned double write amplification and large volumes of
workloads of local disks further exacerbate this issue, lead-
ing to the premature retirement of QLC SSDs. In our case,
the 15.36TB QLC SSD (i.e., the Intel P5316) offers a 5-year
1.83 Drive Writes Per Day warranty under the optimized
writes (e.g., 64KB IU-aligned sequential writes), indicating
the SSD can endure a 28.78TB (15.36TB×1.83) of writes per
day for five years. Note that 28.78TB can be directly regarded
as NAND writes, as there is no NAND-level or device-level
write amplification under 64KB IU-aligned sequential writes.

In Figure 4(a) and Table 2, we respectively list the distri-
bution of write size and amount of writes-per-day on ECS
instances. Also, the FTL reports the average NAND-level
write amplification on a local disk backed by TLC-based SSD
is 2.2 in the field. Therefore, we can calculate the actual daily
NANDwrites on a local disk backed by a QLC-based SSD. For
example, a 4KB write has aWrite Amplification Factor (WAF)
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Logical Writes (TB) NANDWrites (TB)
p50 1.23 25.07
p75 1.42 28.94
p90 1.58 32.20
p99 2.20 44.84
p999 2.54 51.76
p100 2.94 59.92

Table 2. Distribution ofWrites-per-day on 8× 2TB Local
Disks of ECS Instances.

of 35.2 (i.e., 16×2.2, device-level write amplification multi-
plying NAND-level write amplification) and hence inflates a
140.8KB NANDwrite. In the rightmost column of Table 2, we
list the corresponding NAND writes after calibration with
WAF and the real data block size distribution in Figure 4(a).
We can see that 75% of tenants with at most 28.94TB NAND
writes (≈ NAND writes per day QLC can endure) for a drive
per day can use QLC SSDs for 5-years. However, the rest
25% of tenants incur large volumes of NAND writes which
are beyond QLC SSD endurance. In order to satisfy 99.9% of
tenants, the QLC SSD has to endure 51.76TB NAND write
per day if we directly employ QLC SSDs. Note that this is still
an underestimation as we use the NAND-level WAF from
TLC-based SSDs for calculation. Moreover, if we use one
QLC SSD to replace multiple HDDs (e.g., 8 in this example),
the QLC SSD would have to endure even more writes.

3.2 Write-Back Cache

Setup. Alternatively, we can use a write-back cache to ab-
sorb small writes and thereby reduce the write amplifica-
tion. To ensure data persistence, we employ an 800GB high-
performance SSD (HP-SSD, Intel P5800X [6]) as our cache.
We use Open-CAS [8] to build our LRU-based cache with a
line granularity of 64KB to align with the 64KB indirection
unit of QLC SSD (see Figure 2(c)). We reuse the environment
from the previous experiment and rerun the same workloads
with FIO.
Evaluation results. Figure 3 shows that adding cache con-
siderably improves the random writes performance as fre-
quent small random writes are absorbed (i.e., writes hit) and
merged by the cache. Regarding sequential writes, while we
observe performance improvements (compared to the sin-
gle QLC solution) on small writes, its throughput still lags
behind the traditional HDD. Note that such performance
gap persists under various cache eviction policies (e.g., LRU,
LFU) and different cache line granularity (e.g., 32K, 64K, and
128K). Therefore, inserting a cache layer still fails to meet
our goal.
Performance analysis. The main rationale for adopting a
write-back cache is to absorb user writes in a cache layer
and group small writes that target the same IU (i.e., cache
line), thereby reducing both NAND-level and device-level
write amplification. If the capacity of the write-back cache

is sufficient (i.e., larger than the underlying QLC SSDs com-
bined), we can simply enforce the cache to write back a line
only when it is full (i.e., all 64KB are updated), resulting in a
device-level WAF of 1. Apparently, such solution is impracti-
cal due to the high cost and the limited capacity of HP-SSDs.
Therefore, we need to periodically flush the cache, thereby
incurring considerable device-level write amplification and
performance loss.

3.3 ZNS-based Solution

Setup. From the previous experiments, we notice that the
major bottleneck that limits the performance of QLC SSD is
the indirection unit size of the L2P table. Now, with Zoned
Namespace (ZNS) support, we are able to lift this constraint
by managing the mapping in the host. Additionally, ZNS SSD
provides zoned layout to route different write streams into
isolated erase blocks (i.e., zones), thus allowing host to per-
form tenant-/workload-aware allocation to reduce NAND-
level write amplification.

Currently, Linux provides a device mapper, called the dm-
zoned [4], to adopt Zoned storage devices while maintaining
the random write interface. Unfortunately, ZNS-based QLC
SSDs are still not readily available so that we use aWest Digi-
tal ZNS-based TLC SSD [7] to build our prototype. Figure 2(d)
outlines the architecture where the dm-zoned splits zones
into two parts including a series of random zones (backed by
the HP-SSD) and a series of sequential zones (backed by the
ZNS SSD). Moreover, the dm-zoned maintains a mapping
table in the host memory to translate logical block address to
the location in zone. In this setup, all sequential writes will
directly route to the sequential zones while random writes
are first allocated to the random zones and then migrated to
the sequential zones in bulk (i.e., an entire zone).
Evaluation results. In Figure 3, we can see that, in the case
of sequential writes, dm-zoned solution is consistently faster
than the QLC SSD. Compared with write-back cache, dm-
zoned delivers lower throughput among writes (i.e., 4-16KB)
and almost the same throughput on 32KB, but eventually
overtakes cache-based solution with 13.72%-62.20% speedup
on large writes (i.e., 64-128KB). The reason is that the small
sequential writes are merged in write-back cache. But, for
large writes, directly appending them to the sequential zones
avoid paying the interface overhead and improves perfor-
mance. In stark contrast, for random writes, the dm-zoned
solution snails with average 10MB/s throughput.
Performance analysis. Now, we further analyze the root
cause behind the performance of dm-zoned. In practice, dm-
zoned relies on random zones to allocate randomwrites. Due
to the limited capacity of HP-SSD, the random zones would
soon run out and thus require the dm-zoned to reclaim space
by migrating the data from random zones to sequential ones
in ZNS SSD. Note that the current design of dm-zoned en-
forces “one-for-one” policy where the entire random zone
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would bemigrated to a sequential one and empty areas would
be padded with zero. Under high-pressure workloads, the
dm-zoned will be constantly busy with migrating data, re-
sulting in huge performance loss. The dm-zoned community
has confirmed our analysis and suggests that the current
dm-zoned, designed for shingled magnetic recording (SMR)
HDDs with sequential-intensive writes, only provides “ex-
perimental” support for random-intensive writes.

