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Abstract
Log-Structured Merge (LSM)-based storage engines offer high write
throughput by storing the data on storage as immutable files that are
opportunistically reorganized through compactions. Immutability of
the files and their frequent garbage collection (GC), however, leads
to a major performance bottleneck: high write amplification. This
is further exacerbated by the device-level GC when LSM engines
run on top of ZNS SSDs. While prior research has shown that
compaction-aware file placement at the device level can reduce
the overall write amplification, we point out that the proposed
solutions are tuned exclusively for specific compaction strategies,
SSD configurations, and workloads.

In this early-stage work, we highlight that for LSM engines on
ZNS SSDs, performance is governed by a critical four-way trade-off
between the compaction file picking policy (LSM-side) and the file
placement, GC, and new zone allocation policies (ZNS-side). To this
end, we introduce ZARC, a novel framework for Zone Allocation
& Reclamation after Compaction that offers a continuum of hy-
brid file placement policies to bring the overall write amplification
closer to its theoretical lower bound and allows the user to navi-
gate this vast design space for a given workload and configuration.
ZARC’s hybrid file placement policies optimize performance for each
LSM-level independently, leading to level-specific file placement,
garbage collection, and zone allocation policies. Preliminary results
from experimentation on ZenFS, a RocksDB file system for ZNS
SSDs, show that ZARC’s hybrid file placement policies reduce data
movement by up to 86% and ZARC-GC improves ZenFS garbage col-
lection performance by (i) reclaiming sufficient free space and (ii)
maintaining a small reserve of empty zones to prevent GC-induced
stalls, and (iii) reducing GC-induced data movement by 8.6%.
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Figure 1: (A) GC is not performed because no zone satisfies
the slope-based heuristic. (B) Limitations of the SoA. ZARC
aims to strike a balancewhile providing a unified framework.

1 Introduction
LSM-based Data Stores. Log-structured merge (LSM) trees are
widely used in modern NoSQL storage engines due to their superior
ingestion performance, competitive query performance, and com-
pact data storage [20, 21, 24]. LSM-trees store data as immutable files
organized across multiple sorted runs on storage and opportunisti-
cally reorganize the data layout through compactions to ensure fast
queries. While immutability boosts ingestion throughput, it leads to
high write amplification (WA) [6, 7]. This is because a compaction
invalidates all participating files and creates new ones, reducing
space amplification (SA) and improving query performance at the
cost of additional WA [1, 25]. Compactions thus dictate data move-
ment and, thereby, the file lifetime in LSM-based systems.
The Emergence of Zoned Namespace SSD. Zoned Namespace
(ZNS) SSDs [2, 9] divide the logical address space into fixed-size
zones that allow only sequential writes and must be erased at zone
granularity using the Zone RESET command. In contrast to conven-
tional SSDs, ZNS SSDs transfer the responsibilities of file placement,
empty zone selection, and garbage collection (GC) from the flash
controller to the host application [2]. This allows for greater con-
trol over data placement and performance, since the host-level data
organization directly impacts GC overhead and overall WA.
LSMs on ZNS SSD. The properties of LSM-trees and ZNS SSDs
align naturally: both write immutable files sequentially and realize
updates (and deletes) logically by accumulating invalidated data
that must be periodically reclaimed through compaction or GC. For
LSM engines on ZNS SSDs, this creates a critical four-way trade-off
between the compaction file picking policy (LSM-side) and the file
placement, GC, and new zone allocation policies (ZNS-side). The file
picking policy determines which files participate in a compaction,
dictating the file lifetimes [22, 25]. The file placement policy decides
the mapping of files to zones [15, 19, 26]. If files with significantly
different lifetimes share a zone, valid files must be relocated before
the zone can be reset, incurring additional writes and increasingWA.
The GC policy [27, 28] determines when to reclaim, which zones
to target, and when to stop reclamation. The new zone allocation
policy [17, 18] determines which empty zone to select for new
writes, affecting wear distribution and future GC efficiency. Thus,
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Table 1: Comparison of file placement, GC, and new zone allocation policies for LSM engines on ZNS SSDs. = supported, ∼ =
partial/limited, × = not addressed. Configuration awareness includes LSM size ratio, file size, and zone size.
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SplitZNS [12] – Enabling smaller zones × × × × ×
Brick-ZNS [27] – Address remapping × × × × ×
Z-GC [28] – Address remapping × × × ×
WA-Zone [18] – Level-based wear inference × × × × ×
GAP [17] – Address remapping × × × ∼ × ×
ZARC (proposed) Hybrid Multi-policy [planned]

