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Abstract

Emerging storage technologies, such as persistent memory
and ultra-low latency SSD, enable the deduplication file sys-
tem (DedupFS) to use non-cryptographic hash for fast finger-
printing. However, we find that the accelerated computation
exposes another major performance penalty: the seemingly
innocuous in-storage deduplication metadata maintenance
incurs up to 38% overhead in the I/O path.

We find the root cause is that DedupFSes maintain dedup-
specific fingerprint-to-physical mappings, which incurs addi-
tional crash consistency overheads. However, this overhead
is unnecessary. Our insight is that the deduplication mapping
can be merged with the file system logical-to-physical map-
ping, forming a logical-fingerprint-physical (LFP) mapping.
Thus, we can persist deduplication metadata alongside file sys-
tem metadata in a single I/O. We propose GOGETAFS to real-
ize the efficiency of LFP. Using a series of techniques to man-
age data and metadata atop LFP, GOGETAFS achieves com-
patible, effective, and memory-efficient deduplication within
the file system. Experiments across a range of workloads show
that GOGETAFS consistently outperforms existing DedupF-
Ses and can minimize metadata maintenance overheads.

1 Introduction
Deduplication is a classic technique to reduce storage costs
by eliminating duplicates. Typically, developers would build
a stand-alone deduplication system that sits atop the file sys-
tem [15,20,24-26,32,40,43,55,56], maintains the fingerprints
(FP) of data blocks, and identifies the potential duplicates of
the incoming data stream. For a duplicated block (e.g., 4 KiB),
the system can simply record/update the corresponding meta-
data to redirect its accesses to the existing copy.
Deduplication file systems (DedupFS) prompt a new look
by embedding the deduplication logic into the file system
itself [22,34,45,50,53,60]. Thus, DedupFSes can simplify im-
plementation efforts by reusing the file index for data redirec-
tion. Moreover, the integration also means that the DedupFS
can provide transparent data deduplication for applications,
thereby attracting a wider range of applications [32,50]. While
conventional DedupFSes can suffer from up to 65% compu-
tation overheads due to expensive cryptographic (crypto) FP
computation (e.g., SHA-1) [45], recent advancements in stor-
age devices, such as persistent memory [59] and ultra-low
latency SSDs [31], enable the use of fast non-cryptographic
(non-crypto) FPs (e.g., xxHash) plus content comparison,
which reduces computation overheads to 15%—18% [45, 50].
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Despite these advantages and optimizations, we still find
that the state-of-the-art DedupFSes [45,50,53] cannot deliver
satisfying throughput. Particularly, we conduct a motivational
study on three DedupFSes and observe that all of them leave
considerable performance gaps compared to an ideal setup.
To pinpoint the root cause, we break down the overhead along
the I/O path and find that in-storage deduplication metadata
maintenance consumes 18%—-38% of 1/0 time.

Our in-depth analysis shows that the root cause of such
overheads is the maintenance of a dedup-specific fingerprint-
to-physical (FP2P) table in storage, which incurs extra crash
consistency overheads. Specifically, DedupFSes enforce the
FP2P entry (that maps the FP to a physical block number)
to be written before the file system logical-to-physical (L2P)
entry (that maps logical to physical block numbers). This up-
date order ensures that inconsistencies between deduplication
and file system metadata can be fixed efficiently, but it incurs
metadata I/O twice and limits I/O parallelism due to order-
ing [15—17], causing a considerable penalty on DedupFsS.

However, we find such overheads are unnecessary. Our key
insight is that the deduplication FP2P entry and the file sys-
tem L2P entry can share the same physical block number, and
thus can be merged into a single logical-fingerprint-physical
(LFP) mapping. Thus, we can persist the FP2P mapping along-
side the file system L2P entry in a single I/O. This approach
reuses the mature file system I/O path and crash consistency
mechanisms for deduplication FP2P entry, which simplifies
implementation and improves robustness. Further, it also elim-
inates inconsistencies between deduplication and file system
metadata, as FP2P mapping is always available in L2P entries.

Notably, the LFP mapping raises a classic tradeoff between
space overhead and performance: it extends FP2P mappings
to all L2P entries even if they are identical (i.e., more space),
but it minimizes in-storage deduplication metadata mainte-
nance overheads (i.e., higher performance). Unfortunately,
this tradeoff is not well-suited to traditional DedupFSes due to
their large size of crypto FP (e.g., 20 bytes [60]) and marginal
acceleration, as the overhead is dominated by computation.
However, with emerging fast storage [31,59] and the use of
smaller and faster non-crypto FPs (e.g., 4-8 bytes [12,19,45]),
LFP presents a promising solution for DedupFSes.

We propose GOGETAFS atop LFP. The challenge is that
the seemingly ideal merge of FP2P and L2P incurs incom-
patibilities: (1) Data management. While file systems intend
to manage data in an extent manner [9, 58], deduplication
manages data block-by-block. To reconcile this, GOGETAFS
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stores FPs for block extents into a storage table, which then
uses the file system crash consistency mechanism for persis-
tence without extra ordering. (2) Metadata management. File
systems organize metadata by logical block numbers for fast
indexing, but deduplication fails to leverage this to search
FPes. To address this, GOGETAFS converts LFP entries into
FP2P entries and organizes them into an in-memory table,
using FPs as keys. This table can be rebuilt via LFP entries,
enabling flexible designs without crash consistency concerns.
Based on this, GOGETAFS explores various designs related
to entry placement, memory allocation, and data structures to
improve memory efficiency under various scenarios.

To evaluate the efficiency of GOGETAFS, we conduct a
comprehensive evaluation using both synthetic and real-world
workloads. Our results show that GOGETAFS outperforms
state-of-the-art DedupFSes by 5.6%-35.0% in I/O throughput
and significantly reduces deduplication metadata overheads.
We further evaluate GOGETAFS variants under different mem-
ory scenarios and show that the variant designed for the spe-
cific scenario can improve I/O throughput by up to 10%.

In summary, this paper makes the following contributions:

* We conduct a series of motivational studies and reveal that
deduplication metadata maintenance can be a major perfor-
mance penalty in DedupFSes due to extra I/Os and ordering.

* We propose the LFP mapping that merges FP2P and LFP
entries, which then minimizes deduplication metadata main-
tenance penalty by persisting deduplication metadata along-
side file system metadata without twice maintenance.

» We build GOGETAFS based on the LFP mapping'. Using a
series of techniques to manage data and metadata atop LFP,
GOGETAFS achieves compatible, effective, and memory-
efficient deduplication within the file system.

 Evaluations on synthetic and real-world workloads demon-
strate that GOGETAFS outperforms existing DedupFSes
and minimizes metadata maintenance penalty.

2 Background
2.1 Stand-alone Deduplication System

Overview. Deduplication has long been a hot topic in both
academia and industry, especially with the recent exponential
growth in data. The classic solution is to build a stand-alone
system that can identify and eliminate redundant data blocks.
Such a system usually targets a specific scenario, such as
archives [24-26,43,55] and the cloud [13,33,39,49], and sits
atop a (distributed) file system that provides data persistence.
Note that some stand-alone systems implement deduplication
beneath the file system, such as block-layer deduplication [48].
Regardless of the type, stand-alone deduplication systems
inherently interact with file systems.

Key data structure. At a high level, a stand-alone dedupli-
cation system typically sets up two key tables (see Figure 12a).
The L2P table maps the logical block number (LBN) to the

'Our source code, test scripts/tools, and results are available at https://gi
thub.com/GogetaFs/.
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Figure 1: The comparison of critical in-storage mappings
in deduplication systems. Compared to stand-alone deduplica-
tion systems, deduplication file systems can simplify implementation
efforts and avoid double metadata maintenance overheads. Here,
VvPBN in (a) indicates that the PBN is exposed as the “block” in a
large volume file [63] instead of a physical block in disk.

physical block number (PBN)”. The FP2P table maps the
fingerprint (FP) to the corresponding PBN, along with a ref-
erence count that indicates the redundancy of the very block.
The block size is typically fixed, such as 512 bytes [48] or
4KiB [51]. In addition, an in-memory FP index is usually
introduced to accelerate FP lookups in the FP2P table [48,51].
Workflow. In practice, a stand-alone system performs dedu-
plication in the following steps. For an incoming data block,
the system first calculates its cryptographic FP and queries
the FP2P table. If an FP2P entry is found (i.e., duplicated), the
system increments the corresponding reference count instead
of writing the data. If not, the system inserts a new entry into
the FP2P table and then invokes the underlying file system
to persist the data block. In both cases, the system updates
the L2P table to reflect the new mapping. Deletion is simply
the other way around: the system first removes the L2P entry,
decreases the reference count of the FP2P entry, and only
releases the physical block when the count reaches zero.
Metadata management. With redundant writes converted
into updates on the L2P and FP2P tables, the management of
these metadata becomes critical. Existing solutions include
write-ahead logging/journaling [41,46], copy-on-write [40],
and soft update [27] to ensure the atomicity of metadata up-
dates and guarantee crash consistency.