3.4 Lessons Learned
Our three preliminary attempts fail to achieve our goals as
the next-generation local disks. Nevertheless, we obtain the
following lessons to guide our design.
• The two levels (i.e., NAND-/device-level) of write amplifi-
cation significantly influence the efficiency and endurance
of QLC-based SSDs.

• The ZNS interface allows the host to perform workload-
aware allocation (i.e., separating hot/cold data by zones),
thereby alleviating NAND-level write amplification.

• ZNS-based solutions (e.g., dm-zoned) can invoke severe
performance penalties on random writes due to the larger
granularity (i.e., zone) of address management.

4 Design
In this section, we illustrate and discuss the design of CSAL
at length. We start by introducing the core ideas. Then,
we present the architecture and data layout. Finally, we go
through the key procedures in CSAL.

4.1 Design Overview

Core ideas. CSAL adopts two straightforward ideas, using a
page table to achieve fine-grained (i.e., 4KB) logical to physi-
cal address translation and using a high-performance SSD
(HP-SSD) as a log-structured write buffer. First, we build a
two-level mapping table. The table is set with a 4KB granular-
ity where the index is the host LBA and each entry contains
the corresponding PBA. Due to memory capacity constraints,
we do not store the entire table in the memory. Rather, we
hold the top-level in the host DRAM and swap parts of the
second-level table (i.e., pages) between memory and the high-
performance SSD (HP-SSD) based on an LRU policy. Second,
we route all incoming writes (random or sequential) to the
HP-SSD as append-only writes and then periodically aggre-
gate and flush the data to the zones in the underlying QLC
SSD with workload-aware compaction.
Benefits. The advantages of CSAL design are two-fold. First,
directly mapping the LBA to PBA with 4KB granularity al-
leviates the device-level write amplification while keeping
a controllable DRAM footprint by leveraging a two-level
page table with LRU policy. Second, CSAL groups data with
similar lifespans (i.e., from same users) in HP-SSD and flush
to the QLC SSD at the granularity of zones (1GB in our case),
thereby reducing NAND-level write amplification.

Metadata Chunk
HP 
SSD Chunk…

Zone Zone Zone
ZNS 
SSD Zone…

append

append

compaction

writes L2P Table
Metadata

DRAM

user writes

Figure 6. Architecture Overview.

Architecture.At a high level, Figure 6 describes the architec-
ture of CSAL, including the memory, the high-performance
SSD (HP-SSD) and the ZNS QLC SSD. Note that each CSAL
system includes a configurable length of memory space
(3GB by default), one high-performance SSD, and one QLC
SSD. The memory holds the L2P table, including the entire
top level and a proportion of the second level. The high-
performance SSD stores the entire two-level L2P mapping
table and the write buffer. The CSAL organizes the write
buffer as a series of logs (i.e., data chunks). Each data chunk
comprises multiple 4KB data segments, each with their meta-
data (as a 64B padding). The QLC SSD is composed of mul-
tiple fixed-size append-only zones and each zone has the
same format as the chunk in HP-SSD. We further describe
the detailed layouts of the above in §4.2. Note that the QLC-
based ZNS SSD may not be readily accessible at the moment.
Instead, we can use multiple TLC ZNS SSDs or standard QLC
SSD with ZNS simulation (via SPDK zoned block device).

Procedures. CSAL has three main write procedures includ-
ing user write, data compaction and garbage collection. First,
when a user (i.e., VM) issues a write request, the CSAL packs
the data as a series of 4KB data segments and 64B meta-
data padding, then appends them to the end of the current
chunk in the high-performance SSD. Then, CSAL updates
the L2P table in the memory and returns a “write_success” to
the client. Periodically, CSAL performs compaction, which
merges valid data segments (data segments can be obsolete
after an update or delete) based on the workload information,
flushes them to the QLC SSD as large (128KB) sequential
writes and updates the L2P table. When the available space
on the QLC SSD is running low, CSAL performs garbage
collection in the QLC SSD and updates the L2P table accord-
ingly. Note that the client read is straightforward—locating
the PBA via the L2P table and reading data from the corre-
sponding high-performance and/or QLC SSD. We discuss
the procedures at length in §4.3.

Key challenge. During the design discussion and test runs,
we realize a major challenge in CSAL is crash consistency. At
any given time, a LBA address may be touched by three write
procedures (i.e., client write, compaction and GC). In §4.4,
we discuss different scenarios and corresponding solutions.
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Figure 7. CSAL Data Structures and Layout.

