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Sequential data access for the rapid ingestion of large fact tables from storage is a pivotal yet resource-intensive
operation in data warehouse systems, consuming substantial CPU cycles across various components of DBMSs
and operating systems. Although bypassing these layers can eliminate access latency, concurrent access to the
same table often results in redundant data fetching due to cache-bypassing data transfers. Thus, a new design
for data access control is necessary to enhance rapid data ingestion in databases. To address this concern, we
propose a novel DB-OS co-design that efficiently supports sequential data access at full device speed. Our
approach, z1clO, liberates DBMSs from data access control by preparing required data just before DBMSs
access it, while alleviating all known I/O latencies. The core of z1cIO lies in its DB-OS co-design, which aims
to (1) automate data access control and (2) relieve redundant data fetching through seamless collaboration
between the DB and the OS. We implemented z1cIO and integrated it with four databases to demonstrate its
general applicability. The evaluation showed performance enhancements of up to 9.95x under TPC-H loads.
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1 Introduction

Sequential data access is essential in data warehouse systems, where the speed of ingesting large
fact tables impacts query performance. Despite advancements such as zero-copy I/O, achieving
optimal execution remains elusive due to the significant CPU cycles consumed by data access
control mechanisms within the DBMS and the operating system. From a holistic standpoint, data
access latency stems from five main factors: ll DBMS buffer cache (L1), B DBMS storage manager
(mode switch) (L2), B data copy (L3), B} OS storage stacks (L4), and B physical I/O latency (L5).
Figure 1 shows the latency breakdown for four DBMSs running the TPC-H query (Q6) on 50-100
GiB of the LINEITEM table, with and without Linux readahead [30]. The results highlight that data
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Fig. 1. Latency breakdown for Q6 in TPC-H (cold access).

access latency is critical to query performance. While bypassing all the layers can theoretically
eliminate the known sources of latency, queries that access the same table undergo redundant
data fetching, as bypassing crucial cache layers negates the benefits of caching. Addressing these
challenges is complex but promises better query performance.

The OS community has made notable progress in mitigating access latency within OS components.
Prior studies [6, 15, 45, 63] have focused on two key areas: (i) the mode switch (L2) between user
mode and kernel mode for privileged device access, and (ii) the I/O delays (L4) within Linux storage
stacks. These efforts relieve overhead by enabling applications to directly access raw storage devices
(e.g., using SPDK) through the user-level execution of custom-built I/O stacks. While the OS-level
solutions successfully lower latency by shifting I/O management to the database layer, they pose
additional complexity, requiring DBMSs to develop and maintain custom I/O stacks. This shift
not only leaves unresolved sources of latency within DBMSs but also imposes new burdens for
user-level direct I/O control on already-overloaded database systems.

The database community has also invested substantial effort in optimizing DBMS engines to
hide I/0O latencies (L4 & L5) by exploiting asynchronous I/O interfaces (e.g., io_uring [27, 28]).
For instance, I/O-optimized LeanStore [17] adopted a highly parallelized architecture to maximize
system efficiency. AnyBlob [14] leveraged io_uring to reduce CPU overhead, while Merzljak
et al. [59] proposed efficient scans with coroutines. More recently, MosaicDB [22] has adopted
stackless coroutines and sophisticated scheduling policies to mask latency, including I/O delays.
Despite these advancements, database optimizations remain constrained by the unavoidable CPU
overhead within OS storage stacks, thus offloading some of this burden to auxiliary resources
such as OS threads. To overcome these limitations, emerging research [36, 37, 50] has taken a
more radical approach by exploring DB-OS co-design, developing DBMS-optimized operating
systems. Inspired by these efforts, we aim to further advance DB-OS co-design to enhance rapid
data ingestion, targeting both performance and system efficiency.

Despite numerous strategies for optimizing latency on both sides, the CPU overhead associated
with managing data access, particularly I/O control, raises a fundamental question: who should
manage data access control? The ideal answer is, whichever can most effectively tame the five latency
factors. To achieve this, we propose a DB-OS co-design that automates data access control.
This idea shifts the responsibility for data access management from DBMSs to a DBMS-oriented
OS (DBOS), specially co-designed to prefetch data just before the DBMS requires it.

Three essential components are necessary to realize this vision: (i) precise timing information
from DBMSs, indicating when specific data will be needed; (ii) control automation at the OS
level, ensuring that I/O requests are issued directly and in a timely manner to storage devices; (iii)
seamless coordination between the OS and the DBMS through DB-OS co-design, preventing
any friction between these layers. Moreover, a careful co-design for data-sharing mechanisms
is essential to reduce redundant data fetching when concurrent queries scan the same table. This
collaborative DB-OS approach aims to eliminate overheads, thus enabling rapid data ingestion and
improving overall query performance.
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Fig. 2. Data access paths: legacy vs. ziclO.