these four policies are closely interdependent. To support LSM-
based key-value stores on ZNS devices, ZenFS [5] was developed
to manage zone allocation and reclamation for RocksDB [11].
Problem 1: Inefficient GC in ZenFS. Most systems hide the GC
strategy behind a black box [19, 26], while others, such as ZenFS [5]
and CAZA [15], suffer from several major limitations. GC in ZenFS
and CAZA is triggered based on a heuristic-based threshold and
slope: the GC module computes a maximum valid data ratio using
the slope, and only zones below this ratio are selected as victims. If
no such zone exists, GC fails to reclaim space evenwhen reclaimable
zones exist (Fig. 1A), potentially causing a stall. ZenFS also does
not reserve zones and, thus, can crash despite having reclaimable
space because there is nowhere to relocate valid data. Other limita-
tions include the overhead of too many open zones and contention
between GC and file placement, both leading to latency spikes and
higher data movement (§3). Brick-ZNS [27], SplitZNS [12], and Z-
GC [28] modify the ZNS standard to enable better GC, making them
incompatible with existing ZNS SSDs. FAR [4] reduces zone-reset
operations, but does not improve data movement. These highlight
the need for more robust GC mechanisms.
Problem 2: Inefficient File Placement Policies. The file place-
ment policy determines which block of data goes to which zone. Ex-
isting solutions focus on predicting file lifetimes and grouping files
with similar lifetimes within the same zone. For example, LIZA [5]
and CAZA [15] use vertical partitioning, placing files from different
LSM levels in the same zone. These policies do not work well in
practice because files from different levels have drastically different
lifetimes, which depend on the file picking policy [25], making life-
time equalization extremely difficult. OAZA [26] and ZoneKV [19]
perform horizontal partitioning, where files belonging to the same
level are placed into zones together, avoiding level mixing. How-
ever, ZoneKV ignores lifetime differences within the same level, and
OAZA’s compaction-rank-based placement becomes obsolete after
each compaction as rankings shift. CAZA+ [3], LL-compaction [13],
and Prophet [16] either modify the file picking policy or make ex-
tensive changes to RocksDB. CAZA+ and LL-compaction abandon
LSM efficiency to improve file placement, often increasing WA and
space amplification. Prophet predicts lifetime using compaction
ordering, but runs into the same problem as OAZA, i.e., rankings
change after each compaction. Table 1 summarizes the limitations
of existing approaches across various dimensions.

Problem 3: Lack of Unified Framework.While several file place-
ment, GC, and new zone allocation policies have been proposed
for LSM engines on ZNS SSDs, these efforts typically evaluate in-
dividual techniques in isolation. Thus, it remains unclear how the
four-way trade-off between file picking, file placement, GC, and
new zone allocation policies interacts with one another, or how
their effectiveness varies across different configurations and work-
load distributions. For instance, changing the zone size, file size, or
LSM size ratio can drastically affect which file placement and GC
policy performs best. Similarly, some policies perform better under
uniform workloads while others excel under skewed workloads.
There is no unified framework for systematic comparison across
this broad design space, spanning LSM parameters, ZNS-specific
settings, and diverse workload configurations, as shown in Fig. 1B,
motivating the need for a unified framework.
Our Contribution. In this vision paper, we highlight the key fac-
tors dictating the performance of LSM engines on ZNS SSDs. We
present ZARC (Zone Allocation & Reclamation after Compaction), a
unified framework to systematically navigate the four-way trade-off
between file picking, file placement, GC, and new zone allocation
policies. ZARC contains three modules illustrated in Fig. 2: (A) a file
placementmodule, (B) a garbage collectionmodule, and (C) a new zone
allocation module. Each module exposes several policies and tunable
parameters, and together they account for both LSM-specific prop-
erties (size ratio, file size) and ZNS-specific settings (zone size). For
a given workload, LSM/ZNS configuration and file picking policy,
ZARC allows the user to navigate this vast design space and iden-
tify the optimal combination of file placement, GC, and new zone
allocation policies (Fig. 1B). As a first step, we (a) implement all
four state-of-the-art file placement baselines (LIZA, CAZA, OAZA,
ZoneKV) in ZARC, (b) propose multiple new placement policies,
including a proximity-aware policy, (c) propose a continuum of
hybrid policies that allow different LSM levels to adopt different
placement strategies, (d) redesign the ZenFS GC module to ensure
efficient space reclamation and prevent GC-induced stalls, and (e)
provide efficient new zone allocation policies for improved wear
leveling. In the long run, we envision ZARC as a platform to also co-
design and evaluate novel file picking policies that better align with
placement and GC strategies. Initial experimental evaluation shows
that ZARC’s hybrid placement policies reduce WA, and ZARC-GC
outperforms the default ZenFS GC under tight space constraints.
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Figure 2: ZARC’s three keymodules: (i) File Placement Module,
(ii) Garbage Collector, and (iii) New Zone Allocation Module.