4.2 Data Structures & layouts

L2P table. Figure 7(a) shows the design of the L2P table. The
index of each entry is the 4KB host LBA and the content
is the corresponding 4KB PBA on the devices (HP-SSD or
QLC SSD), thereby achieving a direct mapping from host
to device. With a 16TB (730GB from high-performance SSD
and 15.36TB from QLC SSD) address space, the LBA and
PBA are both 32 bits long. We adopt a two-level table design
where we group every 1K table entries (4 Byte each) as a 4KB
page. Hence, to locate the PBA of an incoming I/O, CSAL
first finds the page by 𝐿𝐵𝐴/𝑝𝑎𝑔𝑒_𝑠𝑖𝑧𝑒 and then identifies the
entry via calculating the page offset (i.e., 𝐿𝐵𝐴%𝑝𝑎𝑔𝑒_𝑠𝑖𝑧𝑒).
In practice, CSAL only stores the page table (around 32MB)
in the memory and uses another 2GB DRAM to cache the re-
cently accessed pages. We will further discuss how to protect
crash consistency for L2P table in §4.4.
In-memory layout. Figure 7(b) illustrates the in-memory
layout of CSAL. Apart from the page table and page caches,
we include a Sequential ID (SID), the chunk/zone status and
a list of free chunk/zone. Recall that chunk and zone are both
append-only and of the same size (1GB in our case) except
chunks are in the HP-SSD and the zones are the basic units
of QLC SSD. Next, we introduce the functionality of each
component.
• SID. The SID is 8 byte monotonically increasing Univer-
sally Unique IDentifier (UUID) that starts at 0. When a
new chunk/zone is opened, the SID is increased by one
and assigned to that chunk/zone. We use SID to resolve
LBA conflicts (see detailed usage in §4.4).

• Chunk/Zone Status. The memory records the status of
each zone/chunk, including its SID, the state (e.g., opened,
closed or free), the chunk/zone ID, and a write pointer
to the location for appending. We also enclose a bitmap
to reflect the validity (stale or not) of each 4KB (called a
block) inside the chunk/zone.

• Free Chunk/Zone List. CSAL maintains a list of currently
free chunks and zones to save time from scanning the
chunk/zone status during allocation.

• P2L. CSAL also builds a physical to logical map to acceler-
ate compaction. Note, in DRAM, CSAL only maintains the

P2L of current open chunks/zones. After chunks/zones are
closed, the responding P2Ls are flushed to SSDs and freed
from memory (see detailed usage in §4.3).

On-Disk Layout. Figure 7(c) shows the two parts of high-
performance SSD layout, the metadata region and the data
region. The metadata region mainly acts as the persistence of
the in-memory data structures that contain the most recently
synched SID, the chunk/zone status and the entire two-level
L2P table. CSAL organizes the data region as a series of
chunks. Each chunk further contains multiple sets of a 4KB
block (containing data) along with a 64B padding (containing
metadata, including SID and LBA). Only one chunk is open to
receive incoming writes. Note that we leverage the Variable
Sector Size (VSS) support to enable the 64B padding. For
drives without such capability, the CSAL can simply merge
the paddings as separate data blocks. The on-disk layout of
QLC SSD is the same as the high-performance SSD except
that QLC SSD only has a data region and opens two zones
(one for compaction and the other for garbage collection).

4.3 Control-/Data-flows

Read. Handling read request is straightforward in CSAL.
First, CSAL locates the page by 𝐿𝐵𝐴/4𝐾𝐵 (𝑝𝑎𝑔𝑒_𝑠𝑖𝑧𝑒). If the
targeted page is not loaded to the memory, CSAL fetches the
page from the high-performance SSD and obtains the offset
within the page via 𝐿𝐵𝐴%4𝐾𝐵. Finally, CSAL retrieves the
data by issuing the PBA to the corresponding device (the
HP-SSD or the QLC SSD).
Write. Figure 8(a) shows the flow of user writes. CSAL per-
forms as log-structured block storage that always appends
the incoming write to the currently opened chunk in the HP-
SSD as a series of sets of 4KB data block and 64B metadata
padding. The metadata includes an immutable sequential ID
(same as the open chunk), the LBA of the block, and the user
ID. As multiple logic disks share same cache space, CSAL
groups logic disks as different VMs and tag their data with a
unique user ID (represented as different colors in Figure 8).
Afterwards, similar as the read procedure, CSAL locates the
L2P entries and alters the corresponding LBA to PBA map-
ping in the L2P table. Finally, CSAL updates the validity
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bitmap to mark previous LBAs as invalid (i.e., stale) and the
latest LBAs as valid.

Compaction. The HP-SSD works as the append-only write
buffer in CSAL. With limited capability, the HP-SSD would
eventually run out of space and need to evict chunks to QLC
zones. CSAL periodically invokes compaction when free
chunks are less than threshold (by default 20%). Figure 8(b)
shows the compaction process. First, CSAL scans all closed
chunks and pick the chunk with the lowest valid block ra-
tio by checking validity bitmaps. Then, CSAL reads valid
blocks and their VM IDs (stored in 64B padding space) from
the selected chunk, then aggregates data into DRAM buffer
grouped by user ID. Finally, CSAL batches data appending
into per-VM compaction (CP) zones (denoted by different
colors in Figure 8(b)) when the buffer reaches the 512KB and
free the selected chunk when all the valid data are migrated
into zones (reset and move the chunk to free chunk list).
CSAL iterates this compaction process until the number of
free chunks is larger than or equal to the threshold.

Compared with the dm-zoned solution, there are two out-
standing differences. First, unlike a simple one-for-one dump-
ing policy, CSAL would merge multiple (usually 256K) 4KB
blocks together to fill an entire zone (1GB each). Second,
CSAL also compacts blocks by VMs to group data with simi-
lar lifespans (i.e., from same users) and flush them to the same
zones (as shown in Figure 8(b), the data from different VMs
are migrated into physically isolated zones), a best-effort
approach to reduce NAND-level write amplification.

Garbage collection. With the log-structured nature, the
QLC SSD inevitably demands garbage collection (GC) to
reclaim the space occupied by stale data. Figure 8(c) shows
the GC process, which uses the same policy as compaction
except the threshold. By default, CSAL reserves 10% space of
ZNS SSD for over-provisioning and performs GC when there
are less than 5 free zones. GC process periodically checks
closed (i.e., used) zones, including both compaction and GC
re-written zones, selects the zone with lowest valid block
ratio, and finally batches valid data into per-VM GC zones
(denoted by different colors in Figure 8(c)). Note that CSAL

does not mix compaction and GC writes into the same zones.
Instead, CSAL maintains an independent GC zone for each
VM.