2.2 Deduplication File System

Overview. Apart from having an independent system, another
viable option is to embed deduplication logic into the file
system to form a DedupFS (see Figure 1b) [34,45,50]. In this
setup, when the DedupFS receives an incoming write, it tries
to locate the corresponding FP2P entry and updates the L2P
entry associated with the inode of the target file. Then, similar
to the stand-alone approach, the DedupFS updates the FP2P
entry accordingly based on the presence of the incoming data.
Advantages. The benefits of DedupFS are two-fold. First, it
avoids the double metadata maintenance overheads. Stand-
alone deduplication systems, built atop file systems (e.g.,

2Note that another option is maintaining the LBN-to-FP mapping to simplify
data movement [40,51,63], but this increases PBN lookup overheads with
one FP indirection. This paper focuses on the LBN-to-PBN mapping.
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EXT4), maintain their own L2P entries instead of using file
system’s L2P entries, leading to double metadata maintenance
overheads. DedupFS avoids this issue since the two L2P ta-
bles are now merged’ and deduplication can only maintain the
FP2P table with simplified crash consistency techniques, such
as soft update [15]. Second, DedupFS can provide transparent
deduplication services for any application that uses them.
Reduce DedupFS memory overhead. In the past decades,
DedupFS has focused on reducing memory overheads due to
the deduplication FP index. SmartDedup [60] builds a three-
level radix tree to index FP2P entries across both memory and
mobile flash storage. DeNOVA [34] is an offline/background
deduplication approach that adopts the FP index in the byte-
addressable storage. However, both of these approaches com-
pute crypto FPs, incurring high computation overheads. Un-
fortunately, DeNOVA fails to hide such overheads as its back-
ground thread can block the foreground I/O operation [45].
Improve DedupFS performance. Recent advancements in
storage devices, such as persistent memory (PM, e.g., Optane
DCPMM [59]) and ultra-low latency SSDs (ULL SSDs, e.g.,
Z-SSD [31]), have led to disruptive changes in the deduplica-
tion landscape. One notable change is the shift of bottlenecks
from I/O to CPU [45, 50], enabling the replacement of crypto
FPs with the non-crypto FPs plus content comparison [45,65].
Specifically, this approach first calculates fast non-crypto FPs
and then performs content comparison only when FPs are the
same. As a result, state-of-the-art non-crypto-based DedupF-
Ses, such as HFDedup [53] and Light-Dedup [45], reduce
redundancy identification overheads to 20% or less [45]. NV-
Dedup, another example, also employs fast deduplication by
calculating non-crypto FPs at low duplication ratios, but it
falls back to crypto FPs at higher deduplication ratios [50].

3 Observation and Motivation
3.1 DedupFS Overhead Overview

With a series of optimizations in both hardware and software,
one question arises: does the overhead of introducing dedupli-
cation logic remain to be excessive? To answer this question,
we set up a series of motivational experiments to explore and
understand the overheads of different DedupFSes.

Methodology. We start by using FIO [2] to stress three
DedupFSes, i.e., DeNOVA, NV-Dedup, and Light-Dedup, and
a theoretical upper bound Ideal-Dedup. Ideal-Dedup is set up
in two configurations: (1) with a 0% duplication ratio, Ideal-
Dedup functions as a normal file system (i.e., NOVA [58]);
and (2) with non-zero duplication ratios, Ideal-Dedup only
performs FP computation, FP indexing, and byte-by-byte con-
tent comparison. To cover different scenarios, we form the
workloads as 4 KiB sequential writes but with different dupli-
cation ratios, where 0% indicates each 4 KiB block is unique,
while 25% indicates a quarter of the total 4 KiB blocks have

3Some works propose in-device deduplication, which reuses the L2P table of
device, e.g., FTL in SSD [62]. However, this requires modifying firmware,
which is inaccessible in off-the-shelf SSDs, and thus is beyond our scope.
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Figure 2: Throughput comparison among existing DedupF-

Ses. We stress sequential-write workloads with different block sizes
per 1/0 and duplication ratios. “using Non-Crypto” indicates the
DedupFsS (i.e., DeNOVA and NV-Dedup) that simply replaces the
cryptographic FP with the non-cryptographic FP. GogetaFS is our
proposed DedupFS. We leave the reason why GogetaFS is even
faster than Ideal-Dedup in the 0% duplication ratio in §4.3.

the exact same content, etc. We use the same hardware plat-
form and software environment as described in §6.1.
Observation #1: State-of-the-art DedupFSes fail to achieve
promising performance improvements. Figure 2 shows
that, under the 0% duplication ratio, all DedupFSes are slower
than Ideal-Dedup. This is reasonable since, for each write,
a DedupFS needs to calculate FPs and look up the FP2P
table. Hence, compared to Ideal-Dedup, DedupFSes (with
non-crypto FPs) can suffer a 20% to 42% performance loss.
Note that DeNOVA is 1.9x-3.4x slower than others since it
adopts the more expensive crypto FP calculation.

To our surprise, with an increasing duplication ratio from
0% to 25% and finally 75%, the performance gaps do not nar-
row. This result is unexpected because, theoretically, the per-
formance should converge, given that both Ideal-Dedup and
DedupFSes perform deduplication on every block and write
the same amount of data. Furthermore, even when we replace
the crypto FP of DeNOVA and NV-Dedup with non-crypto
FPs” (i.e., using Non-Crypto in Figure 2), the performance
gap persists. Note that this situation remains unchanged even
with larger block I/O sizes (e.g., 128 KiB to 2 MiB).

3.2 DedupFS Overhead Breakdown

The above observations lead us to ask a follow-up question:
what exacts the toll on DedupFS processing?
Methodology. We categorize DedupFS overheads into five
procedures: (1) Dup Identify includes FP calculation, FP
lookup, and content comparison time; (2) Dedup Metadata is
the time to record/update the FP2P entry; (3) Data Write is
the time to write data blocks; (4) F'S Metadata is the time to
write file system L2P entry; and (5) Others denotes the rest

4Note the replacement is technically incorrect, as different blocks can be
identified as duplicates, but it allows us to better observe performance trends.
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Figure 3: Approximate deduplication overheads breakdown. We measure the breakdown under the 50% duplication ratio as a
representative case. NV-Dedup-NC is short for NV-Dedup using the non-cryptographic FP. The white numbers are Dedup Metadata time in (s).

of the file system time consumption, such as VFS overheads,
etc. We insert the timing code around each part to measure
the time consumption with the same settings as described
in §3.1. Note that, due to unpredictable CPU reordering, the
measurement might deviate but only at a small scale (i.e.,
nanoseconds level), which does not affect the overall trend.
Observation #2: Deduplication metadata overheads are
non-negligible. We select the 50% duplication ratio scenario
as a representative case to analyze the deduplication over-
heads. Figure 3 reveals that crypto FP calculation does lead
to heavy overheads (e.g., NV-Dedup). However, when FP
computation is accelerated with non-crypto FPs, one major
penalty arises from deduplication metadata maintenance. For
example, NV-Dedup with the non-crypto FP (i.e., NV-Dedup-
NC) and Light-Dedup suffer from 20%-38% and 18%—-36%
metadata maintenance overheads across 4 KiB to 2 MiB block
1/0O size. These overheads, as a result, dominate over 50%
deduplication time (i.e., Dup Identify + Dedup Metadata).
Overhead analysis. The root reason for such overheads is
that DedupFSes strictly order the FP2P entry to survive sys-
tem failures [15] (e.g., power outages). Specifically, to main-
tain the integrity of FP2P entries, DedupFS often leverages
the soft update to track dependency between L2P and FP2P
entries, and enforces the FP2P entry to be written/updated
before the L2P entry is persisted [15,34,45,50,60]. Conse-
quently, a crash occurring between the two procedures can
only result in a higher-than-actual reference count issue [15].
Therefore, the DedupFS can scan L2P entries to re-calculate
the reference count of each PBN [45] and remove the FP2P
entry with a zero reference count to fix inconsistency.
However, writing and ordering FP2P entries incur two ma-
jor problems: (1) I/O amplification due to the mismatched I/O
granularity between small metadata and coarse storage /O
unit (e.g., 256 bytes in Optane DCPMM and 4-16 KiB in mod-
ern SSD); (2) reduced I/0O parallelism due to waiting for the
completion of the previous I/O [15-17]. Although adopting
coarse-grained metadata management to align with the stor-
age I/0 granularity (e.g., Light-Dedup) can partially alleviate
the issue, our results still show the performance penalty is
non-negligible (e.g., 18%—36% for Light-Dedup in Figure 3).