We present a novel DB-OS co-design, z1clO (zero-Interaction & copy 1/0) that empowers DBMSs
to access data at full device speed. Aligned with the three key requirements, z1cIO comprises three
components: @ UziclO (user library) that gathers precise timing information from DBMSs to
predict data needs; @ KzicIO (OS module) that automates control and directly issues 1/O requests
to storage devices; @ MEMSB (shared memory), small memory mapped to both the DBMS and the
OS, ensuring seamless coordination between UziclO and KzicIO. In z1cIO, DBMSs access data via
UziclO that measures the DBMS ingestion speed, updates the metric in MEMSB, and returns pages
to the DBMS. Hence, UziclO is the primary data gateway, liberating DBMSs from the overhead
of the first three latency factors (i.e., I-HB). Figure 2 illustrates a new data access path in z1cIO
compared to the legacy access path.

While UziclO serves DBMSs for efficient data ingestion, KzicIO automates I/O control to ensure
on-time pre-fetching of data using us-scale software timers [4, 5], which tick during trigger events,
such as I/O interrupt handlers. These self-clocking software timers (soft timers) activate our control
logic that continuously monitors MEMSB and dispatches I/O requests without delay. This automated
I/O management offloads CPU cycles, significantly reducing the overhead associated with B} (OS
storage stacks) and B (physical I/O latency). Finally, we propose SKziclO (sharing-enabled Kz1clO),
a co-designed mechanism that alleviates redundant data fetching when DBMSs ingest data from the
same tables. The core mechanisms of SKziclO include: (i) OS-level sliding-window cache that
temporarily holds file data within a limited number of OS pages to efficiently support concurrent
scans; (ii) dynamic page table manipulation that dynamically pre-maps and unmaps shareable
OS pages to/from the page tables of DBMS worker threads, enabling seamless and non-redundant
access across multiple queries.

To accommodate columnar engines accessing multiple column groups sequentially, we modified
DBMS internals—specifically range scan routines—to supply UzicIO with a complete list of required
ranges, effectively transforming disjoint range scans into a single, continuous page-access stream.
We implemented z1clIO as both a user library and an operating system component on Linux 5.15
with the ext4 file system. For evaluation, we tested four different engines—MySQL (MyISAM),
PostgreSQL, Citus [10] (a distributed columnar extension for PostgreSQL)), and DuckDB [47] (a
columnar engine using Parquet [3])—and integrated UzicIO into their respective storage managers.
We ran the TPC-H benchmark at scale factor (SF) 100, producing dataset sizes of roughly 119 to 179
GiB, and configured our server with 16 to 256 GiB of physical memory. By eliminating the need for
direct interaction with the Linux kernel, zicIO allows all of these DBMSs to concentrate on data
ingestion. As a result, the four database systems using z1cIO outperform their vanilla counterparts
by up to 9.95%, achieving performance levels comparable to configurations with sufficient memory
(i.e., 256 GiB, exceeding the dataset size).

We make the following contributions.

e We propose a novel DB-OS co-design (z1cIO) that liberates DBMSs from data access control and
enables them to focus on data ingestion with all known I/O latencies alleviated.

o Our co-design enables automated I/O control that prepares data before DBMS workers access it,
with minimal CPU cycles.
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e Our co-design for page sharing enables DBMS workers to ingest data from the same table with
reduced I/O redundancy.

e Evaluation results show that z1cIO enables DBMSs to rapidly ingest huge files, outpacing vanilla
systems by a wide margin.

2 Background and Motivation

Data access delays, primarily caused by I/O control overhead, have gained prominence in databases
with the advent of fast storage devices. As illustrated earlier in Figure 1, the sequential data access
required by the analytic query consumes a substantial portion of execution time across both DBMS
and OS components. The database and OS communities have made immense efforts to optimize
inefficient I/O paths, leading to proposals that often offload significant portions of the OS storage
stack to already-busy applications. The database community has adopted advanced techniques
(e.g., coroutines) to hide latencies, relying on auxiliary helpers to mitigate overhead. However,
our analysis of prior work reveals that the responsibility for I/O control often shifts back and
forth between DBMSs and OSs, leaving overall costs largely unchanged. In the following sections,
we elaborate on these observations and explore potential solutions for tackling these persistent
challenges through more efficient DB-OS collaboration.

