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The host-side and append-only zone interface offers new opportunities for existing key-value stores (KVSs),
especially in reducing the flash-layer write amplification. While existing works focused on leveraging the zone
interface for LSM-Tree-based KVSs, the potential advantages for B*-Tree-based KVSs remain under-explored.
Through in-depth experimental observations, we identify three key opportunities for B*-Tree-based KVSs:
superior read performance, flash-friendly append operations, and the ability to directly manage flash media.
However, existing B*-Tree-based KVSs designed for block SSDs rely on inefficient file system layers to adapt
to the idiosyncratic zone interface, and achieve reduced write amplification by seriously sacrificing read
performance. We proposed a write-optimized B*-Tree-based key-value store ZKV, designed to minimize write
amplification through the zone interface without sacrificing read performance. ZKV employs a three-level
buffer structure to enable its core index structure Z*-Tree to be zone-interface efficient, including a tree-level
merged filter, a leaf-level adaptive delta buffer, and an efficient zone-level management module ZFlusher.
Through the three-level buffer structure, Z*-Tree effectively leverages the zone interface by converting small-
size random write operations into flash-friendly large-block append operations. Our evaluations on a real
ZNS SSD device demonstrate that ZKV achieves up to 3.12x/2.53x higher insert/read throughput than the
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current buffered-B*-Tree-based KVSs under YCSB workloads. Under three additional real-world workloads,
ZKV matches the write performance of LSM-Tree-based RocksDB while delivering the read performance of
B*-Tree-based WiredTiger.

CCS Concepts: « Hardware — Emerging interfaces; « Information systems — Key-value stores; Flash
memory;

Additional Key Words and Phrases: ZNS SSDs, B -Tree, write amplification, buffer, key-value stores
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1 Introduction

Block-interface Solid-State Drives (block SSDs), while widely used, have long been hindered
by the so-called block interface tax [23]. This term refers to the significant performance and
resource overhead caused by the mismatch between the internal flash erase mechanism and
the traditional disk-oriented block interface. This mismatch leads to unpredictable and debili-
tating garbage collection (GC) operations, increased DRAM costs due to the flash transla-
tion layer (FTL), and the need for over-provisioned space. As a recent alternative to SSDs, the
emerging Zoned Namespace interface for SSDs (ZNS SSDs) [8], offers a promise to rid the block
SSDs of their block interface tax, by mapping the flash physical space to multiple append-only
zones. As a result, ZNS SSDs have received significant attention from storage vendors and data
centers [5, 10, 18, 29, 35, 53, 81], especially for its potential in eliminating the flash-layer write
amplification.

Flash-based key-value stores (KVSs) are widely used in industrial storage systems to provide
high-quality service [9, 14, 43, 44, 79]. The B*t-Tree-based KVS is known for its superior and stable
read performance, but with notorious write amplification (WA) on flash devices due to the
small-grained node’s random and in-place updates [24, 26, 41, 42, 44, 58, 62, 72]. Numerous studies
have shown that the zone interface can help LSM-Tree-based KVSs improve write performance
[16, 23, 34, 39, 40, 48, 51, 56, 73]. However, to the best of our knowledge, no studies have been
reported on reducing the write amplification of the BT -Tree-based KVSs on real ZNS SSDs despite
the potential benefits. Based on observations obtained from our in-depth analysis (detailed in
Section 2), we believe that one of the most beneficial opportunities of the zone interface lies in
reducing flash-layer write amplification for B -Tree-based KVSs. Compared with LSM-Tree-based
KVSs, Bt -Tree-based KVSs can provide higher read performance and more stable read tail latency,
especially in small-size key-value pairs (kv-pairs) scenarios (O1). Our preliminary experiments
also show that if B¥-Tree-based KVSs can fully utilize the zone interface by converting random
updates into sequential writes, it will improve write bandwidth and reduce write amplification on
flash media (O2). Furthermore, B*-Tree-based KVSs can directly manage flash media through the
host-side zone interface, thus avoiding file system overhead (O3).

However, we find that existing B*-Tree-based KVSs designed for conventional block SSDs fall
far short of fully reaping the potential benefits offered by the zone interface. (1) Degraded read
performance on the index layer. Applying a buffer structure to merge kv-pairs is a classic idea for
the BY-Tree index to reduce write amplification. We argue that the reason why existing buffered-
B -Tree index, including tree-level buffered FD-Tree [45], node-level buffered B¢-Tree [21, 24],
and kv-pair-level buffered Bw-Tree [44, 58, 69, 72], exhibit degraded read performance is because
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of their high access overheads for extra read-unfriendly buffered structures. Thus, they lose the
most important capability of the B*-Tree index, that is, ensuring excellent read performance. (2)
Idiosyncratic restrictions on the flash layer. We are not aware of any existing solutions for effectively
executing B*-Tree operations on ZNS SSDs, which must convert the update-in-place tree node
operations to append-only zone operations. A potential solution involves using a host-side mapping
table to map the append-only zones to conventional pages, but this approach demands significant
DRAM resources [2]. A second potential approach is to use zone-adopted file systems, such as F2FS
[3] and BtrFs [1], as a middle layer for Bt -Tree-based KVSs on ZNS SSDs. However, this results in
additional metadata write amplification and underutilizes the bandwidth of ZNS SSDs. Furthermore,
both approaches render the zone interface’s active management features ineffective.

Motivated by our in-depth experimental analysis and observed limitations of current solutions,
we propose a novel ZKV designed for ZNS SSDs. ZKV takes a software-hardware co-design approach
by devising an enabling three-level buffer structure for Bt -Tree index on the zone interface, which
works hand-in-glove to reduce write amplification while ensuring excellent read performance.
At the heart of ZKV is its core index Z*-Tree, a heterogeneous B*-Tree index that places the
update-in-place internal nodes in memory and append-only leaf nodes in ZNS SSDs. At the tree
level, the merged filter first aggregates and sorts kv-pairs in memory. It then separates frequently
updated hot pairs from less-frequently updated cold pairs, retaining the former in memory while
filtering out and merging the latter into the Z*-Tree via a batch array. At the leaf-node level, a
limited number of adaptive delta buffers (ADB) are used to further collect kv-pairs, with a leaf
node linking to at most one ADB. Working with the coarse-grained batch array, each ADB structure
automatically resizes its buffer size according to the sequentiality of kv-pairs inside a batch, further
increasing the number of pairs written to flash each time. At the zone level, the ZFlusher combines
a write sequencer with a read-only cache to ensure the zone’s strict write order and provide a
high read-hit ratio. ZFlusher utilizes a ring buffer to combine multiple 4KB leaf data pages into
a larger zone-friendly block append operation. Each open zone is also assigned its own ZFlusher
instance via an exclusive mechanism, preventing the limited inter-zone concurrency from becoming
a bottleneck.

We implement a prototype of ZKV on a commercial ZNS SSD device [12], and evaluate the
performance via widely-used YCSB workloads [25]. ZKV shows a 3.12x/2.53x higher insert/read
throughput than the current buffered-B*-Tree-based KVSs. With three additional realistic work-
loads, ZKV is compared against two representative industrial KV storage engines on ZNS SSDs, the
LSM-Tree-based RocksDB [23], and the B* -Tree-based WiredTiger [3], demonstrating its attainment
of the best of two worlds.

In summary, this article makes the following contributions:

— We conduct an in-depth analysis of experimental observations to draw insights into the
potential benefits of building B*-Tree-based KVSs on zone interfaces.

— We determine that existing B*-Tree-based KVS designed for block SSDs cannot fully utilize
the zone interface because of the degraded read performance and relying on the extra file
system layer.

— We propose a write-optimized Bt -Tree-based ZKV designed for ZNS SSDs. ZKV takes a
software-hardware co-design approach by devising a three-level buffered structure for B*-
Tree index based on zone interfaces to reduce write amplification while ensuring excellent
read performance.

— Under comprehensive synthetic and realistic workloads, we extensively evaluate the efficiency
and effectiveness of ZKV, against existing B*-Tree-based KVSs and two industrial KV storage
engines on a commercial ZNS SSD.
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must completely match the write pointer, and its inter- tion at the flash layer due to small-size and random
zone concurrency is upper bound by the maximum writes, while incurring additional write amplification
number of open active zones. at the FS layer by file system metadata.