3.3 Merged Metadata: A New Hope?
The Logical-Fingerprint-Physical (LFP) mapping. Intu-
itively, one solution to minimize such overhead is to reduce

LFP = FP2P + L2P

....................

LFP = FP2P + L2P

Figure 4: The Logical-Fingerprint-Physical mapping. LFP
integrates the deduplication FP2P entry into the file system L2P en-
try to minimize the deduplication metadata maintenance overheads.

the number of I/Os and ordering points. To this end, a viable
approach, as Figure 4 shows, is to merge L2P and FP2P en-
tries into an LBN-FP-PBN (LFP) entry, indexed by the inode.
In this way, DedupFSes can persist the FP2P mapping along
with the file system L2P entry in a single I/O. This merging
raises a classic tradeoff between space and performance: the
LFP entry incurs redundant FP for the same PBN (i.e., more
space), but it can minimize the dedup metadata maintenance
penalty (i.e., higher performance).

Why LFP mapping was not proposed in the past. We be-
lieve the primary reason is that traditional DedupFSes are
designed for slow storage, which is why they use crypto FPs
for fingerprinting. This, however, makes LFP less attractive
due to the large space overheads and marginal performance
improvement. Quantitatively speaking, let the size of PB-
N/LBN, reference count, and crypto FP be 8, 8, and 20 bytes,
respectively. Given N input blocks with a duplication ratio R,
traditional DedupFSes maintain 16 x N bytes of L2P entries
(=LBN+PBN) and 36 x N x (1 — R) bytes of FP2P entries
(=FP+PBN+ReferenceCount), totaling 52N — 36NR bytes. In
contrast, LFP-based DedupFSes (with crypto FPs) maintain
36 x N bytes of LFP entries (=LBN+FP+PBN), which incurs
up to 2.25 x space overhead compared to the traditional ap-
proach (see Figure 5). However, the performance gains are
limited (e.g., a 10%—23% improvement, see NV-Dedup in
Figure 3), as crypto FP calculation remains the bottleneck.
Opportunities for LFP today. Emerging fast storage devices
bring opportunities for non-crypto FPs, offering new hopes for
LFP mapping: with a typical non-crypto FP being 8 bytes, the
LFP entry size is reduced to 24 x N bytes. Figure 5 shows that
this can even save metadata space when the duplication ratio is
< 80% (which is common to satisfy [32,60]); meanwhile, non-
crypto-FP-based DedupFSes can be potentially accelerated by
18%—-36% (see Light-Dedup in Figure 3). However, existing
DedupFSes simply follow traditional approaches to manage
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Figure 5: The space overheads of LFP entries. Crypro-FP

is the traditional DedupFS that separates the L2P entry from the
FP2P entry. LEP-Crypto-FP and LFP-Non-Crypto-FP denote the
LFP entries with the crypto and non-crypto FP, respectively. N is the
number of input data blocks, and R is the duplication ratio.

the FP2P table, thereby missing the opportunity to revisit LFP.
Advantages. We summarize the benefits of using the LFP
mapping in DedupFSes as follows:

* Reuse the mature file system I/O path and crash consistency
mechanism. DedupFS leverages the file system to guarantee
the persistence and crash consistency of the LFP entry by
using the same I/O path of the file system L2P entry, thereby
reducing implementation efforts and improving robustness.

* Reduce metadata I/0 amplification and ordering points.
The LFP entry avoids maintaining an FP2P table in storage,
reducing I/O amplification and ordering points.

* Eliminate inconsistencies between the deduplication and
file system. As the FP2P mapping is always available in the
crash-tolerant LFP entry, there are no inconsistencies to fix,
which can further accelerate failure recovery.

Challenges. The challenge of LFP for DedupFSes lies in its
incompatibility: (1) Data management. While file systems in-
tend to manage data in extents [9, 58], deduplication manages
data block-by-block (for block-level deduplication). Conse-
quently, merging FP2P and L2P can lead to variable-length
L2P entries: assume a block is 4 KiB, L2P entries need one FP
to manage one block but 512 FPs for contiguous 2 MiB blocks.
This, however, complicates file system I/O path. (2) Metadata
management. Since file systems organize LFP entries by LBN
for fast file indexing, FP searches (for deduplication) within
LFP entries degrade to expensive linear scans, significantly
reducing deduplication efficiency.

4 GogetaF'S Design

Our previous analysis on the possibility of combining the L2P
and FP2P motivates us to design GOGETAFS, a new DedupFS
with merged metadata management. Yet, the potential chal-
lenges indicate that the design of GOGETAFS is non-trivial.
Therefore, we start by identifying the design goals.

4.1 Design Goals

* Generic. GOGETAFS key techniques should be adapted to
different file systems in an general manner.

* Effective. GOGETAFS aims to provide block granularity
(e.g., 4KiB) deduplication and efficient FP searching.

* Memory-efficient. GOGETAFS should be memory-efficient
towards a wide spectrum of scenarios.

* Configurable. GOGETAFS should allow users to disable the
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Figure 6: GogetaFS overview. Gray areas are the major compo-
nents, including LFP entries, Overflow FP Table, Global LFP Table,
and a non-cryptographic-FP duplication identifier.

Storage

deduplication feature, without (or with marginal) impacts
on the original file system efficiency and functionality.

4.2 Overview

GogetaFS components. Figure 6 illustrates the major com-
ponents in GOGETAFS. First, GOGETAFS extends the file
system L2P entry with one fixed-size FP (for a 4 KiB block) as
the LFP entry. Second, it reserves Overflow FP Table (OFT) in
storage to store FPs for contiguous data blocks. The crash con-
sistency of OFT is guaranteed alongside the file system crash
consistency mechanism, requiring no extra ordering. Third,
GOGETAFS maintains Global LFP Table (GLT) that aggre-
gates and converts LFP entries into FP2P entries for global
deduplication. GLT can be reliably rebuilt during file system
recovery by examining crash-tolerant LFP entries and OFT,
allowing for a flexible design without crash consistency con-
cerns. Finally, GOGETAFS provides a non-crypto-FP-based
duplication identifier for fast redundancy identification.
Deduplication workflow. Given the above components, we
describe the basic workflow of GOGETAFS as follows:

» Write a duplicate block. As Figure 6 illustrates, assume a
user writes a block to L1 (LBN1) of file 2, GOGETAFS
(D calculates the FP for the input data block (i.e., FP1)
and (2) queries GLT, finding that there is a corresponding
FP1 — P1 mapping (of file 1). Then, GOGETAFS (3) reads
the data block P1, compares it with the input data block,
and determines it is a duplicate. Finally, GOGETAFS (¥
writes a new LFP entry L1 — FP1 — P1 to file 2 without
block allocation, and increments the reference count of P1.

» Write (a) unique block(s). In the previous example, if step
(@ finds no mapping, GOGETAFS allocates and writes the
data block, and writes a new LFP entry to the file. If step
(3 indicates two blocks are different, GOGETAFS treats the
input block as a non-dedup block (that is not maintained by
GLT) similar to other non-cryptographic-FP-based DedupF-
Ses [45]. An exceptional case is writing contiguous unique
data blocks (e.g., writing two blocks to L2 and L3 of file
1), GOGETAFS leverages OFT to store the FPs and sim-

USENIX Association

23rd USENIX Conference on File and Storage Technologies 483



->—-GogetaOFT -%-GogetaSFP
0% duplication ratio 25% duplication ratio

3.0
= 54 25 26 26 25 55
) e
5] 5% 73 2.3 23 35--
o 1.9 L6 5% 72 22734
2 1.3
0.8 =
50% duplication ratio 75% duplication ratio
_ 5.0 5.0 70 42 33 43 47 42
n i
) 31 32 33 33 32 31 3.2 A X0 TA ST
G 59 2.6 o —| 2.9 - 56 9 39 338
g 77 g T 29 30 30 79755 77 Ly
e 4 1.7
08 t—vF—77———losg &
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Threads (#.) Threads (#.)