2 ZARC: Design & Implementation
We now present the design details of the three modules of ZARC.

2.1 File Placement Module
The lifetime of a file is determined by both the compaction policy
and the workload [16]. Ideally, all files placed within a zone would
have the same lifetime and become invalid at the same time, allow-
ing the zone to be reset without relocating valid data. ZARC’s flexible
file placement module provides a wide array of policies to choose
from, allowing the user to optimize performance based on the LSM
engine’s file picking policy, size ratio, file size to zone size ratio,
and workload distribution. ZARC also allows different file placement
policies for different LSM levels, enabling the creation of a large
number of hybrid policy combinations. Lower levels have fewer
but much longer-lived files than upper levels, making level-specific
placement beneficial. ZARC also supports a fallback policy per level
to maintain baseline performance if the intended policy fails. We
implement four state-of-the-art baselines and one naïve policy on
ZARC: (A) LIZA [5]: assigns a lifetime label to each file based on its
level and places it alongside files with the same or higher lifetime
label, (B) CAZA [15]: places overlapping files from adjacent levels
in the same zone, (C) ZoneKV [19]: stores files from the same level
in the same zone in the order of creation, (D) OAZA [26]: computes
a ranking of files based on their overlap with those in the next level
and places similarly-ranked files in the same zone, and (E) a naïve
policy: greedily fills zones with same-level files in arrival order.
New File Placement Policies. We propose and implement the
following new file placement policies in ZARC: (A) Nearest: places
a new file close to files with adjacent key ranges in the same level;
it follows a weighted system where zones with more adjacent files
are given more priority than zones with files that are farther away,
(B)Hybrid: allows different file placement policies to be applied
in different LSM levels, enabling a large combinatorial space of
level-specific strategies, (C) Delete-aware: places files with more
tombstones into separate zones, inspired by Lethe [23], and (D)
Ranking-based: computes a file ranking based on overlap with
adjacent levels and/or file sizes compensated for tombstones, and
places similarly-ranked files in the same zone.

2.2 Garbage Collector
ZARC’s novel garbage collector is designed to always select the zone
with the least amount of valid data and continue reclamation until a
user-defined target is reached, ensuring forward progress regardless
of device saturation. The garbage collector wakes up every 𝑡 seconds
(𝑡 = 10 by default) and checks whether the free space percentage 𝐹
falls below a GC start threshold 𝑇𝑠 . If so, ZARC-GC reclaims zones
one at a time until 𝑇𝑒% of the SSD is free (𝑇𝑒 > 𝑇𝑠 ), where 𝑇𝑒 is the
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Figure 3: (A) ZARC-GC is efficient in tight space constraints. (B)
ZARC-GC consistently moves less data compared to LIZA-GC.

GC stop threshold. GC victim zones are selected in ascending order
of the amount of valid data. For each victim zone, valid files are
migrated to a target zone chosen by ZARC’s file placement policy. To
guarantee forward progress during relocation, ZARC-GC maintains
a small reserve of empty zones (5% by default). Once all valid files
are migrated, the victim zone is reset and returned to the empty
pool. A locking mechanism prevents concurrent writes during GC,
avoiding latency spikes due to resource contention. ZARC exposes
key GC parameters (e.g., thresholds, #reserve zones, etc.) to the
user for fine-grained control. An optional GC mode (adapted from
WA-Zone [18]) selectively migrates long-lived files from low-wear
zones to high-wear zones, trading modest WA for device longevity.

2.3 New Zone Allocation Module
When the file placement module cannot find a suitable open zone
to place a new file, it invokes the new zone allocation module to
select an empty zone. This module operates on metadata of all
currently empty zones and returns one based on a selection policy.
Most policies select an empty zone based on its current wear level
to maximize device longevity. ZARC provides the following zone
allocation policies: (i) first-available empty zone selection (ZenFS
default), (ii) round-robin, (iii) random, and (iv) lifetime-based
selection, adapted from WA-Zone [18]. The lifetime-based policy
utilizes the fact that files in deeper LSM-levels typically have longer
lifetimes and can remain in a zone for extended periods without
triggering frequent zone resets. It attempts to place files with shorter
lifetimes in low-wear zones and files with longer lifetimes in high-
wear zones. The default ZenFS policy can be suboptimal because
it iterates through zones in ascending order of their indices and
chooses the first empty zone, causing zones with lower indices to
suffer disproportionately higher wear.

3 Experimental Evaluation
We present an initial evaluation of ZARC in two parts: (i) ZARC-
GC vs. the default ZenFS GC (aka LIZA-GC), and (ii) hybrid file
placement policies compared against the baselines, showcasing the
potential of ZARC as a unified framework for systematic evaluation.
All experiments are conducted on the Chameleon testbed [14].