2 Background and Motivation
2.1 Zoned Namespace Solid-State Drives

While conventional Solid-State Drives (SSDs) are widely used in storage systems [26, 62], the
mismatch between SSD’s internal flash media’s page write and block erase characteristics causes
them to suffer from an unavoidable block interface tax [8, 23] that not only degrades performance
but also increases SSD cost. The Zoned Namespace (ZNS) is a new NVMe storage interface for
SSDs that abstracts flash-based space as append-only zones to avoid the block interface tax and
shifts the data management inside a zone to the host [7]. Compared with SSDs, the host-side
zone interface of ZNS SSDs eliminates write amplification caused by GC operations, resulting in
more predictable write bandwidth and reducing the need for additional over-provisioned (OP)
flash space. Furthermore, the coarse zone granularity decreases the FTL memory requirements
and alleviates a significant constraint on increasing SSD capacity, facilitating the proliferation of
low-endurance quad-level cell (QLC) SSDs.

A ZNS SSD tracks per-zone writes via write pointers as shown in Figure 1, so any write to a zone
must specify the same offset the write pointer indicates. The Zone Size of ZNS SSDs is greater than
the writeable zone capacity, which aligns with the power-of-two industry norm introduced with
SMR HDDs. To match the offset of a host-issued write with the on-device write pointer of a zone,
the host can only issue one request to each zone at a time, thereby limiting intra-zone parallelism.
Besides, the internal resource limitations of ZNS SSDs also restrict the maximum number of zones
simultaneously open for writing. For instance, the large-zone ZNS SSD device, such as WD DC
ZN540, can only open 14 zones for writing simultaneously [12, 27, 66].

2.2 The B*-Tree-Based Key-Value Stores

Flash-based KVSs play a key role in industrial storage systems to provide high-quality service. The
read-optimized B*-Tree-based KVSs [14, 43, 44] and write-optimized LSM-Tree (Log-Structured
Merge tree) based KVSs [9, 67, 79] are the most deployed among these KVSs. Numerous existing
studies have demonstrated that the zone interface of ZNS SSDs can help LSM-Tree-based systems
such as RocksDB [9] reduce write amplification [16, 23, 34, 39, 40, 48, 51, 53, 56, 73]. However,
to the best of our knowledge, there are no reported studies on reducing write amplification of
Bt -Tree-based KVSs on real ZNS SSDs. Moreover, our preliminary experimental analysis finds
that existing B*-Tree-based KVSs designed for block SSDs fall far short of fully benefiting from
the append-only zone interface’s advantages. This analysis led us to the following hypothesis:
the zone interface provides new opportunities for not only LSM-Tree-based KVSs but also
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Fig. 3. Comparison of B*-Tree-based KV (WiredTiger) and LSM-Tree-based KV (RocksDB) in two metrics: (a)
Throughput on different ratio of read(r) and write(w) operation (e.g., r(w)10 = 100%read(write)), (b) Cumulative
Write Amplification on the index, file systems (FS) and flash layer, Both KVs are running on a real ZNS SSD
configured in Section 4.1.

BT -Tree-based KVS. We run the B*-Tree-based KVS and the LSM-Tree-based KVS on a real ZNS
SSD and compare them under the three-layer flash IO stack as shown in Figure 2: index layer, file
system (FS) layer, and flash (device) layer. We obtained the following observations to prove our
hypothesis.

B -Tree indexes exhibit higher and more stable read performance than LSM-Tree indexes.
(Observations #1 (O1)). LSM-Tree uses a zone-friendly append mechanism when flushing Sorted
String Table (SST) files. LSM-Tree ensures order only within individual SST file, while these SST
files may be out of order among themselves. To maintain a partially ordered structure, the LSM-Tree
asynchronously merges out-of-order SST files level by level in the background, which may result in
lower write performance during the merge phase than B*-Tree [26, 52]. As a result, the LSM-Tree’s
most significant drawback is causing data to be spread across multiple levels, thereby compromising
the stability of read operations. For instance, in a typical 3-leveled LSM-Tree, locating a key-value
pair (kv-pair) requires first searching the in-memory Memtable, then traversing the out-of-order L0
level, followed by multiple binary searches through the L1 to L2 levels. This results in less stable read
performance, especially for operations like scans that require traversal. Many works try to improve
the read performance of LSM-Tree-based KVSs by adding secondary indexes [75] or additional
caches [70, 78], but this will incur a lot of memory overhead and its effectiveness is limited by
LSM-Tree’s inherent structural constraints. As illustrated in Figure 3, while the LSM-Tree-based
KVS offers superior write performance, its read performance lags considerably behind that of the
B*-Tree-based KVS.

B -Tree-based KVSs can utilize append-only zone interfaces to improve write throughput.
(Observation #2 (02)) While B*-Tree offers superior read performance (Figure 3(a)), it induces
much higher write amplification than LSM-Tree, on both the index layer and the flash layer
(Figure 3(b)). We argue that the root cause lies in its global order guarantee, which ensures that
all the kv-pairs are sorted in leaf nodes and form a hierarchical tree structure. The global order
guarantee incurs many random, small-sized, and update-in-place writes, resulting in degraded write
performance on flash media [26, 62]. Furthermore, high-cost flash-unfriendly writes induce a large
amount of write amplification caused by flash-layer GC operation. As shown in Figure 4, both block
SSDs and ZNS SSDs are in trimmed condition before the test, meaning that all of the flash blocks
are erased, and no GC operation will be triggered before the free blocks are exhausted. The FIO
test tool [37] performs 4KB random write and sequential write loads on BLK-SSD and ZNS-SSD
respectively. The former simulates random in-place updates of leaf nodes through the conventional
block interface, which causes SSDs to suffer severely from write amplification, leading to unstable
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Fig. 5. Current file systems like F2FS-ZNS can man-
age the zone interface for B*-Tree-based KVSs, but
cannot fully utilize its write bandwidth.

and deteriorating write performance. The latter simulates the sequential append operation of leaf
nodes through the zone interface, achieving higher and more stable write bandwidth.

B* -Tree-based KVSs should directly manage zone interfaces bypassing the FS-layer. (Obser-
vation #3 (03)) Although the Bt -Tree-based KVSs write to flash memory conveniently through the
existing file system, they suffer from additional write overhead. The B*-Tree-based KVSs designed
for block SSDs, such as WiredTiger based on the POSIX file-system (FS) API, can run directly on a
log-structured file system adopted for ZNS SSDs, such as BtrFS-ZNS [1] and F2FS-ZNS [3]. However,
we find that the log-structured file system induces extra write amplification and under-utilizes the
bandwidth of ZNS SSDs. Moreover, log-structured file systems also prevent KVSs from being aware
of and taking full advantage of the zone interface’s features. As shown in Figure 5, we tested the
bandwidth of F2FS-ZNS and BtrFS-ZNS on a ZNS SSD device through the FIO [20] tool at different
write granularities. The results indicate that both Btrfs-ZNS and F2FS-ZNS achieves only about
50% of the raw device bandwidth, mainly due to the additional overhead introduced by FS-layer
overheads, such as syncing metadata and not fully utilizing the zones’ parallel bandwidth [63].

2.3 Motivation and Challenges

The main takeaway from the above observations [O1 — O3] is that for B" -Tree-based KVS on
ZNS-SSDs, a co-design of a write-optimized B -Tree index structure with the emerging zone
interface is necessary to reduce write amplification holistically while ensuring excellent
read performance. Specifically, the main goal of this paper is to design an optimized B*-Tree-based
KVS for ZNS SSDs, called ZKV, achieving the best of two worlds: the excellent write performance
of LSM-Tree and the superior read performance of B™-Tree, by addressing the following design
challenges.

Challenge #1 (C1): Avoiding degraded read performance due to multiple buffer struc-
tures at the index layer. BT -Tree-based KVSs cause write amplification on flash media due to
the granularity mismatch between the kv-pair size and the operational size inside flash media.
Applying and merging a buffer structure for the B -Tree index is a classic idea for reducing write
amplification. Buffered B -Tree can be roughly divided into three categories based on their merge
granularity: tree level, single-node level, and kv-pair level. We argue that the existing buffered
Bt -Tree index reduces write amplification but at the expense of read performance.