Figure 7: SFP and OFT performance comparison. We con-

duct sequential contiguous 2 MiB block I/0 using FIO.
ply assigns a NIL FP to the corresponding LFP entry (see
L2-L3 — NIL — P2-P3” in the Figure 6).

* Others. To read a block, GOGETAFS simply follows tradi-
tional file systems read path: retrieve the PBN according
to the LFP entry, and read the data block from the storage.
To delete a block (e.g., caused by truncate), GOGETAFS
invalidates the corresponding LFP entry, decrements the
reference count, and frees the block if the count is zero.

Advantages. With these techniques, GOGETAFS achieves
its design goals: (1) it is generic as it ensures compatible
I/0O paths with file systems by introducing fixed-size LFP en-
tries with OFT (see §4.3); (2) it is effective as it can achieve
effective deduplication across files by enabling fast FP com-
parison with GLT (see §4.4); (3) it is memory-efficient as
it can adjust the memory consumption by providing various
GLT structures to accommodate different scenarios without
consistency overheads (see §4.5); and finally, (4) GOGETAFS
is configurable as deduplication can be disabled by setting the
FP to zero and bypassing the deduplication logic. The extra
overheads are negligible as measured in §6.2.

4.3 Fine-grained Data Management

To reconcile the incompatible data management between the
deduplication (i.e., block-by-block) and file system (i.e., ex-
tent [9, 58]), we explore two orthogonal approaches.
Approach #1: coarse-grained data management to match
with file system. One naiVe approach is to align deduplication
granularity with the extent size. Specifically, we can calculate
a super-fingerprint (SFP) for whole contiguous data blocks
and store it as one FP. However, SFP reduces the deduplication
ratio due to the increased deduplication granularity. Moreover,
calculating an SFP followed by a large data I/O leads to low
computation and I/O parallelism, as these two operations
are serialized. In contrast, block-level FP calculations can
overlap with block I/Os, thanks to the hardware buffer that
allows asynchronous I/Os [45]. Note that the computation also
reduces buffer contention by lowering the I/O issue frequency.
As aresult, it can lead to even higher throughput than Ideal-

Note that if these input blocks are all duplicates, GOGETAFS also stores
NIL in their LFP entry as FPs have been stored in OFT.

Dedup under a 0% duplication ratio (see Figure 2).
Approach #2: fine-grained data management to match
with deduplication. Consequently, we explore an alterna-
tive approach: keep block-level deduplication and store FPs
(of contiguous blocks) in a reserved in-storage area, namely
Overflow FP Table (OFT), which is built as a one-to-one PBN-
to-FP mapping array. To store FPs, GOGETAFS first locates
array slots by PBNs, and then stores their FPs sequentially.
Using OFT has four advantages. First, OFT is a lock-free
data structure that can be updated in parallel as one PBN only
corresponds to one FP. Second, OFT benefits from the spatial
locality as the FPs of contiguous data blocks are stored to-
gether. Third, when a contiguous group of blocks is deleted, it
is unnecessary to invalidate OFT slots as these blocks are not
referenced by any LFP entry, and these slots can therefore be
overwritten safely for future write requests. Fourth, OFT does
not introduce an extra ordering point by leveraging the file
system crash consistency. We consider two common cases:

* Journaling file systems wrap L2P entry updates to a journal
area before updating it in place [14,23]. GOGETAFS can
add OFT updates to the journal together with LFP entry
updates. As a result, OFT updates and the LFP entry can
both be persisted atomically without extra ordering points.

» Log-structured file systems append L2P entry updates to the
log and then commit them by updating the log tail [35, 54,
58]. Thus, GOGETAFS can also append OFT updates to the
log, and rely on the ordered log tail commitment to ensure
crash consistency without extra ordering points.

Performance comparison. Figure 7 compares these two ap-
proaches under the same deduplication ratios with 2 MiB
block I/O. The results demonstrate that GOGETAOFT con-
sistently outperforms GOGETASFP due to low OFT update
overheads and high computation and I/O parallelism.

4.4 Dedup-friendly Metadata Management

To address the incompatible LFP entry organization (e.g., by
LBN), one solution is to add a per-file FP index alongside the
per-file index to organize LFP entries by FP, but this approach
limits FP searches to intra-file scope, reducing deduplication
ratios. To address this, we propose Global LFP Table (GLT).
GLT for fast FP searching. As shown in Figure 6, GLT ag-
gregates and interprets LFP entries into FP2P entries, namely,
GLT entries. Specifically, GLT retrieves the FP2P mapping
from LFP entries and tracks the number of identical mappings
as the reference count. As Figure 8a shows, GLT organizes
these entries within a dynamic hash table, using FP as keys to
enable fast FP searching. The hash table is further protected
via RCU locks, which support highly concurrent, read-most
operations [11], making it well-suited to frequent FP lookups
and comparisons in deduplication workflows.

Handle concurrency. One concern is to correctly handle
concurrent duplicate I/0Os. Assume thread #1 writes block A
as a unique block and is about to insert a new GLT entry, while
thread #2 writes the same block A but it does not know that
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A is a duplicate as thread #1 has not updated GLT yet. As a
result, the same block A is written twice. Using a global lock
to exclusively lookup and insert a GLT entry can address this
issue but limits scalability. To address this, GOGETAFS takes
an optimistic concurrency control approach: it checks the
existence of the FP right before insertion without locking the
lookup routine. If the FP already exists, GOGETAFS drops the
insertion and redoes the current-thread deduplication process
to ensure correctness. Indeed, the check-in-insertion process
requires locking for correctness, but the lock is held for a
short time in a per-bucket manner. With RCU locks, entry
lookups (by other threads) can be performed concurrently
with insertions, thereby improving concurrency.
Advantages. GLT offers two key advantages over traditional
FP2P table: (1) GLT has no crash consistency requirements
(i.e., no explicit flushing or ordering points) as it can be rebuilt
during file system recovery by examining crash-tolerant LFP
entries and OFT (see §4.6). (2) GLT can thus be deployed in
memory, benefiting from direct access without the need for
an extra FP index or loading data from storage for access.

4.5 Techniques Towards Memory Efficiency
Maintaining GLT in memory is feasible for memory-sufficient
scenarios. However, it is impractical for the scenarios with lim-
ited memory. To overcome the issue, we design GOGETAFS
variants with different GLT designs that empirically consider
the placement of table entries, the memory allocation strategy,
and data structures to accommodate different scenarios.
Memory-constrained scenarios. For these scenarios (e.g.,
PC), the system software should be conservative in memory
usage [34]; therefore, it is crucial to regulate GLT memory
usage. We track the memory usage of GLT and trigger in-
storage allocation when the memory usage exceeds a prede-
fined threshold. With this regulation, as shown in Figure 8b,
GOGETAFS can access GLT entries residing in memory and
storage (via virtual memory or direct access). Additionally,
we introduce GOGETAHYBRID, which separates GLT entries
into FP (as keys) and PBN with reference count (as values).
This design caches only the keys, allowing for more keys to be
cached and speeding up FP searches, as shown in Figure 8c.
Memory-scarce scenarios. In these scenarios (e.g., mobile
devices), memory is extremely restricted. However, the dedu-
plication requirements are still there, especially considering
the streaming sensor data, ever-growing event logs, and lim-

ited storage space [5, 44, 54]. For these small devices, we
aim to deploy GLT in storage. Intuitively, we put all the keys
and values in storage, as shown in Figure 8d. Nevertheless,
building dynamic hash tables in storage requires maintaining
fine-grained pointers of each node, which can lead to exces-
sive read-modify-writes and I/O amplification. To address the
overhead, we design GOGETASHT, which builds a static hash
table (SHT) in storage, as shown in Figure 8e.