2.1 Pure OS- and DBMS-level Designs

2.1.1 Limitations of pure OS-level approaches. Over a decade, numerous studies [6-8, 15,
24, 39, 44, 45, 61-63] have explored ways to mitigate OS latency in storage and network stacks.
The prevailing design trend is the disaggregation of data and control plane paths in OS I/O stacks.
This approach integrates library OSs with applications for fast data transfer while employing
lightweight control plane OS to manage memory access between the OS and applications. While
this application-oblivious strategy is effective for general-purpose OSs, DB-OS co-design that
exploits database semantics can further optimize latency factors specific to DBMSs. OS-level
solutions, however, require adaptation of database storage logic for integrating library OSs with
DBMSs, which is daunting for database vendors. Even adopting relatively mature OS features,
such as POSIX asynchronous I/O (aio) [54] or Linux io_uring [27, 28], often needs major system
overhauls [40, 43]. Thus, ensuring user-friendliness in the design of new I/O features is essential
for seamless adoption by database vendors.

2.1.2 Limitations of pure DBMS-level approaches. Our community has developed state-of-
the-art latency-hiding techniques. Specifically, recent studies [14, 22, 59] have proposed the idea
of encapsulating potential blocking points into coroutines, which are executed through separate
flows to effectively mask latency. However, a critical aspect is the management of execution logic
for reading data from storage, which we term I/O control overhead. Database solutions offload
this overhead to dedicated workers (e.g., using io_uring kernel threads), while the OS community
provides library OSs, allowing applications to directly manage I/O operations. This shifting of
responsibility between DBMSs and OSs reveals a fundamental gap—neither fully resolves the I/O
control burden, leaving inefficiencies in both pure OS- and DBMS-level designs. To address these
challenges, we argue for a novel DBOS design that separates I/O control from DBMSs and performs
it asynchronously with minimal CPU overhead. By delegating I/O control to a co-designed OS
tailored to the needs of the DBMS, this approach can unlock the full potential of high-speed storage
devices, reducing latency and enhancing query performance and resource utilization.

2.2 DB-OS Co-design for Rapid Data Ingestion

2.2.1 Rationale for DB-OS co-design. Recent proposals [36, 37] exploring DBMS-optimized OS
designs have inspired us to approach data access control through DB-OS co-design. Achieving this
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goal requires identifying the essential mechanisms for automating data access control. Specifically,
three critical mechanisms are necessary: (i) precise timing information provided by the DBMS,
which is best suited to provide accurate details about when and which data is needed; (ii) timely
release of I/0 requests managed by the OS, leveraging lightweight mechanisms to issue I/O
operations at precise intervals, ensuring data is ready just in time; (iii) seamless coordination
between the DBMS and the OS, enabled through a small, shared memory area mapped to both,
allowing real-time metadata sharing for swift collaboration.

In z1cIO, these three requirements are addressed by the design of three core components: UzicIO,
Kz1cIO, and MEMSB. Each component plays a distinct role in harmonizing the strengths of both
the DBMS and the OS. UziclO serves as the primary data gateway, managing DMA-able buffer
memory to facilitate zero-copy data access for DBMS workers. It also calculates DBMS ingestion
speed based on data consumption patterns. Kz1clO ensures precise I/O control by executing timely
operations at the OS level, using soft timers to issue I/O requests without delays. MEMSB bridges
the two components, enabling seamless communication and coordination between the DBMS and
the OS by maintaining shared metadata.

222 How does ziclO address the five latency factors? The three components of z1cIO
effectively mask latency and save CPU cycles across the five latency factors. Since UzicIO conceals
all latency factors by serving DBMS workers, DBMSs can earn zero-delay data access—unless the
underlying storage device becomes saturated. The remaining latency factors are mitigated by the
specialized mechanisms within z1cIO as follows:

(1) DBMS buffer (L1). ziclO replaces DBMS shared buffers with private ring buffers, eliminating
the associated overhead.

(2) Frequent mode switches (L2). By offloading 1/O handling to Kz1cIO, z1cIO eliminates the need
for frequent mode switches between user and kernel space for I/O system calls, significantly
reducing CPU cycle consumption.

(3) Data copy overhead (L3). zicIO leverages DMA-able memory to enable zero-copy I/O between
DBMSs and storage devices, avoiding unnecessary data copies and the relevant CPU cycles.

(4) Latencies in OS storage stacks (L4). Traditional file systems (FS) respond to DBMS data
requests by providing either cached pages or block addresses for physical I/O. z1cIO bypasses
these conventional stacks by using Kz1clO to directly issue I/O requests to devices with prefetched
logical block addresses (LBAs), minimizing CPU cycles spent in storage stack operations.