FD-Tree [45] merges an in-memory B*-Tree directly into a multilevel structure on flash memory
at the tree level, requiring hierarchical accesses similar to LSM-Tree for read operations. The FD-
Tree also involves expensive merge operations: when the tree-level buffer exceeds its capacity after
a single insertion, and the whole FD-Tree has to be entirely rewritten. This process may result in
an unacceptable response time. The node-merge-level B¢-Tree [21] buffers kv-pair for each node
(including internal nodes), but introduces additional traversal tail latency. The SplinterDB based on
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Fig. 6. (a) The B®-Tree-based SplinterDB significantly improves write performance but causes read performance
degradation. (b) The asynchronous zone append command has no obvious bandwidth advantage over the
synchronous zone write command when the write granularity is greater than 16KB. The Append/Write
commands use 32 queue depth/32 threads respectively, and both write to 14 zones simultaneously.

B€-Tree [24] adds a quotient filter to each buffer structure, which takes up a lot of memory, and
its scan performance is much lower than that of the classic B*-Tree. For example, as illustrated
in Figure 6(a), while SplinterDB improve write performance by up to 2.41x, they experience a
18.6%/90.3% decline in point/range search performance. Bw-Tree [44, 58, 69, 72] links each new
kv-pair modification to the existing node as a delta record. The longer the unordered and dispersive
delta record list is, the more pronounced the write amplification factor will be. However, a leaf node
may consist of a backward chain of updates with new delta records in main memory and older
delta records on flash media. Thus, a search operation of Bw-Tree may cause multiple accesses
to flash media, causing severe degradation in read performance. Furthermore, existing buffered
B*-Tree indexes rely on an additional FS layer to interact with the idiosyncratic restrictions of
zone interfaces, leading to additional performance loss and the inability to operate the data layout
directly.

Challenge #2 (C2): Meeting the idiosyncratic restrictions of zone interfaces while achiev-
ing high utilization at the flash layer. ZKV attempts to directly manage the host-side zone
interface for the BT -Tree structure, removing the extra overhead of the middle file system layer. So,
ZKV needs to cope with the following zone interface limitations:

(1) Sequential Write Constraints: Bt -Tree-based KVSs can easily convert random and in-place
updates into zone-friendly sequential append operations for nodes through some methods like
the copy-on-write mechanism. Current B*-Tree-based KVSs use a buffer pool to operate memory
nodes, thereby improving SSD utilization of SSDs [6, 14]. Things get complicated when considering
evicting and flushing a node from a buffer pool. KVSs on ZNS SSDs must ensure the strict write
order: a zone can only be written to the wp offset, meaning that the page ID allocated first must
be written first. This requires a sequential order guarantee in the buffer pool, which leads to the
infeasible LRU-like postponed write buffer mechanism. For example, the allocated pages in the
write buffer are {3, 4, 5}, but page 5 is evicted first, which will not match the current wp offset 3,
thus causing system IO errors.

(2) Limited Inter-Zone Concurrency: BY-Tree indexes rely on high concurrency to ensure efficient
writing of small kv-pairs. However, the internal resource limitations of ZNS SSDs restrict the
maximum number of zones simultaneously open for writing. For instance, the WD DC ZN540, can
only open 14 zones for writing simultaneously. Although the zone append command can support
high queue depths for I/O, its bandwidth is not higher than zone write and brings more complex
changes to the concurrency mechanism of the B*-Tree index [68, 71], as shown in Figure 6(b).
Although the zone append command can support high I/O queue depths, its bandwidth is not higher
than zone write with the high queue depth (32) and the 16K granularity as shown in Figure 6(b). This
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phenomenon is also found in other works [68, 71]. Furthermore, the disordered and asynchronous
append commands will brings more complex changes to the concurrency mechanism of the B*-Tree
index. ZKV adopts the write commands to fully utilize the ZNS SSD’s write bandwidth through a
lightweight concurrency mechanism and three-level buffer mechanism.

(3) Read IOPS vs Write Bandwidth. Recent work recommends using 4KB pages to obtain the
highest random read IOPS and lowest latency for NVMe SSD [30, 32]. However, the 4KB write
bandwidth will not be able to achieve the maximum bandwidth as shown in Figures 5 and 6(b).
Although a larger write granularity can obtain a larger write bandwidth, it will also bring greater
read amplification and thus reduce the overall read throughput.

3 ZKV Design

ZKV’s main design goal is to fully utilize the zone interface’s potential to reduce the B*-Tree
index’s flash-layer write amplification caused by small kv-pair writes, while retaining its read
performance advantage. Building on insights from existing buffering mechanisms, ZKV introduces
a novel three-level buffering architecture to these design goals. ZKV considers the following three
design decisions (abbreviated as D) for a novel BT -Tree-based KVS on ZNS SSDs.

D1. We found that a small number of leaf nodes in the B*-Tree have higher update counts, while
most leaf nodes have smaller update counts [47]. Motivated by this, ZKV includes a merge filter
that separates frequently and infrequently updated nodes, keeping hot data in memory to reduce
flash write overhead.

D2. ZKV addresses these limitations through a memory-resident adaptive delta buffer that
dynamically aggregates scattered kv-pairs at the node level and tries to evict high-utilization buffer
structures as much as possible. This design maintains efficient read performance while operating
under fixed memory constraints, and it automatically prioritizes buffer allocation to frequently
updated (hot) nodes, optimizing memory usage and ensuring low flash-level write amplification.

D3. ZKV utilize the ZFlusher module ensures compliance with the sequential write constraints of
the ZNS interface by consolidating small pages into large blocks before writing, thereby optimizing
both write performance and zone utilization.

3.1 Overview of ZKV

ZKV’s Workflow. Figure 7 shows an architecture overview and high-level workflow of ZKV,
where its core index Z* -Tree utilizes a three-level buffer structure to reduce write amplification
by separating hot and cold kv-pairs, sorting and batching dispersed kv-pairs, and addressing the
idiosyncratic restrictions of the zone interface. In ZKV, kv-pairs are first aggregated and sorted in a
small-size merged filter @ that keeps hot kv-pairs in memory and evicts and inserts cold kv-pairs
into the Z*-Tree at the granularity of a batch array. While inserting batched kv-pairs can reduce
the traversal overhead @, kv-pairs in batch may scatter to many leaf nodes of Z*-Tree. To prevent
serious write amplification caused by a leaf node directly flushing its received kv-pairs, Z*-Tree
employs a pool of adaptive delta buffers (ADBs), of which each is linked to at most one such leaf
node, to buffer and batch dispersed kv-pairs belonging to this leaf node in each batch insertion. A
linked ADB automatically expands its capacity depending on the number of buffered kv-pairs to
avoid wasting memory space. When an ADB buffers more than 16 kv-pairs, a leaf node merges it
with the data page into a new page, as writing 16 kv-pairs for a 4KB page is sufficiently efficient for
reducing write amplification based on our empirical analysis ®. When merging an ADB with its
linked leaf node, ZFlusher ensures the write order guarantee of concurrent write operations and
maximizes the zone interface concurrency @. ZFlusher will batch multiple 4KB leaf data pages into
larger blocks, ensuring low read and write amplification while fully utilizing the large-granularity
write bandwidth on ZNS SSD. ZKV’s search process only needs to access the ordered merged filter
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Fig. 7. As the core index of ZKV, the heterogeneous Z*-Tree uses a three-level buffer structure to enable
append-friendliness while preserving B*-Tree’s read superiority. The blue dotted and gray solid rectangles
represent Z*-Tree leaf-node metadata and data pages respectively.

and Z*-Tree twice, and a leaf node of the Z*-Tree is linked to at most one ADB. Although Z*-Tree
in its current form is a proof-of-concept prototype based on ZNS SSD, it nonetheless provides basic
functions of KV storage systems: point and range queries, variable-length value pairs, and basic
crash recovery.