4.6 Crash Consistency and Recovery

The recovery of the GOGETAFS requires reconstructing GLT.
Normal recovery. During normal recovery, it is feasible to
scan LFP entries and recalculate the reference count of each
PBN to reconstruct GLT. However, this usually incurs random
I/0 overheads as file systems intend to separately store LFP
entries for different files to achieve spatial locality. To address
this, GOGETAFS dumps GLT entries into a reserved file dur-
ing a normal shutdown, and the file is scanned concurrently
to rebuild GLT during the next recovery.

Failure recovery. For system failures detected by file systems
(e.g., via magic numbers [23,58]), many file systems scan LFP
entries to ensure file system metadata consistency [21, 58].
During scanning, GOGETAFS retrieves the FP from either the
LFP entry or from OFT if the LFP entry has a NIL FP (§4.3).
The FP and PBN are used to generate a new GLT entry with
a reference count equal to one or update the count if the entry
already exists in GLT. As a result, GLT can be reconstructed
along with the file system failure recovery.

Crash consistency. GOGETAFS leverages file system crash
consistency mechanisms to ensure correct failure recovery
(§4.3). Particularly, (1) for a journaling file system, LFP and
OFT updates can be replayed, thus there are no partially up-
dated entries; (2) for a log-structured file system, if an LFP
entry is valid, the corresponding OFT entries are also valid as
they are committed atomically. In cases where a crash occurs
before the entry commitment, leading to partial OFT updates,
the incomplete OFT entries remain unreferenced by any valid
LFP entry. Thus, GOGETAFS never accesses incomplete OFT
entries. Based on this, GLT can then be reliably reconstructed
by scanning LFP entries and their associated OFT entries.

4.7 Discussion
Random data read effects. Similar to other existing DedupF-
Ses [45,50], GOGETAFS requires CoW-style data updates
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to avoid corrupt LFP entries (i.e., the stored FP mismatches
with modified data content), which breaks file locality and
causes random block I/0. However, random block 1/0 is fast
for modern storage devices as they have high I/O parallelism
that can hide the random block I/O overheads [29, 57]. Par-
ticularly, sequential and random 4 KiB write/read I/Os of PM
have similar performance [57].

Space overhead of OFT. GOGETAFS reserves OFT to store
FPs for block extents. However, the space might never be
used if there are no contiguous data blocks. It is possible
to dynamically allocate the OFT space, but it requires extra
metadata management and potentially increases the locating
overheads. Considering the space overheads are limited (i.e.,
& x 100% =~ 0.2% space overheads for 8 byte FPs), we
argue that reserving OFT space for performance is feasible.

5 Implementation
We have built GOGETAFS based on NOVA (in PM) and F2FS
(in SSD). We introduce them in §5.1 and §5.2.

5.1 GogetaFS Based on NOVA
Duplication identifier. We borrow Light-Redundant-Block-
Identifier (LRBI) from Light-Dedup [45] as our duplication
identifier, which adopts non-crypto FPs and a PM-optimized
speculative-prefetching-based content comparison: this tech-
nique maintains a pointer from the last deduplicated block
to the current one as a hint, and uses this hint to speculate
and prefetch the next to-be-deduplicated block to accelerate
content comparison. For example, given a write stream with
unique blocks A and B, GOGETAFS maintains a pointer from
A to B. When A is written again, GOGETAFS checks the
pointer of A and speculatively prefetches B to boost further
content-comparison. For further acceleration, we replace the
xxHash with a faster wyHash [10, 12] for fingerprinting.
LFP entry. One bonus of NOVA is that we can integrate the
FP2P entry into the L2P entry without extra space overheads:
we reuse the 4 byte crc32 checksum and 4 byte padding in
nova_write_entry (i.e., the L2P entry). The checksum is
originally used to guarantee the integrity of the write entry, but
it is optional as PM promises to be reliable [42, 64]. We thus
provide two modes: the default is fast mode, which overwrites
both the checksum and padding with the 8-byte wyHash FP;
another is secure mode, which stores the high 4-byte FP in
the padding without affecting the checksum. Compared to
fast mode, secure mode can lead to more hash collisions and
content comparison. However, our evaluation in §6.3 shows
that the performance overheads are minor thanks to prefetch.
OFT. OFT is reserved next to the superblock of NOVA as an
FP array. OFT is updated by first issuing memory stores to the
corresponding contiguous slots, and then flushing in batches
without ordering points (i.e., calling c1lwb without sfence).
GogetaFS variants. We present five variants (in Figure 8):
* GOGETAFS variants in three scenarios. To enable prefetch-
ing, we assign each GLT entry (§4.4) with an extra 8 byte
hint for prediction (pointing to another entry) and 8 byte

Workload ‘ 1/0 (GB) ‘ Dup Ratio Target Memory Scenarios

FIO [2] 32 0%-100% Any memory scenarios
CP [45] 20.84 100% Enough/Constrained memory
OSLab [6] 63.52 84% Enough memory
WebVMs [32] 54.53 47% Enough memory
Mails [32] 173.27 95% Enough memory
Homes [32] 43.92 69.03% Constrained memory
Nexus [60] 20.12 32.40% Scarce memory

Table 1: Evaluated workloads. FIO measures basic I/0 perfor-
mance; CP copies a compiled Linux folder, which measures backup
performance. OSLab is a trace collected from the HITSZ OS lab
server; Homes, WebVMs and Mails are three FIU traces for studying
1/0 patterns in personal laptop usage, web and mail servers. Nexus
is the trace collected from real-world mobile devices by VISA Lab.

counter to avoid use-after-free issues. We use the rela-
tivistic hash table [1] as the dynamic hash table to organize
these entries. By allocating GLT entries entirely in DRAM,
partially in PM, or entirely in PM, we implement three
variants corresponding to Figures 8a, 8b, and 8d.

* GOGETAHYBRID. Built on GOGETAFS, GOGETAHYBRID
further separates GLT entry into the FP (as the key) and the
PBN with reference count (as the value), and uses a region-
grained list to organize values in storage [45]. Each region
is 4 KiB, allocated via file system allocators, and linked
through a reserved next pointer. Values are allocated to
regions with more than half of free space to improve spatial
locality, in a sequential manner. The memory regulation
technique is applied only to keys, as shown in Figure 8c.

* GOGETASHT builds GLT as an in-PM static hash table
(SHT). The SHT is organized at a 256-byte bucket gran-
ularity, where each bucket can store up to 8 GLT entries.
By default, the table is reserved to store entries for twice
the number of blocks (i.e., capacity). Entry placement is
determined by taking the modulo of the hash value with
the capacity, using the lowest 3 bits as the offset within
the bucket, and the remaining bits to determine the bucket
index. Linear probing is used to resolve hash collisions.
For simplicity, table extension is not currently supported.

Recovery. Normal recovery is trivial: we reserve an inode in
NOVA and storing GLT mappings there. For failure recovery,
we integrate GLT construction into nova_set_file_bm, in
which GOGETAFS scans all the collected write entries along
with NOVA to rebuild GLT mappings. Meanwhile, the hint
and counters are reinitialized during recovery.

5.2 Extending GogetaFS to Other File Systems
GogetaFS atop F2FS. F2FS is a block-based file system that
leverages the block layer for storage access [35]. Our imple-
mentation involves three adaptations. First, for the duplication
identifier, we replace the prefetch function from prefetcht0
used in the PM platform to sb_breadahead, as SSD does
not support byte-addressability. Second, for the in-storage
layout, we extend the F2FS block index entry to store one FP.
OFT is eliminated as each block index entry in F2FS maps
only one block. Third, in memory-constrained scenarios, as
SSDs do not allow direct access to GLT entries, we adopt a
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Figure 9: FIO write throughput comparison under sufficient memory. The top five graphs show the write throughput with a
common 4 KiB per I/0 while the bottom five graphs show the write throughput with a larger 2 MiB per I/O. The red numbers highlight the
percentage of throughput improvement of GogetaFS over Light-Dedup.

GOGETAHYBRID-like variant that keeps all keys in memory
while loading (then caching) values from the SSD as needed.
Others. Extending GOGETAFS to other non-NOVA file sys-
tems is similar to F2FS. To this end, we shall identify and
modify their L2P entries to accommodate an FP field. Partic-
ularly, for EXT4 and BtrFS, we can insert an FP field into the
extd_extent andbtrfs_file extent_item, respectively.
Then, we can adapt OFT structures, GLT structures, and the
remaining deduplication logic (that manipulates memory) to
port GOGETAFS to these file systems.