Reserving over-provisioning space and setting the GC
threshold enable CSAL to only perform reclaiming when
there is not enough free space. At this moment, the overall
system has maximum invalid blocks ratio, thus only requir-
ing to migrate a small number of valid blocks. Moreover,
the GC process isolates GC and compaction re-written data,
which reduces NAND-level write amplification by separating
data with different lifespans (from different VMs).

Moreover, through three types of write streams, user data
is placed in three layers. The frequently updated data (short
lifespan) is stored in the write buffer of HP-SSD and the
rarely updated data (long lifespan) is stored in GC zones of
ZNS SSD. The left data is stored in user zones of ZNS SSD
(these types of data have varying lifespans of different users
and are physically isolated in different zones).

4.4 Crash and Concurrency Consistency
In CSAL, all three write procedures are asynchronous and
need to update the in-memory L2P tables. Therefore, CSAL
needs to guarantee data consistency in face of writes reorder-
ing and crashes. Next, we introduce the detailed mechanisms
in CSAL for maintaining consistency. Instead of directly tour-
ing the full-fledged version, we, for better clarity, start with
a naive design and then discuss the improvements led by
various optimizations.
Naive solution. Recall that, for each 4KB data block, CSAL
attaches a 64B padding that includes the LBA and an im-
mutable SID. Now, we describe a naive restoring process
without using any persisted metadata. Regarding the L2P ta-
ble, we can simply rebuild the mapping by scanning the data
regions on high-performance SSD and QLC SSD to obtain
the PBA and the corresponding LBA (from padding) of each
data block. After obtaining the L2P table, we can now restore
the chunk and zone status. First, we restore the zone states
by marking zones without any data blocks as free zones and
the rest as closed. Second, we rebuild the validity bitmaps
and restore SIDs by scanning the L2P table.
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Resolving LBA conflicts. Note that, as data blocks can be
invalid, there are three scenarios that could cause multiple
PBAs to point to the same LBA during restoring. First, an
LBA can be in the open chunk after a recent update while an
earlier version is in the QLC SSD after compaction. Second,
a crash may occur during compaction/GC, resulting in differ-
ent PBAs pointing to the same LBA (e.g., with one in chunks
and another in zones). Third, the chunk can contain multiple
data blocks on the same LBA due to frequent updates. To
resolve conflicts, we always trust the data block with the
highest SID (i.e., first case). If the SIDs are the same but come
from different SSDs (i.e., chunk and zone), it means they hold
the same data as the SID is immutable (i.e., compaction/GC
does not update SIDs of data blocks). For the third case where
SIDs are the same and also from the same chunk, we will
use the data block with the largest PBA as data blocks are
appended. Note that we can also use the above principles to
resolve writes reordering caused by asynchronous writes.

Optimization 1: adding P2L table. Clearly, the naive solu-
tion is far from efficient as it requires a whole address scan-
ning. In our case, reading the whole address space (around
16TB) requires nearly an hour under a 6GB/s sequential read
throughput—an unbearable overhead. Therefore, when a
chunk/zone closes after filled up, we also enclose a Physical
to Logical (P2L) table to include the reverse address mapping
of all the data blocks within that chunk/zone. Moreover, we
persist the chunk/zone states in the metadata region of the
high-performance SSD. As a result, during restoring, we no
longer need to scan the whole address space but only the
tail of each zone/chunk and three open ones (open chunk,
two open zones for compaction and GC). This reduces the
16TB reading to 32GB P2L table scanning (i.e., a 64bit SID, a
32bit LBA and a 32bit PBA for each data block) plus checking
three open chunks/zones (i.e., 3GB).

Optimization 2: adding checkpoint & clean flag. Re-
call that in the metadata region of high-performance SSD,
CSAL keeps track of the complete two-level L2P table due
to limited memory capacity. Therefore, we can leverage the
already-persisted L2P table to accelerate restoring by adding
a clean flag and a checkpoint. CSAL sets the binary clean
flag during a normal shutdown, enabling a simple recovery
from reloading the metadata region in high-performance
SSD. The checkpoint is essentially a SID, indicating that
any L2P entries before this SID are safely recorded in the
high-performance SSD. Thus, during recovery, we can now
first load the L2P table from the metadata region and then
only check the entries with a higher-than-checkpoint SID.
Assume we checkpoint every 1TB of writes, then we only
need to read the 16GB L2P table, at most 1GB of P2L en-
tries (i.e., from 1TB unpersisted writes) and 3GB of open
chunks/zones. More importantly, the checkpoint saves CSAL
from the expensive (in terms of CPU and memory) and the
large volumes of LBA conflicts resolving. In stark contrast,
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Figure 9. CSAL Implementation.

with the two optimizations, we now need only around 5
seconds to restore from a crash (see detailed results in §6.4).

5 Implementation
In Figure 9, we depict the implementation of CSAL. We ex-
pose CSAL as a virtual block device with the help of SPDK [3],
a user-space storage kit. CSAL contains two block devices, a
high-performance SSD and a ZNS QLC SSD. Via SPDK, CSAL
registers a virtual block device to the SPDK block layer serv-
ing applications that use the generic block interface.
Since SPDK applications use a dedicated CPU core for

each thread, CSAL creates multiple I/O queues for each ap-
plication thread. I/Os from different threads (i.e., users) are
dispatched to different I/O queues, which avoids threaded
logging overhead. Further, CSAL uses a dedicated CPU core,
with an abstract thread on top of that, in polling mode for
internal events processing. A single dedicated CPU core can
eliminate software overhead caused by locks in the I/O path
and guarantee consistency without any locks. CSAL regis-
ters three 𝑝𝑜𝑙𝑙𝑒𝑟𝑠 in its thread for I/O processing of client,
compaction, and GC tasks (Note 𝑝𝑜𝑙𝑙𝑒𝑟 is an abstraction for a
function that should be repeatedly called on the given thread
in SPDK).