Z*-Tree. As shown in Figure 7, the heterogeneous Z*-Tree utilizes the log-structured (append-
only) leaf nodes to shift from traditional in-place update operations to append-only operations
well-suited for the zone interface. Both the internal nodes and the leaf node’s metadata reside in
memory. The metadata contains an 8-byte pid representing its global logical page offset in the
ZNS SSDs, in units of 4KB pages. To achieve higher IOPS, Z*-Tree uses a 4KB leaf node to align
with the flash page size [30, 32]. ZFlusher will automatically batch multiple pages to increase write
bandwidth and reduce read and write amplification. Z*-Tree uses 8-byte keys and values by default,
and the total memory capacity of the internal nodes will not exceed 0.5% of the total capacity of leaf
nodes in flash memory. For large values, ZKV generates a log record and returns its global offset in
ZNS SSD as the value to be inserted, further reducing the memory usage of internal nodes. Z* -Tree
is adopted from the widely-used pure-in-memory B*-Tree (olc-btree) index with the optimistic
concurrent locking mechanism [4]. Its read operations traverse leaf nodes without locks, while
write operations access nodes exclusively through the optimistic lock-coupling (olc) mechanism.
To simplify the concurrency mechanism, olc-btree does not contain the classic sibling pointer, thus
also reducing the write amplification on SSDs.

3.2 Merged Filter

The merged filter identifies and separates frequently updated hot kv-pairs from less-frequently
updated cold kv-pairs by keeping the former in memory while efficiently merging the latter into
Z*-Tree in batches rather than merging kv-pairs one by one. Specifically, the merged filter serves
two primary functions: (1) aggregating and sorting dispersed kv-pairs through a tree structure
(“merged” semantic) and (2) swiftly evicting and inserting cold kv-pairs into Z*-Tree in a batch
array, explained next, ( filter semantic). We use the pure-in-memory olc-btree to implement the
merged filter for simplicity, providing efficient read performance [72], high concurrency [64], and a
unified interface with Z*-Tree. As the merged filter’s main function is to sort and separate hot and
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Fig. 8. The merged filter retains hot kv-pairs while evicting cold kv-pairs at the leaf-node granularity through
an LFU strategy. The deletion of cold leaf nodes is postponed to the next access to avoid upwardly cascading
modifications.

cold kv-pairs and only needs to occupy tens of MB memory, implementing it as a more complex
radix tree or red-black tree will not bring obvious added performance benefits. Compared with the
tree-level FD-Tree, a merge filter can separate frequently and infrequently updated nodes, keeping
hot data in memory to avoid expensive merge operations and provide a higher read hit ratio.

Node eviction. The eviction mechanism of the merged filter aims to efficiently pick out the
coldest leaf nodes and minimize the blocking of the foreground threads. The merged filter maintains
an atomic 8-byte variable valid_nodes to record the number of valid leaf nodes. Since the valid_nodes
variable is only updated when splitting or deleting a leaf node, its maintenance overhead is negligible.
Each leaf node maintains an access counter, incremented by one for each access and halved after
each eviction process for dynamic load changes. When valid_nodes exceeds a predefined threshold,
the merged filter will be temporarily locked to execute an LFU-like eviction process, in which one
of the foreground threads will traverse all leaf nodes to find the coldest leaf nodes by adding the
pointer to each leaf node to a heap structure. The heap will pass the pointer arrays of cold leaf
nodes based on its counter, called batch array, to the Z* -Tree. Finally, the merged filter will quickly
delete evicted leaf nodes through a shadow deletion technique, explained next.

Shadow deletion. Deleting a node in the classic Bt-Tree structure may trigger a high-overhead
structural modification operation, seriously hindering concurrency and becoming a performance
bottleneck [33, 77]. To avoid the bottleneck, we adopt a shadow deletion technique for fast node
eviction as shown in Figure 8. Each leaf node in the merged filter is logically separated into two
parts, the metadata and the key-value data; both reside in memory, which is different from the
Z*-Tree’s leaf nodes. When being deleted from the merged filter, the leaf node will directly set the
pointer to the key-value data as null and move the data to form the batch array, without cascading
upward to delete the pointer to it from its parent node (®). Thus, a deletion will only require a
modification inside a leaf node. However, if the leaf-node metadata is retained, the merged filter
will obtain an extremely sparse distribution of the stored kv-pairs among these “shadow deleted”
and valid leaf nodes (®). Therefore, after clearing the key-value data pointer, the merged filter will
specially mark the leaf node that has been “shadow deleted”. When a “shadow deleted” leaf node is
accessed next time, its parent node will delete the pointer, which points to the “shadow deleted”
leaf metadata, to make the merged filter compacted (®). In addition, we notice that the merged
filter’s height usually is three. To avoid the root node becoming a concurrency bottleneck, the
deletion and merging of internal nodes will not lead to regenerating a new root node.

3.3 Adaptive Delta Buffer

As shown in Figure 9, Z"-Tree first reduces the insertion overhead by inserting cold kv-pairs in
the form of a batch array (O and @). Although a batch evicted from the merged filter contains
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Fig. 9. An adpdative delta buffer (ADB) further buffers and groups dispersed kv-pairs belonging to a leaf
node. This is because kv-pairs in a batch may be scattered among multiple leaf nodes, resulting in severe
write amplification.

less-frequently updated kv-pairs, these dispersed kv-pairs may span many leaf nodes of Z*-Tree and
thus cause high write amplification. For example, a batch may correspond to dozens of leaf nodes in
Z*-Tree, so each leaf node may only receive a few kv-pairs. Fixed-size buffering structures, such as
those used in B€-Tree [21, 45], often result in inefficient memory usage, while KV-pair-level linked
buffers, as in Bw-Tree [72], can introduce additional search overhead. To address this problem, Z*-
Tree uses an ADB to buffer and group dispersed pairs belonging to the same leaf node (®) to reduce
write amplification. As the number of buffered kv-pairs increases, a small-sized ADB attempts to
transition to a larger structure (®). When ADB’s memory usage exceeds the set threshold, the
Z*-Tree will try to merge an ADB-256 structure into its data page as much as possible (®).

Cooperative batch insertion. With a buffer pool running out of available space, an insertion
into the B*-Tree index with a single kv-pair will cause a buffered leaf node to be flushed, resulting
in high write amplification. An insertion to the Z* -Tree is at a batch granularity rather than in
single kv-pair granularity to avoid such overhead. Through an eviction operation, the merged filter
evicts some less-frequently updated (cold) leaf nodes via an batch array. A cold leaf node evicted
from a merged filter is a batch in the batch array. Since the kv-pairs in a merged filter’s leaf node
are ordered, every batch is sorted based on its first key in the batch array. Z*-Tree takes out a batch
from the batch array and inserts it into its leaf nodes as continuously as possible. The exclusive lock
of the merged filter is released after generating the batch array. The newly arrived write threads
will repeatedly and cooperatively execute the following procedure in sequence until all the batches
in the batch array are inserted into the Z*-Tree. First, the foreground thread retrieves a batch
from the batch array, then finds the corresponding leaf node in the Z*-Tree for its first kv-pair
(lower) of the batch and calculates the last pair (upper) that can be inserted continuously within
a traversal. Second, Z*-Tree inserts all the pairs from the lower to the upper at once. Third, the
current thread continues to look for the next Z*-Tree’s leaf node to execute the above operations
until all kv-pairs in the current batch have been inserted. Fourth, after merging the current batch
into the append-only leaf nodes in the Z*-Tree, the foreground thread will continue its previous
interrupted operations. As for the search operation, it will traverse the merged filter, the batch
array, and finally, the Z*-Tree in sequence. The search overhead is quite low since the merged filter
and the batch array are relatively small-sized and sorted in memory.