6 Evaluation
Our evaluation answers the following questions:

* Does GOGETAFS introduce extra overheads when the dedu-
plication feature is disabled? (§6.2)

* How does GOGETAFS perform compared to the traditional
DedupFSes and the base file system? (§6.3)

* How much throughput improvement does the LFP mapping
bring and how it brings such improvements? (§6.4)

* How do the different GOGETAFS variants perform? (§6.5)

* Can GOGETAFS improve DedupFS recovery performance
by recovering along with the file system recovery? (§6.6)

¢ How does GOGETAFS scale with ULL SSDs? (§6.7)

6.1 Setup and methodology

Testbed. If not otherwise specified, experiments are carried
out on a server with an Intel Xeon Gold 5218 CPU@2.3 GHz,
16 cores (with hyper-thread enabled), and 22 MiB of L3 cache.
The machine is equipped with 512 GiB Intel Optane DCPMM
(2%x256 GiB DIMMs) configured in the non-interleaved Ap-
pDirect Mode and 128 GiB DRAM (4 x 32 GiB DIMMs).
The server runs CentOS stream with kernel 5.1.0 [3]. We
further evaluate GOGETAFS (atop F2FS) on an emulated
FEMU-based Z-SSD platform in §6.7.

Competitors. We compare GOGETAFS with Light-Dedup,
NV-Dedup, DeNOVA, and NOVA®. Light-Dedup is config-
ured with no delay flushing to ensure that FP2P entries are
correctly written and not lost. By default, all evaluated (dedu-

6NOVA is an optimized variant, which delays the inode integrity verification
until the file open/close and updates the in-memory file data index once
the corresponding write entry is durable.

plication) file systems are configured with no metadata pro-
tection (i.e., fast mode for GOGETAFS).

Methodology. We summarize the workloads used to emulate
different scenarios in Table 1. We utilize mcp [7] and trace
replayer [8] to back up Linux and replay traces. During experi-
ments, we use up to 8 threads, consistent with prior works [45],
as a higher number of threads can lead to performance degra-
dation due to PM’s internal contentions [45,57, 59]. If PM
concurrency can be doubled, we believe GOGETAFS can also
double its throughput when the threads reach 16 due to its
high-concurrent lock-free OFT and RCU-based GLT.

6.2 Deduplication as a Feature

We compare GOGETAFS with deduplication enabled/disabled
using FIO, with dup ratios from 0% to 100%. We conduct
t-tests [30] over ten runs to identify the statistical significance
of the performance difference. The results suggest that the p-
value is ~0.20 (>0.05), indicating that the differences are not
significant. Hence, GOGETAFS allows using deduplication as
a feature without affecting original file system’s performance.

6.3 Performance Evaluation

We measure the default GOGETAFS performance under the
memory-sufficient scenarios (e.g., server applications).
Basic I/0 performance. Figure 9 shows that GOGETAFS
consistently outperforms NV-Dedup and Light-Dedup. Specif-
ically, with a 0% duplication ratio, GOGETAFS is very close
to NOVA under 4 KiB block I/O due to the reduced number
of I/Os and ordering points. Notably, for 2 MiB block I/O,
GOGETAFS even outperforms NOVA. This is because FP
computation overlaps with PM internal I/Os, reducing PM
buffer contention by lowering the I/O issue frequency [61].
Real-world workloads performance. Figure 10 presents re-
sults similar to those observed in the basic I/O tests. However,
GOGETAFS exhibits more pronounced performance improve-
ments with 2 MiB block I/O, particularly in workloads such as
Mails and WebVMs. These workloads feature more realistic
/O patterns, including overwrites that trigger block deletions.
GOGETAFS handles deletions more efficiently: while tradi-
tional DedupFSes must invalidate up to 512 FP2P entries
(by setting reference counts to zero) to delete a 2 MiB block,
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Figure 10: I/O throughput comparison under real-world
scenarios. CP denotes the backup scenarios while traces repre-
sent server scenarios. The red numbers highlight the percentage of
throughput improvement of GogetaF'S over Light-Dedup.

GOGETAFS only needs to invalidate a single LFP entry (§4.3).
Secure mode overheads. We conduct t-tests on GOGETAFS
in both fast and secure modes across all above workloads. The
p-values, ranging from 0.96 to 0.98 for FIO workloads and
0.75 to 0.98 for real-world workloads (>0.05), indicate that
the performance overheads of secure mode are minor thanks
to the fast speculative-prefetching-based content comparison.

6.4 Metadata Maintenance Overhead

In this subsection, we first demonstrate that the deduplication
performance improvement of GOGETAFS does come from the
reduced metadata maintenance overheads. We then measure
the deduplication-induced I/O amplification to understand
how the LFP mapping improves the I/O throughput.
Deduplication performance breakdown. Figure 11 shows
that GOGETAFS has 75.4%-92.8% lower deduplication meta-
data overheads compared to Light-Dedup. The remaining
overheads are mainly due to the in-DRAM GLT lookup and
insertion, which cannot be avoided. Additionally, we find that
wyHash (in GOGETAFS) does not always outperform xxHash
(in Light-Dedup), and the primary overheads for redundancy
identification arise from the byte-by-byte content comparison.
I/0 amplification. We measure extra deduplication-induced
read/write bytes per 4 KiB block (RPB/WPB) in GOGETAFS
using ipmctl [4]. The same workload used to evaluate Light-
Dedup is employed to simulate a fresh and aged system [45].
Specifically, we first populate a 128 GiB file with no dupli-
cation, then randomly punch 50% holes inside the file to
simulate the aged scenario. Finally, we write another 64 GiB
file with the same content as the first file’s first half. Table 2
shows that GOGETAFS consistently achieves much lower
deduplication-induced I/O than Light-Dedup. With reduced
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Figure 11: Approximate deduplication time breakdown.

We compare normalized breakdown performance between GogetaF'S
(GTA) and Light-Dedup (LD) under a single thread. GLT and OFT
maintenance are reported as Dedup Metadata for GogetaFS.

Time Proportion

System | Metric | RPB | WPB [ BW | Lat
g | g | D27 150 1007 S
Lty | g | 27| 7| 055 o
Ly | oy | 247 | 207|017
Light-Dedup 288.8 | 1742 | 11242 | 34748
GoceraFs | A82M 160 | 820 | 12989 | 30073

Table 2: I/0O amplification comparison. RPB and WPB denote
extra read/write bytes per 4 KiB block I/0. BW is bandwidth in MiB/s.
Lat is latency in nanoseconds for deduplicating one block.

metadata I/Os, GOGETAFS can improve the I/O through-
put by 13%—-35% compared to Light-Dedup in both fresh
and aged scenarios. Specifically, GOGETAFS achieves nearly
zero deduplication I/O amplification for 4 KiB block 1/O;
as a result, aging negligibly affect the I/O throughput. For
2 MiB block I/O, OFT introduces several I/O amplification,
but GOGETAFS still outperforms Light-Dedup by 15%-35%
thanks to the spatial locality of OFT (§4.3).

6.5 Performance Under Different Scenarios
This subsection studies the performance of GOGETAFS vari-
ants under other scenarios with limited memory.
Memory-constrained scenarios. We study the performance
of GOGETAFS (with partial keys and values in PM, see
Figure 8b), GOGETAHYBRID, and Light-Dedup under con-
strained memory across four settings. As Figure 12 shows,
GOGETAFS variants consistently outperform Light-Dedup
as the LFP mapping eliminates the extra I/Os and ordering
for FP2P entries. We also find that (1) GOGETAHYBRID can
achieve higher I/O throughput than GOGETAFS when mem-
ory is low (e.g., sufficient only for half of keys) as it requires
fewer in-storage key accesses; (2) when memory increases
(e.g., enough for more than half of GLT entries), GOGETAFS
outperforms GOGETAHYBRID as it can access many keys
and values in DRAM, while the latter stores all values in PM,
thereby losing opportunities for fast value accesses in DRAM.
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Figure 13: I/O throughput comparison of emulated logging
(left) and mobile trace (right) under scarce memory. We
use 4 KiB block 1/0 and up to 4 threads to emulate this scenario.

