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Abstract In recent years, the rapid development of storage hardware has significantly improved
both storage capacity and data access speed. These developments introduce new challenges and
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optimization opportunities for page replacement algorithms. Traditional page replacement methods
such as Least Recently Used (LRU) and CLOCK, originally designed for limited-memory
environments, struggle to fully utilize the performance potential of modern hardware like NVMe
SSDs, which feature high I/O parallelism and asymmetric read and write characteristics. To
address these changes and adapt to the evolution of modern hardware, this paper proposes MM-
CLOCK, a novel variant of the CLOCK page replacement algorithm, specifically designed to
leverage the capabilities of modern hardware to improve overall system performance. The MM-
CLOCK algorithm mainly comprises two essential mechanisms: a page pre-selection mechanism and
an adaptive write-awareness strategy, which operate collaboratively to achieve high throughput and
reduced write overhead. The page pre-selection mechanism leverages the buffer pool hit rate to
identify a set of candidate pages that are most likely to be evicted in the subsequent page replacement
process. By selecting these pages before the actual eviction phase, the algorithm reduces the
computational overhead during the replacement decisions, thereby improving efficiency and
scalability. The adaptive write-awareness strategy takes into account the performance degradation
and shortened lifespan of storage media caused by frequent writes in scenarios of high concurrency
and large-scale data updates. It dynamically adjusts the write-back timing of dirty pages based on
the access hit pattern to achieve flexible scheduling of write loads. By appropriately delaying write-
back operations, it reduces unnecessary 1/O operations and alleviates the storage device wear
problem caused by frequent writes. With the synergistic effect of these two mechanisms, MM-
CLOCK not only accelerates the page replacement process but also introduces write awareness into
buffer management, improving the overall query performance of the database while enhancing the
system’ s friendliness to storage devices. Furthermore, to alleviate 1/O serialization bottlenecks and
adapt to modern hardware features, we redesigned the buffer pool architecture and introduced a
threshold-driven proactive page writeback mechanism. This mechanism proactively flushes some
dirty pages in the buffer to the storage device before the page replacement phase begins. Upon
completion, these pages are marked as clean to facilitate subsequent read and replacement
operations. This process is executed in parallel with the read operation thread to fully utilize the
access concurrency of modern hardware devices. This reduces write operations during page
replacement, thereby reducing writeback latency and improving overall system throughput. Finally,
to validate the effectiveness of the MM-CLOCK algorithm, we conducted extensive experimental
evaluations using the WATT simulation framework and a PostgreSQL with an NVMe SSD. These
experiments covered TPC-C, TPC-E, Linkbench, and three Zipfian-distributed workloads. The
experimental results demonstrated that, in the WATT simulation framework, MM-CLOCK
achieved up to 5.17x faster execution compared to state-of-the-art page replacement algorithms
(such as S3-FIFO), demonstrating significant performance advantages across a variety of
workloads. In the real-world PostgreSQlL. database with NVMe SSD, MM-CLOCK also shows
strong performance, achieving an 8% improvement in transaction throughput compared to the

widely used Clock Sweep algorithm, demonstrating its excellent practicality.

Keywords database; page replacement algorithm; page pre-selection mechanism; adaptive write-
awareness strategy; threshold-driven proactive page writeback mechanism
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great challenges and new opportunities. Although several new
ARC and LeCaR) have been

proposed in the field of databases, many of them employ

page algorithms (e. g.,

complex mechanisms such as reinforcement learning, which
introduces non-trivial computational overhead. While such
optimizations may provide benefits in non-compute-intensive
scenarios, their resource requirements make them suboptimal
for high-performance networking or database systems, where

latency and throughput are critical constraints.
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This work proposes MM-CLOCK, a novel variant of
the CLOCK page replacement algorithm, specifically
designed to leverage the capabilities of modern hardware to
improve system performance. By introducing a page pre-
selection mechanism and an adaptive write-awareness
strategy, MM-CLOCK effectively improves replacement
efficiency, reduces unnecessary write-back operations and
I/0 latency, and improves the database query efficiency.
Furthermore, we redesign the buffer pool architecture by
introducing a threshold-driven proactive page writeback
mechanism to fully utilize the concurrency characteristics of

the novel hardware to improve the overall throughput of the

system. This research is significant as it provides a more
efficient buffer pool management solution for database
systems, improves system throughput, and extends device
lifespan.  Experimental results demonstrate that our
proposed algorithm performs effectively in practice and
offers valuable insights and engineering applicability value
for the system.
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