Structure of adaptive delta buffer. ADB aims to batch enough kv-pairs for each write operation
on a leaf node to reduce write amplification sufficiently. We find that a considerable number of leaf
nodes need to write several kv-pairs during each batch-insertion operation under uniform workloads.
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Hence, Z*-Tree utilizes three different-size ADB structures, ADB-64B/128B/256B buffering 4/8/16
kv-pairs, respectively. Depending on the number of dispersed kv-pairs collected from a batch-
insertion operation, a leaf node will create and link an appropriate-sized ADB structure. For
example, when a leaf node needs to insert seven pairs, it can directly initialize an ADB-256B. If
more than 16 kv-pairs from a leaf node need to be inserted at a time, 7t -Tree will not link a new
ADB structure but directly merge the kv-pairs in the flash memory. Because batching 16 kv-pairs
is able to reduce write amplification significantly. ADB also adopts the following optimization to
avoid the loss of read performance. Each leaf node will link to only one ADB structure at most
to avoid high-overhead pointer chasing in the linked list. ADB’s valid slots are also recorded in
the leaf node metadata. As a result, each ADB structure only contains kv-pairs without other
extra metadata information. The kv-pairs in ADB are not sorted because a binary search for a
dozen kv-pairs is insufficient to compensate for the extra overhead of sorted writes. In addition,
ADB structures are all cache-line-aligned, so traversing them only requires one additional cache
line miss in most cases. To avoid the additional memory access overhead, the 4-cache-line-sized
ADB-256 uses SIMD-accelerated fingerprints (FP-Arrray) to filter out negative search operations
like persistent indexes [57]. The FP-Array occupies 15*1 bytes. Each byte represents a fingerprint
generated from each key’s lowest 1-byte hash value. For small-sized ADB-64/128, traversal search is
faster than binary search and only requires one extra cache line miss in most cases. For large-sized
ADB-256, most of the high-cost negative searches have been filtered out, and a search with matching
fingerprint hits can jump directly to the corresponding kv-pair.

Auxiliary ADB pool. When ADB’s memory usage exceeds the set threshold, the Z"-Tree will
try to merge an ADB-256 structure into its flash page as much as possible. Every ADB structure
is created and recycled from an auxiliary ADB pool. The ADB pool maintains three linked lists
for three different-sized ADB structures, list-256/128/64. The metadata of a newly created ADB
structure’s leaf node will be inserted at the end of the corresponding linked list. Since the linked
list stores the metadata of the leaf nodes, a leaf node can naturally merge its ADB structure to flash
pages and protect the critical area by reusing the leaf node’s lock mechanism. To evict an ADB
structure, the ADB pool only needs to find the first head item from the list-256, list-128, and list-64.
The auxiliary ADB pool for ADB structures only requires two efficient operations: an insertion to
the tail of the linked list and a deletion from the head of the linked list. Furthermore, The ADB pool
is divided into M instances (32 in our evaluation) according to the page_id to avoid high contention
in the critical area. It is worth noting that the Z*-Tree will merge ADB-256 as much as possible, so
that each flash page write can process a dozen kv-pairs on average, significantly reducing the write
amplification of B*-Tree on flash memory.

3.4 ZFlusher

A leaf node of Z*-Tree merges its ADB structure with the data page through the log-structured
merge mechanism, generating a new data page that needs to be appended to the new offset of ZNS
SSDs. Every append operation on the zone interface requires strict sequential write order, high
concurrency guarantee, and high write bandwidth utilization. Furthermore, a batch insertion of
Z*t-Tree will generate thousands of pages waiting to be appended, increasing the write overhead.
ZFlusher fully utilizes the zone interface to provide efficient append operations for the Z*-Tree
interface. As shown in Figure 10, ZFlusher combines a write sequencer with a read-only cache,
ensuring zone’s strict write order and providing a high read-hit ratio by caching frequently-accessed
pages (O and @). At the zone level, ZFlusher will utilize a ring buffer to batch multiple 4KB leaf data
pages into a larger zone-friendly block append operation (®). Each open zone is also assigned its
own ZFlusher instance via an exclusive mechanism, preventing the limited inter-zone concurrency
from becoming a bottleneck.
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Fig. 10. ZFlusher ensures strict write order within a zone and high inter-zone concurrency, while further
batching multiple leaf data pages into a larger-granularity append operation.

Write Sequencer. A write sequencer in a ZFlusher maintains the write order in a zone. A write
sequencer uses the first-in-first-out (FIFO) algorithm to ensure the strict write-order guarantee
within a zone. The FIFO mechanism is implemented on the linked list, supporting high efficiency
for transferring the page data. When Z*-Tree creates a new leaf node or updates a leaf node, it first
allocates a new cache page from a write sequencer. The cache page will increase the wp_ offset in
its corresponding zone object and return it as the global logical page offset (page_id) to the leaf
node. This operation ensures that the new flash page is pre-allocated and waits for the subsequent
flush operation. Then, the write sequencer will evict the cache page with the longest residence time
according to the FIFO mechanism, which ensures that the evicted page offset is aligned with the
zone’s current wp_.

Read Cache. Combined with the merged filter and ADB structures, most leaf nodes flushed to
the ZFlusher are cold, with a lower probability of being modified again, alleviating the hit-rate
reduction problem from the classical FIFO algorithm to some extent. However, the write sequencer
still shows a low hit rate for frequently accessed (read) pages. ZFlusher uses a read cache to retain
frequently accessed hot pages evicted from a write sequencer. A write sequencer tracks a counter
for each cache page. When the counter exceeds a predefined threshold, the page is not invalidated
after flushing but directly migrated to the read cache. In our experiments, setting the threshold to 1
can achieve good results. When a new insert request comes in, it retrieves or creates a cache page
by accessing three objects in turn: the write sequencer, the read cache, and the zone object. If it
hits the write sequencer, a request can retrieve a flash page immediately and increase the counter.
Otherwise, it will read the page from the read cache or ZNS SSDs based on the page_id. We found
that the classic LRU algorithm has a high lock competition overhead when multiple threads access
it. Therefore, read cache adopts the state-of-the-art clock-based algorithm SIEVE [80] to achieve a
higher hit rate with superior scalability.

Ring Merger. Recent research shows that using 4KB leaf nodes in B*-Tree can minimize
read/write amplification while maximizing the IOPS of NVME flash devices [30]. However, Figure 5
shows that small-sized zone writes, especially 4KB, cannot fully utilize the zone interface bandwidth.
ZFlusher uses a ring merger to cache the pointer of an evicted page in a write sequencer and greedily
check whether the page has been written. If there are consecutive pages that can be flushed, they
will be merged into a new group of consecutive pages (set to 4 pages in our evaluation) and flushed
to the flash memory through a zone write() operation. Compared with directly using larger-sized
pages, the ring merger reduces write and read amplification for kv-pairs and improves the effective
bandwidth utilization of ZNS SSD.
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Table 1. The I/O Cost Comparison of Four B*-Tree Indexes

Avearge Read Cost Average Write Cost

B-Tree log, m log, m

BfTree log,m/e log, m/e * B(1-9)
Bw-Tree log,m+L log, m/L
Z"-Tree log, m log, m/K

3.5 Other Functions

Write ahead log area and MetaLog for consistency. ZKV adopts the classic Write-Ahead Log
(WAL) mechanism to ensure the consistency of inserted kv-pairs [15]. (1) Crash Consistency: Before
inserting a kv-pair into the merged filter, it is first written to the Write-Ahead Log Area (WALA).
To minimize performance overhead, WALA is divided into multiple independent instances (e.g.,
48 in our evaluation). Each instance contains a lock-based ring buffer queue to enhance flushing
efficiency and provide low overhead for insertion. When a ring buffer queue reaches a threshold
(e.g., 4KB), it is temporarily blocked and flushes the buffered kv-pairs as WAL files into flash media,
following practices similar to RocksDB. The WAL file is written to a separate device following
common practices [59]. Except in the variable length value scenario, it directly occupies several
zone interfaces on the same ZNS SSD device. (2) Fast Recovery: To support fast recovery, ZKV
generates periodic snapshots of the internal structure of Z*-Tree [24], referred to as the MetaLog.
The MetaLog is created and flushed during a specified period of batch merging, thereby reducing
interference with foreground operations. Each MetaLog is associated with a self-version number,
which is inspired by the basic Multi-Version Concurrency Control (MVCC). During recovery,
ZKV can quickly reconstruct the system state using the most recent MetaLog and WAL entries
generated after the corresponding version. ZKV replays kv-pairs from the WAL files in order,
starting from the corresponding version number. Because the number of key-value entries after the
latest MetaLog is limited, recovery is significantly accelerated. Similar to RocksDB’s MemTable,
ZKV may lose unflushed WAL entries if a crash occurs before flushing. However, this loss is minimal,
as the WAL is flushed every 4KB. If the upper-layer application requires strict data persistence,
ZT-Tree can force WAL to be flushed for each insertion. However, this will lead to unoptimizable
write amplification on the WAL.