Memory-scarce scenarios. We compare GOGETAFS (Fig-
ure 8d), GOGETASHT, SHT (GOGETASHT without LFP),
DeNOVA, and NOVA using FIO to simulate sensor data col-
lection and event logging scenarios. In practice, these collect-
ed/logged data are stored and then uploaded to a server [5].
Here, we focus on the data storage phase, excluding uploads,
as all DedupFSes show similar read performance. We also
evaluate Nexus trace to assess mobile workloads. Given the
limited resources, we conduct the evaluation with 4 KiB I/0
and up to 4 threads, aligning with prior studies [60]. Figure 13
suggests that even with no dedicated deduplication memory,
GOGETAFS variants outperform other DedupFSes (i.e., SHT
and DeNOVA). Among these variants, GOGETASHT outper-
forms GOGETAFS by 1%-10% due to its reduced random
I/O for pointer accesses and updates. However, NOVA outper-
forms GOGETASHT by 10%—-36% when the duplication ratio
is below 50% under a single thread. This is not surprising as
in-PM GLT access still leads to I/O amplification.

6.6 Recovery Overhead

Table 3 compares normal shutdown, recovery, and failure re-
covery of NOVA, Light-Dedup, and GOGETAFS. GOGETAFS
spends more time on normal shutdown and recovery as it re-
quires dumping both keys and values from GLT into PM and
restoring them during recovery. However, GOGETAFS shows
around 9.5%-30.8% faster failure recovery than Light-Dedup
as it can recover along with the file system recovery without

System { Metric { FIO { CP { 0OS { MA { VM
NOVA Umount 0.39 | 097 | 0.75 | 0.51 | 0.92
Light-Dedup Time (s) 0.67 | 1.18 | 095 | 0.75 | 1.15
GOGETAFS ‘ 1.16 | 1.52 | 1.11 | 1.12 | 1.22
NOVA Normal | 0.02 | 0.01 | 0.01 | 0.01 | 0.01
Light-Dedup | Recovery | 0.66 | 0.37 | 0.21 | 043 | 0.14
GOGETAFS | Time(s) | 0.69 | 042 | 0.23 | 049 | 0.17
NOVA Failure 047 | 0.34 | 0.78 | 0.57 | 0.89
Light-Dedup | Recovery | 1.88 | 1.28 | 2.37 | 2.00 | 2.90
GOGETAFS | Time(s) | 1.70 | 1.01 | 1.64 | 1.68 | 2.09

Table 3: Recovery overheads. FIO creates 32 GiB data; OS, MA,
and VM are short for OSLab, Mails, and WebVMs.

extra checking for deduplication metadata (i.e., FP2P table).
Note that NOVA outperforms Light-Dedup and GOGETAFS
as it does not need to reconstruct FP index or GLT.

6.7 GogetaFS Beyond Optane DCPMM

To emulate ultra-low latency SSDs, we run FEMU in nossd
mode to simulate Z-SSD performance [36]. We reproduce
SmartDedup and HFDedup based on F2FS. We also port
Light-Dedup to F2FS and compare it with GOGETAFS. These
DedupFSes persist FP2P entries to a sparse file using F2FS
I/O interfaces. SmartDedup calculates SHA-1 for fingerprint-
ing; HFDedup is optimized to use wyHash FP. Light-Dedup
leverages sb_breadahead to accelerate content comparison.
Figure 14 shows that GOGETAFS (atop F2FS) significantly
outperforms competitors under both single-threaded FIO and
real-world traces. Light-Dedup shows some improvement
when the duplication ratio increases, but metadata mainte-
nance overheads become the bottleneck. SmartDedup per-
forms the worst since it has to calculate cryptographic hash
for each block. Notably, compared to PM, SSDs exhibit rel-
atively minor read-write asymmetry (for deduplication opti-
mization); therefore, GOGETAFS achieves only 79%-99.6%
of F2FS’s performance. However, GOGETAFS is much faster
than existing SSD-based DedupFSes thanks to its merged
LFP entries that minimize metadata overheads.

7 Limitation and Future Work
Portability. GOGETAFS intrusively modifies the file system,
which may increase the development complexity. Fortunately,
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Z-SSD. The upper two figures perform strong persistence [15] with
O_SYNC:; the lower two figures have no persistence guarantees.

the changes are often easy to maintain: to support LFP entries,
GOGETAFS adds only ~50 LOC in F2FS (e.g., mainly for
macros and block index); while the remaining deduplication
logic is modularized, which mainly manipulates in-memory
structures and can be easily ported. However, memory regula-
tion techniques are storage-specific. For example, on SSDs,
GOGETAFS cannot store keys in storage due to the lack of
byte-addressability. To reduce memory usage on SSDs, it is
feasible to group values [60] to reduce the number of keys
needed for indexing, which we leave as future work.
Memory swap in PM. Currently, GogetaFS (with memory
regulation) directly accesses GLT entries in PM without swap-
ping. While swapping hot GLT entries from PM to DRAM is
feasible, the extra overheads and potential performance gains
are uncertain. Figure 12 shows that even with ideal swapping,
i.e., no thread blocking and all accesses hitting DRAM (equiv-
alent to having the maximum available memory), GOGETAFS
achieves only 1%—-19% throughput improvement. Therefore,
we leave memory swapping to future work.

Supporting offline/background deduplication. The use of
non-cryptographic FPs can result in two different data blocks
having the same FP. In this case, GOGETAFS (like others [38,
45]) manages only the first input data block while treating the
second one as a non-dedup block (§4.2). This might lead to the
loss of deduplication opportunities. Fortunately, the collision
rate for 8 byte xxHash/wyHash is low (i.e., lower than the
expected collision rate) [10]. However, for scenarios where
a high deduplication ratio is a critical concern, background
deduplication could be introduced to re-deduplicate these
blocks, which we plan to explore as future work.
Supporting data movement. Many flash-based file systems
perform data block migration for garbage collection or wear
leveling [35, 54]. To support data movement, we can extend
the P2L mapping (e.g., SSA in F2FS) to track the mapping
from PBN to multiple LBNs for fast LFP entry updates during
migration (similar to [28]), leaving it as future work.

8 Related Work
To the best of our knowledge, GOGETAFS is the first DedupFS
to explore file system’s I/O paths and crash consistency mech-

anisms to minimize deduplication metadata overheads. Before
our work, deduplication focuses on the following aspects:
Duplication identification acceleration. Purity [18] dedu-
plicates enterprise flash storage by computing (no more than)
8 byte hashes across 512 bytes and stores 1/8 of the hashes.
On PM, except for NV-Dedup [50] and Light-Dedup [45],
DeWrite [65] notices the write-read asymmetry of PM and
deploys non-crypto fingerprinting and content comparison
in the cache line level for hardware deduplication. Our pro-
posed LFP mapping stands on the shoulders of these works
to minimize deduplication metadata maintenance penalty.
Deduplication metadata space reduction. Wei et al. [52]
propose to alleviate FPs of zero blocks using a special code
word (e.g., 1 byte). Meister et al. [40] proposes to use com-
pression techniques to reduce FP space. Metadedup [37] dedu-
plicates metadata to save space. These methods focus on slow
disks and crypto FPs, while GOGETAFS targets modern fast
storage with smaller, non-crypto FPs. By integrating the FP2P
entry into the L2P entry, GOGETAFS minimizes deduplication
metadata maintenance penalty with minor space overheads.
Metadata management in stand-alone deduplication sys-
tems. These systems leverage various crash consistency tech-
niques to guarantee the integrity of deduplication metadata.
iDedup [47] leverages an NVRAM to stage writes in a log-
structured layout; dedupv1 [41] maintains a redo journaling
for recovery; Dmdedup [48] uses CoW to ensure the atom-
icity of deduplication metadata updates. However, these ap-
proaches interact with file systems, leading to double meta-
data maintenance overheads (§2.1). In contrast, GOGETAFS
leverage the LFP mapping that merges deduplication and file
system metadata to eliminate crash consistency overheads.

9 Conclusion

We propose GOGETAFS, a novel DedupFS that leverages the
file system mature I/O path and crash consistency mecha-
nism to improve deduplication throughput. The key insight is
to build a DedupFS with logical-fingerprint-physical (LFP),
which is a novel mapping technique that merges the deduplica-
tion FP2P entry with the file system L2P entry. We implement
and evaluate GOGETAFS in both PM and (emulated) ULL
SSD platforms. The results suggest that GogetaFS outper-
forms existing DedupFSes, sometimes by an order of mag-
nitude (e.g., in the SSD platform), and achieves minimized
deduplication metadata maintenance overheads.
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A Artifact Appendix
Abstract

The artifact provides implementation source code and evalua-
tion scripts of GOGETAFS. GOGETAFS is a fast deduplication
file system that leverages a novel LFP mapping to minimize
extra deduplication metadata I/O overheads.