3.1 Garbage Collection
Setup. We run a 1 GB uniform insertion workload with both LIZA-
GC and ZARC-GC on three different SSD sizes: 2.5 GB, 3 GB, and 3.5
GB. The SSDs are simulated in ConfZNS++ [8] with a zone size of
16MB. The LSM-tree’s size ratio is set to 2 and file size is 1MB. We
run the workload 10 times for each GC policy and SSD size.
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Figure 4: Performance of Hybrid policies with LSM size ratio 10. (A) Hybrid-2 greatly reduces data movement. (B) Hybrid-2
slightly reduces zone reset counts. (C) Hybrid-2 shows comparable throughput. (D) Hybrid-2 reduces WA.
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Figure 5: Performance of Hybrid policies with LSM size ratio 2. (A) Hybrid-3 significantly reduces data movement. (B) Hybrid-3
increases zone reset count. (C) Hybrid-3 shows slightly higher throughput. (D) Hybrid-3 reduces WA.

ZARC-GC Works Well under Space Constraints. Fig. 3A shows
that ZARC-GC is much more successful than LIZA-GC at lower SSD
sizes, when space constraint is tight. In all 10 runs on the 2.5 GB SSD,
LIZA-GC crashes before finishing the workload, whereas ZARC-GC
completes it successfully on all occasions. In the 3 GB SSD, LIZA-
GC finishes only 7 out of 10 times, whereas ZARC-GC finishes all
10, with 11% better average runtime (282s vs. 318s). At 3.5 GB, both
succeed with comparable runtimes (282s vs. 289s). In essence, LIZA-
GC only performs well under relaxed space constraints. We also
observe that ZARC-GC consistently keeps a lower number of zones
open compared to LIZA-GC (on average by 9%) and its reserved
zone policy guarantees forward progress. Further, on average, the
percentage of valid data in closed zone for LIZA-GC and ZARC-GC
is 28.42% and 26.33%, respectively. The percentage of valid data in
reset victims is also significantly lower for ZARC-GC vs. LIZA-GC
(12.63% vs. 21.19%), indicating better victim selection; we omit the
graphs for brevity. Overall, as shown in Fig. 3B, ZARC-GC reduces
GC-induced data movement by 8.6%.

3.2 File Placement Policy
Setup.We conduct experiments on a simulated 32 GB SSD with 128
MB zones in ConfZNS++ [8], running a 27 GB uniform insertion
workload with 16-byte keys, 4096-byte values, and 7 million entries
using db_bench [10]. The file size is set to 32 MB; we experiment
with size ratios 2 and 10. We evaluate four baselines: ZenFS default
(LIZA), CAZA, OAZA, and ZoneKV, and three hybrid policies:
(A) Hybrid-1: Naïve on levels 0-1 and CAZA on other levels,
(B) Hybrid-2: Naïve on levels 0-1 and Nearest on other levels, and
(C) Hybrid-3: CAZA on levels 0-1 and Nearest on other levels.
Hybrid Policies Reduce Data Movement. Fig. 4 presents results
with size ratio 10 as we vary the GC threshold. We observe that
Hybrid-2 achieves the lowest data movement, performing 79%, 66%,

34%, and 25% better than LIZA, CAZA, OAZA, and ZoneKV (Fig. 4A)
and 30%, 14%, 3.2%, and 1.5% better in zone reset counts (Fig. 4B),
while achieving comparable throughput (up to 4.1% better as shown
in Fig. 4C). Hybrid-3 shows the worst zone reset count among
hybrid policies, as it uses CAZA on upper levels, which groups files
with varying lifetimes in the same zone, increasing zone resets.
Best Policy Varies with System Configuration. Fig. 5 presents
results with size ratio 2. We observe that Hybrid-3 performs best
in data movement (Fig. 5A), outperforming LIZA, CAZA, OAZA,
and ZoneKV by 86%, 75%, 5.4%, and 16%, with comparable or better
throughput (up to 9% better as shown in Fig. 5C). However, it per-
forms 7%, 23%, 39%, and 36% worse in zone reset counts (Fig. 5B)
than LIZA, CAZA, OAZA, and ZoneKV, respectively, signaling a
tradeoff between data movement and SSD wear. This is because
Hybrid-3’s proximity-aware placement opens more zones to main-
tain key-range locality, increasing zone resets. These results demon-
strate that the optimal policy varies across LSM and ZNS settings,
motivating ZARC’s systematic exploration of the hybrid policy de-
sign space across diverse configurations and workloads.

4 Next Steps
As our immediate next step, we plan to conduct rigorous evalua-
tions across diverse workloads, LSM configurations (e.g., size ratio
and compaction policies), and realistic SSD settings with larger
capacities and zone sizes. We also intend to explore richer hybrid
designs and eventually co-design compaction policies that better
align with placement strategies. Ultimately, we plan to investigate
ML-based approaches for SST lifetime estimation.
Acknowledgments.We thank the reviewers for their constructive
feedback. Results presented in this paper were obtained using the
Chameleon testbed supported by the National Science Foundation.
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