Variable length values. Z"-Tree supports variable-length values in a simple and conventional
manner [6]. For large-sized values, an 8-byte global logical address (offset) on the ZNS SSD is
pre-allocated, and this offset is inserted into the Z*-Tree as the “value”. Specifically, the WAL reuses
part of the opened zone through the ZFlusher module to flush kv-pairs to flash media and return
the offset. Therefore, the raw value either exists in the ZFlusher or has been flushed to the ZNS
SSDs. This method ensures efficient write operations, but introduces additional overhead for the
read operation. To optimize read performance, Z*-Tree can be adopted to embed large-sized values
directly into leaf nodes.

3.6 Overheads Analysis

We have added a formal complexity comparison in Table 1, focusing on I/O costs. The analysis
demonstrates that ZKV (Z*-Tree in the table) achieves lower average insertion and read costs
compared with other structures. Our analysis assumes that the performance of B*-Tree variants
is primarily determined by the number of I/O operations required for each query or update. To
enable a fair comparison within a unified framework, we make several simplifying assumptions:
(1) the tree stores N fixed-size kv-pairs, (2) each node can hold up to B entries, and (3) each node
access corresponds to a single I/O operation (e.g., a 4KB random read on flash storage).

ACM Trans. Arch. Code Optim., Vol. 23, No. 1, Article 3. Publication date: March 2026.



Co-design of B+-tree Index with Emerging Zone Interfaces for Small-sized Key-value Pairs 3:15

Unlike the classic Bt -Tree, B¢-Tree partitions each node into two parts: a buffer that temporarily
holds incoming updates, and a pivot area that stores the actual kv-pairs. During each flush operation,
updates are propagated from a parent node’s buffer to its child’s buffer. A tuning parameter,
€(0 < € < 1), determines the space allocation within internal nodes: approximately B entries for
pivots and the remaining B — B¢ entries for buffering. This reduction in node fanout from B to B°
increases the height of the tree by a factor of 1/¢, resulting in up to twice as many I/Os for queries
when 1/€ = 0.5. It shows that B¢-Tree improves write performance by reducing write amplification
through node-level buffering, but incurs higher read latency for random accesses. The Bw-Tree
mitigates write amplification by appending updates as chained deltas. While this avoids in-place
updates, it introduces additional read amplification, as queries must traverse a chain of length L,
potentially adding up to L extra I/Os. In contrast, Z*-Tree employs a three-level buffering strategy
to significantly reduce write amplification. By aggregating random kv-pairs and writing them
sequentially, Z*-Tree lowers write amplification to log, m/(K), where K > 1 depends on workload
characteristics and buffer size. In our experiments, K is typically around 30. Importantly, Z*-Tree
preserves the classic Bt-Tree’s search complexity, introducing no additional I/Os for reads, thereby
maintaining high read efficiency.

3.7 Discussion and Limitations

Zone migration. The current implementation of ZKV aims to reduce the B*-Tree index’s flash-
layer write amplification caused by small kv-pairs while retaining the read performance advantages.
In a production environment, KVSs may need to periodically reclaim the invalid zone space, thus
requiring a zone migration mechanism. In the future, we will work on placing the leaf nodes with
similar life cycles inside the same zone to reduce the migration overhead.

Small Zone VS Large Zone. Currently, flash hardware vendors have implemented two different-
sized zone interfaces. ZNS SSDs with small-sized zones, such as Samsung’s PM1731a, contain 40304
96MB zones and 384 maximum number of active zones [10]. A small zone fails to be mapped to flash
blocks residing on all dies, causing underutilized die-level parallelism [65]. Conversely, a Large
zone SSD can map to almost all dies. ZKV fully utilizes the internal flash concurrency through
the lightweight ZFlusher. ZKV can work well on small-zone ZNS SSDs by adding more ZFlusher
instances.

Other features of ZNS SSDs. The ZNS SSD device we experiment with has a conventional
namespace, which provides a small area for random writes. Our zone space is approximately 4TB,
while the conventional namespace is only 4GB. Before the real device becomes available, ZBT -Tree
[49] tries to place nodes in the conventional namespace as much as possible to block the cascade
update of COW-BT Tree on ZNS SSD. However, the real conventional namespace of ZNS SSDs is
only 1/1000 of the zone namespace and has worse write performance, dramatically lowering its
performance. The ZNS standard also defines a zone random write area (ZRWA) [17], which adds
a window area that can be randomly written after each wp pointer. ZRWA allows an asynchronous
form of in-place writing, which may create more challenges for B*-Tree’s concurrency mechanisms.

Generality of ZKV’s Design. ZKV mainly uses a three-level buffer structure to fully convert
the random updates of the BT -Tree index into flash-friendly sequential append operations and
fully utilizes the current append-only zone interface. In addition to ZNS SSDs, other forms of
flash products improve the performance of flash-based storage systems in different ways. Flexible
Direct Placement reduces the GC overhead of flash devices by adding a hint field to existing NVMe
commands [13]. CXL-SSD provides higher throughput by combining DRAM with flash media based
on the Compute Express Link protocol [19]. Computational SSDs can provide functions such as
transparent compression to reduce the write amplification of flash-based storage systems [62]. The
core idea of ZKV, converting random updates into flash-friendly appends, is orthogonal to these
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Table 2. The Prefix Characters W, R, U, and S Before the Numbers
Indicate the Operations Insert, Read, Update and Scan, Respectively

Benchmarks Workloads

b c d e
YCSB W100 W80 R20 W20R80 R100 S95 W5
Skew U100 U50 R50 U5R95 R100 S95 U5

flash devices. Our main design, including the merged filter and ADB pool, can also be applied to
other SSDs.

4 Evaluation

We evaluate ZKV to answer the following questions. Q1: How efficient is ZKV compared against
existing buffered B*-Tree-based KVSs on ZNS SSDs? Q2: How does each enabling technique
contribute to the overall performance of ZKV? Q3: How competitive is Z*-Tree to production-grade
storage engines driven by real-world workloads?

4.1 Experimental Setup

Hardware Environment. Our experiments are performed on an Ubuntu 22.04 server (kernel
version 6.6.20) equipped with two Intel Xeon Gold 6430 CPUs with 64 logical cores. The system
has 128 GB of 2666MHz DDR4 DRAM (2x32 GB DIMMS per socket). We test on the commercial
Western Digital DC ZN540 41B [12].

Baselines. We compare ZKV against current buffered B -Tree indexes on ZNS SSDs: B*-Tree:
We implemented a conventional B*-Tree-based KVS, which is implemented on the widely-used
olc-BTree [4] with the classic LRU-based buffer pool to reduce write amplification. Its internal nodes
are also placed in memory like Z* -Tree. BD-Tree: To study the effect of Bw-Tree’s KV-pair-level
delta records, we apply the delta records mechanism on our implemented B*-Tree index and call it
BD-Tree. the BD-Tree we implemented has higher read and write performance than the original
Bw-Tree design. The optimistic locking mechanism is shown to have higher performance than
Bw-Tree’s original lock-free mechanism [72]. All delta records of BD-Tree are placed in memory
to avoid accessing flash media and remove additional high-cost mapping tables. The delta record
pool is also divided into 64 instances to avoid the GC operation being bottleneck. The length of
the delta record list for a leaf node is set to 32 as previous works suggested [72]. SplinterDB:
SplinterDB is the state-of-the-art B¢-Tree-based KVS [24] and is open-sourced at [11]. We use the
default configuration as its origin paper and README. All of the above are running on ZNS SSDs
with F2FS-ZNS file systems. Unless otherwise specified, all KVSs’ available memory size is set to
400MB, around 12.5% of the dataset size similar to other works. Based on our evaluation, the merged
filter, ADB pool, and ZFlusher sizes for ZKV are set to 50MB, 150MB, and 200MB, respectively. Our
test found that it can fully utilize the write bandwidth without affecting the read performance. We
also compare the performance of ZKV to Production-grade storage engines such LSM-Tree-based
RocksDB-ZENFS [9] and Bt -Tree-based WiredTiger [14]. We disable irrelevant functions such
as write-ahead-log to demonstrate the index performance. For a fair comparison with Z*-Tree,
RocksDB-ZENFS sets the write cache to 200MB, with a 200MB LRU-based read cache. WiredTiger
also sets the cache size to 400MB. All other parameters are set to default. For a fair comparison, all
the minimum granularity are set to 4KB.