6 Evaluation
In this section, we compare CSAL against our HDD-based
solution and three earlier attempts. We evaluate these can-
didates by measuring the raw performance (§6.2), the write
amplification (§6.3), the effectiveness of our techniques (§6.4),
the application-based benchmarks (§6.5), the resource con-
sumption (§6.6) and field deployment statistics (§6.7).

6.1 Experimental Setup

Environment. In Table 3, we list the basic information.
We use an 800GB Intel P5800X Optane SSD [6] as the high-
performance SSD (HP-SSD). As the ZNS QLC SSDs are not
readily available at the moment, we provide two alternatives,
a standard non-ZNS Intel P5316 QLC SSD with 15.36TB ca-
pacity [51] (emulating ZNS functionalities with SPDK zone
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CPU 2x Intel 8369B @ 2.90GHz
Memory 256GB DDR4 Memory

High Performance SSD 1× Intel P5800X 800GB
Non-ZNS QLC SSD 1× Intel P5316 15.36TB

ZNS TLC SSD 4× WD ZN540 4TB (ZNS)
OS Linux CentOS Kernel 4.19
Table 3. System Configuration.

bdev [11]), and 4× ZNS-ready ZN540 TLC SSDs with 4TB
capacity each [7]. For fairness, we bundle 4× ZN540 SSDs to-
gether and throttle their performance to match the capacity
and the performance of a P5316 SSD (i.e., 15.36TB capacity
with 6GB/s for read and 2.5GB/s for write).
Test candidates. We compare CSAL against our legacy 8
HDDs solution and three earlier attempts. We use the de-
ployed systems as the HDD-based solution (denoted as HDDs
and described in §2). We reuse the same setups for three
preliminary attempts (denoted as QLC, Open-CAS and dm-
zoned with description in §3, respectively) and stick to the
implementation details for CSAL (denoted as CSAL-BLK for
CSAL on Intel QLC P5316 SSD and CSAL-ZNS for CSAL on
four ZN540 TLC SSDs).
Resource allocation. For raw QLC SSD, Open-CAS, CSAL-
BLK, and CSAL-ZNS, we set one hyper-threaded CPU core
for I/O polling in SPDK. For dm-zoned, we do not limit any
CPU resource to perform interrupts for the I/Os. We limit
the memory usage to 3GB for each solution, enough to hold
all the cache line metadata for Open-CAS. CSAL-BLK/ZNS
utilizes the 3GB memory for storing the top-level L2P table
and caching L2P pages. The HDD, the raw QLC SSD, and the
dm-zoned all have minimal memory footprints and thus are
not bounded by the allocated 3GB DRAM.

6.2 Raw Device Performance

Setup. We test the candidates as raw block devices in direct
mode (direct=1 in FIO [5]) with no file systems mounted.
We use the FIO to generate workloads. Specifically, for QLC
SSD, Open-CAS, and CSAL-BLK/ZNS, we use user-space
spdk_bdev as the io_engine. For dm-zoned, we use Linux
AIO [41]. Before the tests, we warm up the SSDs with twice
whole-disk sequential writes followed by four hours of 4KB
random writes. For raw device, we first evaluate writes and
reads (including uniform and skewed workloads for both of
them), and then we evaluate mixed reads and writes.
Uniformwrites.We rerun the tests in Section §3, where we
set several sequential and random workloads. In each work-
load, 8 FIO jobs issue I/Os with queue depth 128 to 8 virtual
disks from 8 VMs. All workloads cover the entire LBA range.
Note the performance of the HDDs, raw QLC, Open-CAS,
and dm-zoned in Figure 10 are the same as in Figure 3. Fig-
ure 10(a) compares the performance of randomwrites. CSAL-
BLK and CSAL-ZNS achieve similar performance all along
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Figure 11. RandomWrites with Zipf Distribution.

and can be up to 97.37×, 61.6×, 8.28× faster than HDDs, raw
QLC, Open-CAS, respectively. Figure 10(b) shows sequential
writes performance among candidates. HDDs, CSAL-BLK
and CSAL-ZNS all constantly deliver 2GB/s bandwidth and
achieve an up to 81.45×, 2.22×, and 5.24× speedup against
raw QLC, Open-CAS, and dm-zoned, respectively.
The superior performance is due to the fact that CSAL