Scope

The artifacts mainly including two aspects: (1) Preparation
for reproducing (e.g., environments and code source), and
one-click command to run experiments, draw figures, and
build latex tables. (2) Detailed reproducing steps of each
Table/Figure presented in the paper and the calculation details
of several metrics (e.g., read/write bytes per block).

Contents

Artifact organization. The artifacts contain six parts: (1)
GOGETAFS source code based on NOVA (for PM), (2)
GOGETAFS source code based on F2FS (for SSD), (3) Evalu-
ation tools and scripts on PM, (4) Evaluation tools and scripts
on SSD, (5) NV-Dedup source code, and (6) f2fs source code.

All the corresponding test scripts and results for reference (in
the “paper” directory) are included in the “tests” directory.
Results organization. The raw output files are mostly named
with the prefix “performance-comparison-table” or “xx-table”,
which can be obtained by running bash test.sh. plot.
ipynb and craft-latex-table.py scripts are provided for
drawing figures and building latex table, respectively. Some
tables require further calculation on raw output, such as cal-
culating extra read/write bytes per block in Table 2. Thus, we
provide process.py script to automatically process the raw
output files. Each experiment can be conducted many times
just by passing a 1oop variable to the test .sh, and a agg.sh
script is provided to present the average values. We rename
the original file with the suffix _orig.

Hosting
The artifacts are available at github. To reproduce the experi-
ments, the user should get the repositories listed below:

* GOGETAFS source code for PM: https://github.com
/GogetaFS/Light-Dedup-J.git.

* GOGETAFS source code for SSD: https://github.com
/GogetaFS/GogetaFS.git.

* Evaluation tools and scripts on PM: https://github.c
om/GogetaFS/GogetaFS-AE.git.

 Evaluation tools and scripts on SSD: https://github.c
om/GogetaFS/GogetaFS-Tests.git.

e NV-Dedup source code: https://github.com/GogetaF
S/nv-dedup.git.

e f2fs: https://github.com/GogetaFS/f2fs.git.

The user should run the following command to organize them
so that the scripts can work correctly:

Listing 1: Commands for cloning and orgnizing essential files.

#!/bin/bash

cd <Your directory>

git clone https://github.com/GogetaFS/GogetaFS-AE.git
cd GogetaFS-AE

git clone https://github.com/GogetaFS/Light-Dedup-J.git
git clone https://github.com/GogetaFS/nv-dedup.git

mkdir SSD-emu && cd SSD-emu

git clone https://github.com/GogetaFS/f2fs.git

git clone https://github.com/GogetaFS/GogetaFS.git

git clone https://github.com/GogetaFS/GogetaFS-Tests.qgit

We describe the branches of Light-Dedup-J, NV-Dedup, and
GogetaFS that correspond to the paper in Tables 4, 5, and 6.

Requirements

Experimental environment. Intel Xeon Gold 5218 CPU
clocked at 2.3GHz, 512 GiB of Optane DCPMM (2x256 GiB
DIMMs) in non-interleaved AppDirect Mode, and 128 GiB
of DRAM (4 x 32 GiB DIMMs). The CPU has 16 cores (32
hyperthreads) and 22 MiB of L3 cache with CLWB support.
The server runs CentOS Stream 8 with kernel 5.1.0 modified
by SplitFS (at https://github.com/rohankadekodi/Spl
itFS-5.1). All experiments are run with data_cow enabled.
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Branch Description

nova-pipe NOVA file system, the baseline
nova-pipe-failure NOVA with failure recovery
denova DeNova file system

denova-non-crypto
nova-pipe-dedup
nova-pipe-dedup-failure

DeNova w/o crypto hash
Light-Dedup file system
Light-Dedup with failure recovery
1fd-64bit-fp GogetaFS with non-secure mode
1fd-64bit-fp-failure GogetaFS with failure recovery
1fd GogetaFS with secure mode
1fd-disable-dedup GogetaFS without deduplication
1fd-super GogetaFS with SFP

Ifd-regulate GogetaFS with regulated memory

Ifd-pm-table GogetaHybrid
1fd-pm-table-persistence | Light-Dedup with mem regulation
Ifd-pm-all GogetaSHT (Figure 8e)

Ifd-pm-all-persistence SHT, GogetaSHT without LFP

Table 4: Branches in Light-Dedup-J repository. Note that
Ifd is short for light-fs-dedup.

l Branch \ Description ‘
master NV-Dedup with the original implementation
non-crypto | NV-Dedup without using crypto hash

Table 5: Branches in NV-Dedup repository.

l Branch \ Description ‘
main GogetaFS for SSD
lightdedup Light-Dedup ported to SSD
hfdedup HF-Dedupe reproduced on SSD
SmartDedup | SmartDedup reproduced on SSD

Table 6: Branches in GogetaF'S repository.

Hardware prerequisite. (1) Server with PMs. A server with
at least one PM equipped (256 GiB). (2) Sufficient memory.
Reproducing experiments requires much memory because
caching the compiled Linux kernel source code (i.e., the CP
workload) requires about 15-20 GiB (depending on the con-
figuration), and the operating system itself and GOGETAFS
all require significant memory usage.

Reproducing Experiments

One-click command. We have provided a one-click script
run_all.sh in the root directory of “tests”, which can auto-
matically install the required software, run all the experiments
involved in the paper, draw all the figures in our paper, and
build similar Latex tables presented in our paper.
Reproducing details. Generally, typical workflows for repro-
ducing figures and tables are presented as follows.

Listing 2: General workflow to reproducing tables.

bash agg.sh "$loop"

# Step 3. Calculation on Raw output

if [ -f "process.py" ]; then
python3 process.py

fi

# Step 4. Building Table

python3 craft-latex-table.py

Listing 3: General workflow to reproducing figures.

cd GogetaFS-AE/tests/FIGxx/
# Step 1. Run Experiment
bash ./test.sh $loop

# Step 2. Aggregate Results
bash agg.sh "$loop"
# Step 3. Drawing Figures

ipython plot.ipynb

Reproducing Z-SSD results. We reproduce the Z-SSD re-
sults using git@github.com:MoatLab/FEMU.git environ-
ment; we install a Ubuntu 20.04 LTS image with the kernel
version 5.4.0-189-generic, and we modify femu/build-femu
/run-nossd. sh to run the Z-SSD experiments:

#!/bin/bash

# Huaicheng Li <huaicheng@cs.uchicago.edu>

# Run FEMU with no SSD emulation logic, (e.g., for
SCM/Optane emulation)

# Image directory
IMGDIR=$HOME/

# Virtual machine disk image
OSIMGF=$IMGDIR/ub20.qcow2

if [[ ! -e "SOSIMGF" ]]; then
echo ""
echo "VM disk image couldn’t be found ..."
echo "Please prepare a usable VM image and place
it as $OSIMGEF"
echo "Once VM disk image is ready, please rerun
this script again"
echo ""
exit
fi

# enable performance mode
echo performance | sudo tee /sys/devices/system/cpu/
cpu*/cpufreq/scaling_governor

sudo ./gemu-system-x86_64 \
-name "FEMU-NoSSD-VM" \
-enable-kvm \
-cpu host \
-smp 36 \
-m 326G \
-device virtio-scsi-pci,id=scsil \
-device scsi-hd,drive=hd0 \
-drive file=$0SIMGF, if=none,aio=native, cache=none
, format=qgcow2,id=hd0 \
-device femu, queues=64,devsz_mb=32768, id=nvmel \
-net user,hostfwd=tcp::2333-:22 \
-net nic,model=virtio \
-nographic \
-gqmp unix:./gmp-sock,server,nowait

Inside FUME, using scp to copy GogetaFS-AE/SSD—-emu/ *
to the VM, supposing the directory is /home/user/SSD-emu.
Run the following commands to reproduce the Z-SSD results:

cd /home/user/SSD-emu/GogetaFS-Tests
bash run_all.sh

cd GogetaFS-AE/tests/TABLExx/
# Step 1. Run Experiment

bash ./test.sh $loop

# Step 2. Aggregate Results

Detailed reproducing steps. The detailed reproducing steps
of each experiment are in https://github.com/GogetaF
S/GogetaFS—AE.
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