Workloads. Our evaluation uses workloads generated by the widely used YCSB benchmark
[25], as listed in Table 2. YCSB-Skewed generates a skewed load (80% hotspot fraction), while
YCSB-Uniform is evenly distributed. The columns and rows of the table can be combined to indicate
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Fig. 11. The YCSB uniform (YCSB) and YCSB-skewed (Skew) benchmarks with B*-Tree-based KVSs.

specific workloads, such as YCSB-a and Skew-a for the two workloads in column a. Unless otherwise
stated, we use the following method for evaluation. For all YCSB workloads, we first load 200
million kv-pairs into the B*-Tree index and then execute 200 million operations to perform the
run-phase evaluation. For the classic B*-Tree in our evaluation, inserting 200M kv-pairs will
generate approximately 1,300GB of write traffic on ZNS SSDs. To further evaluate the performance
of Z"-Tree, we use three realistic read-only datasets obtained from SOSD [54]. These datasets
include (1) AMZN containing book popularity data from Amazon, (2) WIKI containing timestamps
of edits from Wikipedia, and (3) FACEBOOK containing randomly sampled Facebook user IDs.
Three datasets contain a maximum of 100M kv-pairs. All the datasets use 8B keys and 8B values to
verify the write amplification optimization. In the variable-length kv-pairs scenario, we insert the
pointer to the value as “8B-value”, ensuring uniform indexing performance.

4.2 Overall Performance

Exp#1 YCSB Benchmarks. All the workloads in Figure 11 are evaluated on 56 threads. Under the
YCSB-a workload, ZKV’s insert performance is the best of all Bt-Tree indexes and outperforms
BD-Tree by 1.15x%, owing to its ability to aggregate kv-pairs through the three-level buffer structures.
Under the read-write hybrid workloads YCSB-b, all of B*-Tree-based KVSs suffer from severe
concurrent write conflicts. Under Skew-a loads, Z* -Tree achieves much higher throughput improve-
ment over other B -Tree indexes due to much less write traffic on ZNS SSDs except for SplinterDB.
This is because it directly aggregates and flushes the memtable without triggering a compaction
operation. Under Skew-b loads, ZKV achieved a better performance of up to 3.12x compared with
SplinterDB. For point-search YCSB-d and scan YCSB-e workloads, ZKV is 1.35x/1.69x than that
of the classic B*-Tree, thanks to its avoidance of the file system overheads and utilizing efficient
read-cache. Under skewed search workloads, ZKV performs better than B* -Tree and BD-Tree by up
to 2.53x, through a three-level buffer structure to more fully aggregate kv-pairs. The classic B*-Tree
shows very little improvements because of the poor effects of their conventional buffer pool with
an LRU-like cache policy. In our scan query with a maximum length of 256, SplinterDB is only
about a few thousand IOPS, much lower than other BY-Tree-based KVSs. This is mainly because of
its size-tiering’s inherent disadvantage, which means that scans must search every branch along
the root-to-leaf path to the starting key. The scan throughput of all indexes decreases under the
skewed YCSB-e benchmark mainly because of the lock contention.

4.3 Effects of All Methods

Exp#2 Tail latency analysis. Write and read latency are evaluated on the insert-only YCSB-a
workload and the read-only YCSB-d workload, respectively, and both are running on 56 threads.
ZKV demonstrates up to two orders of magnitude lower 99th percentile tail latency than other
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Table 3. 10 Amplification Measured with Jjostat Tool
B*-Tree SplinterDB BD-Tree ZKV
Write bytes/op 6503.99 132.19 664.57 222.27
Read bytes/op 3686.55 5179.91 3729.61 3724.86

B*-Tree-based KVSs in Figure 12(a). However, ZKV exhibits a slightly higher 99.9th percentile write
tail latency due to the strict write order inside a zone. And ZKV shows 3.48x lower 99.99'" write
tail latency than SplinterDB, which is defined as the baseline tail latency divided by the ZKV’s tail
latency. The slightly higher 99.9th percentile write tail latency for Z*-Tree is acceptable, given the
overall performance improvement. The write fluctuation inside the flash memory mainly affects
this part of the long tail delay. Figure 12(b) shows that ZKV reduces 99.99"" read tail latency by up
to 3.96x. This is because ZKV removes the additional file system overhead.

Exp#3 Read/Write amplification. We measure the amount of read/write bytes per operation
on the flash under the YCSB-a and YCSB-d workload. As Table 3 shows, the bytes written by ZKV
are much smaller than those of B*-Tree and BD-Tree, because the three-level buffer structure fully
reduces write amplification and avoids additional writes to the file system. SplitnerDB uses a flush
mechanism similar to LSM-Tree, so although it has lower write amplification, it causes more severe
read amplification and makes scan operation very slow. It is worth noting that the BD-Tree we
implemented avoids accessing delta records from flash memory, making its read bytes is similar to
the classic Bt -Tree.

Exp#4 Performance Break Down. Figure 13 shows the performance improvements attributed
to each enabling technique or optimization in the Z* -Tree index. It is evaluated on the 100M YCSB-a
and YCSB-d workloads. Base is the base implementation of the B*-Tree which runs on the F2FS-ZNS.
As the figure shows, +ZFlusher improves the read throughput over the base by 55%, avoiding the
additional FS layer access overheads. +MergedFilter buffers small-write kv-pairs to reduce write
traffic, improving write performance by up to 3.21x. +ADB further improves write performance
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by up to 3.72x because it can fully aggregate kv-pairs to reduce write amplification. +BatchMerge
inserts an average of 150 kv-pairs in a batch, which needs less flush operations and improves the
write throughput of +ADB by 1.19x. With the introduction of the merged filter and ADB, read
performance dropped by about 7.3%, but this will be exchanged for a significant improvement in
write performance.

4.4 Sensitivity Study

Exp#5 Concurrency Scaling. As shown in Figure 14, the insertion throughput of ZKV outperforms
the B*-Tree up to 11.4x and other two KVs up to 4.81x under 56 threads. The main performance
gain is from its three-level buffer structure, significantly reducing write amplification on zone
interfaces. SplinterDB has serious concurrency issues; as the number of threads increases, its write
performance gradually decreases. In workload (YCSB-d), the performance of all BT -Tree-based
KVSs is scaled, but ZKV can still outperform others by up to 1.46x. This is mainly due to reducing
the FS layer overheads and the read-efficient merged filter and ADB structures.

Exp#6 Buffersize. As shown in Figure 15, we gradually increased the ADB pool size from
50MB to 200MB with a total buffer size of 400MB. The write IOPS increased from 202.74 Kops/s to
1293.85 Kops, and the write amplification also stabilized at 221.32 bytes per insertion when ADB
pool size is larger than 200MB. This change does not impact the random read performance in the
YCSB-Uniform scenario. We selected an ADB pool size of 150MB to achieve both good read and
write performance.

Exp#7 Memory Budget. We have added performance evaluations of ZKV under varying
memory budgets. The three-leveled buffer architecture of ZKV, comprising the Merged Filter, ADB,
and ZFlusher, adopts a fixed memory allocation ratio of 1:3:4 consistent with previous experiments.
As shown in Figure 16, the total memory budget is increased incrementally from 200 MB to 1000
MB. Write performance peaks at 600 MB and gradually stabilizes around 1.5 million operations
per second, approaching the throughput of the in-memory version. During this process, write
amplification decreases significantly, from 491.74 bytes per insert at 200 MB to 187.26 bytes per
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Table 4. Sensitive Study on Different Leaf Node Sizes

4KB 8KB 16KB 32KB
Write KIOPS/s  1,530.81 1,477.43 1,109.09  723.55
Read KIOPS/s  419.25 319.00 221.59 104.37
Write bytes/op 188.3 316.16 639.63 1,269.31
Read bytes/op  3,681.10 7,119.45 14,474.09 29,168.23

insert at 600 MB. This improvement stems from enhanced buffering capacity; however, further
memory increases yield diminishing returns, as in-memory operations begin to dominate the
performance bottleneck. Interestingly, read throughput under random point queries improves only
modestly, rising from 390.62 KOPS to 438.12 KOPS, a 12.2% increase as memory grows. This limited
gain is expected, as most queries still incur high-latency flash random reads, which are less sensitive
to increased memory availability.