compacts updates in HP-SSD by 4KB and flushes them to the
underlying TLC/QLC SSD as 512KB sequential writes. There-
fore, both CSAL-BLK and CSAL-ZNS achieve near-optimal
performance (i.e., bounded by the bandwidth of ZN540 and
Intel P5316) in sequential scenario. Due to GC, the perfor-
mance bandwidth under random writes are relatively lower.
Note that SSDs have been warmed up and thus the smaller
size of random writes and the bigger influence of GC.
Skewed writes. Now, we further evaluate the performance
of candidates under two sizes of writes (i.e., 4KB and 64KB)
with different degrees of skewness, including none (i.e., uni-
form), light (a Zipf of 0.8) and heavy (a Zipf of 1.2). In Fig-
ure 11, we present the results for each candidate, except for
dm-zoned, due to its negligible performance—consistently
less than 10MB/s. We can see that CSAL-ZNS always de-
livers the highest bandwidth followed by CSAL-BLK. Note
that more skewed writes indicate more frequent updates
on the same LBAs, thereby preferring the cache-based so-
lutions (i.e., Open-CAS, CSAL-BLK and CSAL-ZNS). Open-
CAS suffers performance loss due to the large granularity of
IU (64KB). Further, CSAL-BLK shows lower performance due
to NAND-level write amplification caused by the SPDK ZNS
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emulation—as GC and compaction streams would still be
merged by the Flash Translation Layer (FTL) of the non-ZNS
Intel P5316 SSD.
Uniform reads. Figure 12 presents uniform read workloads,
including random reads (Figure 12(a)) and sequential reads
(Figure 12(b)). All of the candidates using QLC show signifi-
cantly higher performance results than the combined perfor-
mance of 8 HDDs in both random and sequential workloads.
Open-CAS and CSAL-BLK/ZNS demonstrate similar perfor-
mance while dm-zoned shows a bit lower performance than
Open-CAS and CSAL-BLK/ZNS. QLC itself already achieves
much higher read performance than HDDs, therefore the
read performance of QLC is satisfying for the service-level
objective of the local disk (i.e., same or higher throughput
than 8× HDDs combined). As dm-zoned is not optimized for
NVMe SSDs, software routines result in a certain amount of
overhead, leading to slightly lower performance than Open-
CAS and CSAL.
Skewed reads. Figure 13 shows the skewed read workloads
under 4KB (Figure 13(a)) and 64KB (Figure 13(b)) block sizes,
including non (i.e., uniform), light (i.e., a Zipf of 0.8), and
heavy (i.e., a Zipf of 1.2). We can see that, unlike uniform read
workloads, Open-CAS shows higher performance results
than all other candidates. This is anticipated because the
4KB random performance of HP-SSDs is higher than QLC
SSDs. Additionally, Open-CAS fills back data from QLC to
the cache layer for frequently used data, while CSAL and
dm-zoned do not migrate data under reads. For 64KB skewed
reads, raw QLC achieves similar performance as HD-SSD so
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Figure 14. Mixed RandomWrites and Reads.
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Figure 15. Write Amplification.

that there is no obvious difference between all candidates.
We designed CSAL towards optimizing writes and endurance
since QLC reads already achieve satisfying results. Therefore,
the performance of reading from either HP-SSD or QLC SSD
can meet the service-level objective of local disks (i.e., same
or higher throughput than 8× HDDs combined).
Mixed reads and writes. For read/write hybrid perfor-
mance, we set up two scenarios, 64KB random read work-
loads with 4KB random writes or 64KB random writes work-
loads. For 4KB writes, we use 7 FIO jobs for writes and 1 FIO
job for reads. For the 64KB write case, we employ 4 FIO jobs
for writes and other 4 jobs for reads. We limit bandwidth per
job as 700MB/s in both scenarios. Again, we observe that
CSAL-BLK and CSAL-ZNS prevail with highest performance
(see Figure 14). This suggests our thread model and polling
modes can work well under mixed read and write workloads,
a typical scenario for local disks in Alibaba Cloud.

6.3 Measuring Write Amplification
Next, we measure the Write Amplification Factor (WAF) to
further validate the benefits driven by CSAL design. We
obtain the WAF by dividing the total size of NAND writes
(reported by the device internal monitoring mechanism, i.e.,
the SMART [25]) by the total logical writes (via FIO).
In Figure 15, we demonstrate the WAFs under 4KB and

64KB random writes for the three levels of skewness, in-
cluding none (uniform), light (Zipf-0.8) and heavy (Zipf-1.2).
First, we observe a notable trend across all cases where a
more skewed distribution leads to a lower WAF. This is be-
cause frequent updates on the same LBAs (a highly skewed
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Figure 16. Backend Traffic under 4KB Random Writes.
dm-zoned performs reclaiming from random to sequential

zones (RC-1) and from sequential to random zones (RC-2).

Open-CAS only performs flushing. CP and GC mean com-

paction and garbage collection.

distribution) indicates that more writes are absorbed by the
cache (i.e., HP-SSD) and consequently less data are flushed
to the underlying TLC/QLC SSD.
Second, we notice that WAFs among candidates show a

stark contrast under 4KB random writes workloads, whereas
the differences are less evident under the 64KB workloads.
The reason is that the raw QLC and Open-CAS are bounded
by the large IU size (64KB) in QLC SSD and thus constantly
receive considerable device-level write amplification (i.e.,
64KB flush from 4KB write under cache miss). Therefore,
when the size of writes becomes larger (i.e., 64KB random
writes workloads), the write amplification alleviates.

Finally, we can see that CSAL-ZNS always outperforms
CSAL-BLK by a small margin (e.g., see Figure 15(b)). This
result resonates with our performance comparison in Fig-
ure 11, and it validates our previous assumption that zone
emulation in CSAL-BLK incurs write amplification as GC
and compaction streams can be merged by the FTL.

6.4 Evaluating CSAL Features

Compaction/GC efficiency. Now, we take a closer look at
the I/O traffic to analyze the compaction and GC efficiency.

In Figure 16, we plot the read/write throughput—including
VM and backend traffic—under 4KB uniform random write
workloads. We can see that both Open-CAS and dm-zoned
show much lower throughput of their reclaiming processes.
This is because Open-CAS generates small random writes
when flushing data from cache layer to the QLC SSD. Because
of the limited cache space, not all writes can be merged in
Open-CAS so that the size of writes in flushing are varying
around 4KB to 64KB and thus user writes are constrained by
small random writes of the QLC SSD (around 50MB/s). dm-
zoned consistently migrates data between sequential zones
of ZNS SSD and random zones of HP-SSD in the reclaim-
ing processes. While this process generates around 700MB/s
throughput combined by two types of reclaiming processes,
the user writes are still blocked (less than 10MB/s) because of
the zone-granularity mapping. Unlike the above two, CSAL
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Figure 18. CSAL GCWrite Amplification. User-isolation
means adding user-isolation with GC-isolation, which enables

both GC-isolation and user-isolation.

optimizes write traffic fromHP-SSD to QLC SSD by aggregat-
ing 4KB user writes into large sequential buffer. Therefore,
CSAL maximizes the data traffic in this process.
Figure 17 presents the backend throughput under 64KB

uniform random write workloads. Open-CAS shows a high
backend throughput (around 430MB/s) under 64KB write
workloads, but this throughput is still lower than that of
CSAL (see difference of flush in Open-CAS and CP in CSAL);
dm-zoned still shows similar throughput as 4KB write work-
loads (around 700MB/s combined by two types of reclaiming
processes). This is because Open-CAS generates 64KB ran-
dom writes during cache flushing, which constrains user
writes to the 64KB random writes of the QLC SSD. The dif-
ference between 4KB and 64KB writes is that Open-CAS
can avoid device-level write amplification caused by 64KB
indirection unit. For dm-zoned, it still has to migrate data
between random zones and sequential zones to reclaim zone
space, which results in user writes being blocked due to the
zone-granularity mapping. For CSAL, there is not a signifi-
cant difference between 4KB and 64KB write workloads due
to the write aggregation during the compaction process.
VM and GC isolation. To evaluate the effectiveness of the
two isolation techniques in CSAL, namely separating GC
from compaction (GC-isolation) and grouping data by users
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Disk P2L L2P Others Total
Naive (s) 2621 - - 1.64 2622.64
OPT-1 (s) 0.5 5.3 - 1.64 7.44
OPT-2 (s) 0.5 0.33 2.67 1.64 5.14

Table 4. CSAL Runtime Metadata Recovery Time. OPT-
1 means optimization 1 (P2L Table enabled); OPT-2 means

optimization 2 (L2P checkpoint enabled).
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Figure 19. Performance Under Different L2P Cache.

(user-isolation), we allocate the 8 CSAL-ZNS disks (i.e., par-
titions) to 8 VMs respectively. We run workloads and then
measure the WAF under no isolation, GC-isolation, and user-
isolation.We run two sets of workloads. The first is to run the
skewed workloads, including uniform, Zipf-0.8, and Zipf-1.2,
on each VM. The second is to run the mixed workloads with
four VMs on sequential writes and the other four on uniform
random writes. For each workload, we further specify two
write sizes, 4KB and 64KB.

Figure 18 shows the WAF results, calculated during the
GC process. In skewed workloads, the more skewed the
workloads are, the more benefits CSAL achieves with GC-
isolation (gray bar vs. purple bar). Moreover, in mixed work-
loads, CSAL with user-isolation can further reduce write
amplification.
Crash recovery. To measure the failover time, we reuse
the same configuration and run uniform workloads as §6.2
in VMs. We wait until compaction and GC are invoked and
then crash CSAL runtime process. Table 4 shows the runtime
metadata recovery time under different policies proposed
in §4.4. With optimization-1 (i.e., using the P2L table) and
optimization-2 (i.e., L2P checkpoint), CSAL reduces recovery
time from 2622.64 seconds of naive solution to 5.14 seconds.
Note that Open-CAS and dm-zoned do not support dirty
crash recovery, hence they are not included here.
L2P page cache.Now, we evaluate CSAL under writes work-
loads with different L2P page cache configurations, including
non-cache (i.e., all L2P pages are read from disk), 2GB cache
(i.e, the default configuration), and full-cache (i.e., all pages
are cached after first loading).
For non-cache mode, we limit the DRAM used for L2P

pages to 10KB, which means that almost all L2P pages should
swap from the disk. In full-cache mode, we set the maximum
DRAM used for L2P pages to 20GB (larger than all pages),
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Figure 20. Aerospike Database Performance
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Figure 21. RocksDB Performance

meaning that all pages will be stored in DRAM after the
first load from the disk. Figure 19 shows performance results
under 4KB and 64KB write workloads. In uniform workloads,
CSAL with full-cache shows a superior performance to both
non-cache and 2GB cache modes, outperforming them by a
large margin by a large margin (23% improvement vs. non-
cache mode and 20% improvement vs. 2GB cache mode).
When workloads become more skewed (i.e., Zipf-1.2), CSAL
with 2GB cache gradually overtakes CSAL with full-cache,
showing only a 3% lower performance under 4KB writes and
a 2% lower performance under 64KB writes, respectively.

6.5 End-to-End Application Performance
We evaluate the candidates with two widely used databases:
Aerospike [10] and RocksDB [9].
Aerospike database.Aerospike Certifying Toolkit (ACT) [1]
provides a pair of programs for testing the performance for
AerospikeDatabase data and index storage (i.e.,𝐴𝐶𝑇_𝑠𝑡𝑜𝑟𝑎𝑔𝑒
and 𝐴𝐶𝑇_𝑖𝑛𝑑𝑒𝑥 respectively). ACT adopts a different bench-
marking strategy where the ACT issues large volumes of
transactions and only certifies ones finished within a latency
threshold as valid. In Figure 20, for 𝐴𝐶𝑇_𝑠𝑡𝑜𝑟𝑎𝑔𝑒 , all candi-
dates achieve the same performance as raw QLC because this
workload contains mostly large sequential writes (similar
to the 128KB sequential writes in Figure 10(b)). Moreover,
in 𝐴𝐶𝑇_𝑖𝑛𝑑𝑒𝑥 (a workload dominated by small and random
writes), we notice that CSAL-based solutions outperform
the rest by a large margin (up to 80.91% more transactions),
resonating with the trend in Figure 10(a).
RocksDB.We prepare the experimental setups for RocksDB
in the following way. First, to run RocksDB with TLC/QLC
SSD only, we mount an XFS file system on the non-ZNS
QLC SSD (denoted as XFS) and a ZenFS on the ZNS TLC
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Figure 22. Big Data Evaluation under Real Production.
Elapsed time (lower is better) represents the time used to process

data with fixed size (e.g., 3TB in our case) under different types

of tasks. This reflects the efficiency including compute and

storage of ECS nodes.

SSD (denoted as ZenFS). Second, we use SPDK and BlobFS
to support RocksDB over Open-CAS, CSAL-BLK, and CSAL-
ZNS. Note that we do not include dm-zoned in the results due
to its negligible performance. Third, we use the fill_random
workloads from db_bench [2] to warm up the databases.
We disable the internal cache and enforce RocksDB to run
in direct mode. Finally, we evaluate two workloads from
db_bench (i.e., over_write and read_while_writing), each with
one billion keys. The key size is 20 bytes and the value size
is 400 bytes; the block size of RockDB is set as 4KB.