Exp#8 Variable-length value. As shown in Figure 17, ZKV’s throughput decreases from 1,280.64
Kops/s to 950.83 KOPS/s as the value size increases. This decline is primarily attributed to increased
WAL overhead: larger kv-pairs introduce more internal fragmentation, raising the average write
size per insertion from 201.73 to 325.66 bytes. While using a coarser WAL cache granularity could
alleviate this issue, it may increase the risk of data loss during a crash. Despite the increase in value
size from 8 to 512 bytes, ZKV maintains stable point and range query performance, approximately
200K and 120K IOPS, respectively (see Figure 17). This is achieved by separating variable-length
values from the leaf nodes, allowing ZKV to preserve a uniform query path. Consequently, reading
a variable-length value incurs only one additional flash access, avoiding a significant impact on
overall read performance.

Exp#9 Datasize. Figure 18 shows the insert throughput of ZKV converges to 1257.30 Kops/s
with workload size grows, while BD-Tree/SplinterDB converges to 1154.81/602.86 Kops/s. All KVSs
show stable insertion performance, but ZKV shows a slightly higher performance than others.

Exp#10 NodeSize. As shown in Table 4, the amplification increases linearly with the leaf
data page size, resulting in a linear decrease in both of write and read throughput. Although the
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Fig. 20. The throughput of ZKV compared with two KV store engines under YCSB and three real-world
workloads.

variable-length value of kv-pairs is not our main focus, we evaluate its performance impact on
the index. The insertion performance is not sensitive to this parameter because Z*-Tree can fully
utilize the zone interface.

Exp#11 Block SSD. We use a 4TB SN640 SSD as the block SSD, which was developed on
similar hardware to the ZN540 SSD. ZKV-BLK and SplinterDB are evaluated on F2FS on SN640
with 56 threads. When running on the block-interface-based SN640 SSD, ZKV uses a conventional
LRU-based buffer pool rather than the ZFlusher component. As shown in the Figure 19, ZKV-BLK
outperforms SplinterDB on the SN640 device, achieving 1.43x higher read throughput and 3.40x
higher write throughput. The improvement in read performance is primarily attributed to ZKV’s
three-tiered buffering design, which preserves the efficient read characteristics of BT -Tree structures.
In contrast, SplinterDB incurs greater read overhead due to its LSM-tree-inspired design, which
requires multiple read operations during query processing. Although the SN640 offers significantly
higher 4KB random read and write IOPS than the ZNS 540 SSD, ZKV still demonstrates slightly
greater performance gains on the ZNS device. This highlights the effectiveness of ZKV’s design in
fully leveraging the characteristics of ZNS SSDs.

4.5 Real-World System Evaluation

Exp#12 Real-Applications with Realistic Datasets. To further assess the performance of ZKV,
we compare it against two production-grade KV storage engines, LSM-Tree-based RocksDB and
Bt -Tree-based WiredTiger. As shown in the Figure 20, ZKV outperforms WiredTiger by 6.80x
in write performance and is slightly higher than RocksDB in YCSB-a workloads. Under mixed
loads, ZKV delivers higher throughput by effectively combining the strengths of both indexing
approaches. RocksDB, lacking a global order guarantee, exhibits notably poor search performance,
especially in the scan-dominated YCSB-e workload. In contrast, ZKV demonstrates comparable read
performance to WiredTiger and significantly outperforms RocksDB in three real-world workloads.
We also evaluate the read and write latency under the two different workloads. All workloads are
generated by YCSB, all of which are 4M 16-byte kv-pairs. As shown in Figure 21, the read latency
of ZKV is slightly more stable than WiredTiger and is much lower than RocksDB. The 90" tail
write latency of ZKV is one to two orders of magnitude lower than that of RocksDB. The write
tail latency of ZKV and WiredTiger after the 90th percentile is two orders of magnitude higher
than RocksDB due to the modify-after-read operation that needs to ensure global order guarantee.
However, ZKV’s write latency is still lower than WiredTiger’s due to the elimination of additional
overheads on the FS layer through a more efficient tree structure.

5 Related Works

LSM-Tree-based KVSs on ZNS SSDs. The LSM-Tree index exhibits sequential write patterns,
making it well-suited for ZNS SSDs. Consequently, the LSM-Tree based storage engines have
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Fig. 21. (a) read latency under read-Only (YCSB-d); (b) Write latency under write-heavy (YCSB-b) workloads

attracted the attention of many research works [16, 23, 28, 40, 48, 51, 53, 56, 73, 74]. Among these
works, ZENFS is the first to propose a lightweight file system for RocksDB, providing basic file
interface semantics. Subsequent research has focused on further improving zone management,
GC, and other functions. In its current form, ZKV not only addresses the write amplification
problem of B*-Tree through the zone interface but also retains, and even enhances the superior
read performance of BT -Tree. ZKV goes further by removing the file system and writing directly to
the raw ZNS SSDs device. The future direction of ZKV may include high-performance GC between
zones. Additionally, using an approach similar to DedupKV [36], which performs deduplication at
the KVS layer to reduce write amplification, is not suitable for B*-Tree-based KVs on ZNS SSDs.
Since ZKYV is primarily designed for small-sized kv-pairs, introducing deduplication would incur
substantial metadata overhead and additional access latency. Moreover, deduplication further leads
to higher GC overhead on ZNS SSDs.

Other Storage Systems on ZNS SSDs. There are currently other storage systems based on
ZNS SSDs, such as swap systems [22], RAID systems [38, 68, 76], cloud local disks [81], storage
optimization of F2FS file system [50, 60, 61]. Some research works focus on optimizing the internal
mechanism of ZNS SSDs in a simulator environment, such as dynamically adjustable namespace
based on zone [31], smaller zone size to reduce read and write conflict interference [55, 82]. These
works mainly focus on making full use of the zone interface features to improve the existing storage
performance, which is orthogonal to the host-side ZKV.

B*-Tree-based KVSs on Hard Drive Disk. SW-B*Tree [46] is a B*-Tree variant designed
to optimize write amplification on shingled magnetic recording (SMR) Hard Drive Disks
(SMR-HDDs). It improves performance by isolating frequently updated nodes, such as leaf nodes
and hot internal nodes, into separate SMR zones. This design minimizes data migration during
zone recovery, thereby reducing write amplification. However, small-sized random kv-pairs still
cause a large amount of write amplification in SW-B* Tree, because a small-sized kv-pair will
result in a 4KB write on average. XS-B*Tree [47], built on the SW-B*Tree design, targets the
solid-state hybrid drive (SSHD), a SMR HDD paired with a small flash cache. It accelerates
B -Tree search operations by storing frequently accessed but rarely updated “cold” nodes (i.e.,
internal nodes) in the high-speed flash cache. Different from XS-B* Tree, ZKV can keep hot data
in lower-latency memory through the merged filter mechanism and avoid excessive memory
usage through efficient eviction. XS-B* Tree also needs an intricate in-memory hash mapping
table to keep the correctness of the B*-Tree as its internal and external nodes are maintained in
different storage spaces. In contrast to these SMR-optimized schemes, ZKV focuses on flash-based
zoned storage by employing three levels of in-memory buffers. These buffers aggregate small
kv-pairs into large, sequential blocks, improving write efficiency and reducing flash-level write
amplification.
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6 Conclusion

ZKV proposes an optimized Z*-Tree for ZNS SSDs, which reduces write amplification while
retaining stable read latency. Z*-Tree utilizes a three-level buffer structure to convert small-size
random write operations into flash-friendly large-block append operations. Our evaluation shows
that ZKV significantly reduces the write amplification while providing more stable read latency
than current buffered B -Tree indexes on ZNS SSDs, and obtains the best of two worlds compared
against two industrial storage engines, LSM-Tree based RocksDB and B*-Tree based WiredTiger.
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