Figure 21 shows the evaluation results of using db_bench.
In both benchmarks, CSAL-ZNS and CSAL-BLK rank first
and second. Specifically, CSAL-ZNS achieves a 1.72× and
2.20× speedup against ZenFS and Open-CAS in the overwrite
workloads and can be 1.82× and 2.24× faster than ZenFS
and Open-CAS in read_while_writing workloads. We can see
that, by reducing two levels of write amplification, CSAL
can provide end-to-end performance improvements for data-
intensive applications.

6.6 Resource and Cost Analysis
For CSAL and Open-CAS, one core is used for polling-mode
processing. Meanwhile, the CPU utilization of dm-zoned is
around 120% (i.e., 1.2 core) due to frequent data migration
during the reclaiming process. For memory usage, CSAL
uses 2.12GB (2GB for L2P page cache and around 120MB
for other runtime metadata); Open-CAS uses 1GB memory
(0.125% of cache capacity) for its metadata under the 64KB
cache line configuration. The raw QLC and dm-zoned use
less than 20MB memory.

6.7 Field Deployment Performance
As of now, we have deployed CSAL on thousands of ECS
nodes in Alibaba Cloud. Compared to last-gen HDD-based
local disks (24×2TB HDDs with a 48-core Xeon Cascade
CPU), CSAL-ready servers (an 800GB HP-SSD and a 15.36TB
QLC SSD with a 64-core Xeon Ice Lake CPU) can host twice
more instances while achieving the same SLOs. We further

set up a current-gen and a next-gen HDFS clusters where
each employs three same-level ECS instances. From Figure 22,
we can see that the CSAL cluster improves 70.91%, 103.92%,
and 193.22% efficiency over HSGen, HSSort, and HSValidate
processes in TPCx-HS, respectively. Moreover, in TPC-DS,
both clusters deliver similar performance with the CSAL-
based instances leading by a small margin (around 1.81%).
This indicates that the CSAL-based ECS instances can deliver
similar or even better performance than HDD-based ones.

7 Related Works

ZNS-based solutions. A large group of works targets the
optimization of the ZNS interface [17] on the block layer,
file systems [33, 35, 49, 57], and the Key-Value stores [36–38,
45, 47, 54, 56, 62]. CSAL is different from the above because,
instead of optimizing certain layers, our work focuses on
building a ZNS-based end-to-end stack for cloud local disks.
Hybrid storage systems. Another spate of related work
is the hybrid storage systems that exploit the performance
of high-speed devices (e.g., DRAM) and the space of large-
capacity drives [26, 29, 32, 39, 40, 50]. Our work differs from
the aforementioned works (mostly TLC-based) as CSAL aims
at utilizing the large capacities of enterprise-level QLC SSDs
while avoiding subsequent write amplification by maintain-
ing a two-level L2P table for fine-grained data accessing.
FTL optimization. Other works focus on the Flash Trans-
lation Layer (FTL) optimizations [27, 46]. They address per-
formance overhead from device-level by redesigning data
placement strategies. The authors of [59] also give detailed
analysis of SSD-based workload characteristics and their per-
formance implications. Our work uses part of key insights
learned from above works when we design FTL, but we focus
on cloud-based local disks with high-density SSDs.

8 Conclusion
In this paper, we explore a pressing topic, the future of local
disks for the cloud. Through various unsuccessful attempts,
we have identified the key factors in enabling high-density
SSDs as local disks. With these lessons learned, we propose
our design CSAL and extensively evaluate its performance.
Currently, we have deployed CSAL on large-scale clusters
and released the source code.
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A Artifact Appendix
A.1 Abstract
Weprovide the artifact for the EuroSys 2024 paper “CSAL: the
Next-Gen Local Disks for the Cloud”. The artifact includes
how to get project source code, rebuild the project from
scratch and reproduce the main experimental results of the
paper. Note that CSAL has been upstreamed into SPDK after
release v22.09: https://github.com/spdk/spdk under BSD 3-
clause license.
All the experiments should be conducted on real hard-

ware platform with high-performance Storage Class Mem-
ory (SCM) SSDs and high-density QLC SSDs. At least 3GB
DRAM is needed for CSAL runtime.

A.2 Artifact Check-List
• Compilation: GCC 4.9; Python 3.12.
• Run-time environment: running SPDKwith CSAL requires
root access.

• Hardware: enterprise-grade NVMe SCM SSDs and QLC
SSDs. We recommend using Intel P5800X [6] or Solidigm
D7-P5810 [53] SCM SSDs for cache, and Intel P5316 [51]
QLC SSDs for large-capacity layer.

• Memory requirement: at least 3GB memory reserved for
CSAL runtime. You also need more memory for virtual
machine (at least 16GB is recommended).

• Artifact guide: https://github.com/ARDICS/CSAL_AE
• Source code: https://github.com/spdk/spdk. CSAL imple-
mentation is under “spdk/lib/ftl”.

• Code licenses: BSD 3-clause.
• Archived: https://doi.org/10.5281/zenodo.10086260
• Time needed to build CSAL: less than 30 minutes.
• Time needed to complete experiments: around 50 hours.

A.3 Description

How to access. Get the source code from SPDK GitHub
repository at https://github.com/spdk/spdk and then use the
release v22.09 or later version.
How to build. Detailed user guide about how to build and
reproduce the experiments is provided in our artifact reposi-
tory at https://github.com/ARDICS/CSAL_AE. We also pro-
vide scripts for reproducing our experiments. Note that the
scripts only cover raw device performance (see Section §6.2).

A.4 Other
We will continue to maintain the CSAL project in SPDK, and
regularly release new features and optimizations. For future
activities, please pay attention to SPDK community.
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