(5) Physical I/O delay (L5). zicIO hides physical I/O delays by timely prefetching data when
needed. To this end, DBMSs provide timing information via UziclO, enabling Kz1cIO to perform
prefetching to ensure that data is available just in time, effectively masking physical I/O delays.

2.3 DB-OS Co-design for OS-level Data Sharing

2.3.1 Motivation. When data warehouse queries accessing a few fact tables are executed concur-

rently, any approaches that bypass many layers in DBMSs and OSs to eliminate I/O latencies will

encounter redundant data fetching due to the absence of caching layers. Such redundant I/O may

quickly saturate device bandwidth as concurrency increases. We need to alleviate this issue without

reverting to legacy shared cache designs while retaining data access efficiency. This motivation

has led us to devise the concept of data sharing at the OS level, which necessitates a novel DB-OS

co-design for implementing memory sharing at the OS level. To achieve OS-level memory sharing,

we require two core components:

(1) A shared pool of OS memory pages. This shared pool functions as a sliding-window cache
that holds file chunk data.

(2) Dynamic page table manipulation. It maps and unmaps OS pages to/from DBMS page tables
for OS-level page sharing.
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Fig. 3. The overall designs and operational aspects of ziclO.

The primary objective of OS-level data sharing is to enable DBMS workers to share as much data
as possible without explicit control.

2.3.2 DB-OS co-design for OS-level page sharing. We have developed an OS-level page-
sharing mechanism, SKz1clO (i.e., sharing-enabled Kz1clO). The primary insight is using a shared
pool of a few OS pages into which file chunks from storage are loaded. Consequently, this shared
pool works as a best-effort sliding-window cache for an incoming stream of file chunks. Once OS
pages in the pool become shareable, SKz1clO promptly pre-maps these OS pages to the page table
of its DBMS worker, ensuring their visibility to the DBMS. After the DBMS ingests data, SKz1cIO
unmaps the pages from the database’s page table for recycling. Hence, SKz1cIO promises data
sharing for DBMS workers without explicit control, thereby reducing the I/O redundancy.

3 RAPID DATA INGESTION ARCHITECTURE

We present an overall architecture for our DB-OS co-design, with the primary objective of decou-
pling data access control from DBMS workers and ensuring timely data delivery. This architecture
encompasses the system designs and operational logic for three key parts: MEMSB, UziclO, and
KzicIO. To enable efficient operation, DBMS workers create and utilize their own z1cIO channels.

3.1 Overview of ziclO

UzrclO (user library). UziclO is a user-level library that collaborates with Kz1cIO for on-time data
delivery. It collects data access patterns from DBMS workers, estimates precise timing information,
and shares these metrics with Kz1cIO through MEMSB, thus ensuring that data pages are prefetched
and ready just before they are needed by DBMS workers. The key functions of UzicIO include:
(i) gathering access patterns and metadata, (i) data gateway (APIs) for DBMS workers, and (iii)
updating metric information in MEMSB.
MEMSB (shared memory). MEMSB is shared memory created for each z1cIO channel and mapped to
both the DBMS and the OS, bridging our UzicIO and Kz1cIO components. It maintains metadata to
coordinate I/O control efficiently. The key aspects of MEMSB include: (i) maintaining data ingestion
metrics, (ii) fast communication medium for UzicIO and KziclO, (iii) book-keeping page-sharing
status for seamless collaboration between UziclO and SKziclO.
Kzi1cIO (0OS module). KzicIO is the OS component that is responsible for automating I/O control
based on the information provided by UzicIO through MEMSB. Its primary functions include: (i)
operating soft timers to activate I/O control logic, (ii) monitoring MEMSB for timely prefetching,
and (iii) file system-bypassing submission of I/O requests to storage devices.

Figure 3 illustrates the overall designs and operational aspects of UziclO, Kz1clO, and MEMSB.
The next section provides detailed insights into the individual responsibilities and interactions of
these components, stressing how their collaboration reduces latency.
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3.2 MEMSB: Bridging UziclO and KziclO

The memory switchboard (MEMSB) is a small memory region accessible by both the DBMS and the
OS, acting as an intermediary between UzicIO and KzicIO. MEMSB consists of two key elements:
metric variables for I/O control and a buffer status table to track data access and availability.

Metric variables. Metric variables maintain important metrics related to DBMS data ingestion.
When DBMS workers invoke UzicIO APIs, these variables are updated by UziclO to reflect the
current status of data ingestion. Meanwhile, Kz1cIO monitors these metrics to perform timely
prefetching, ensuring that data is available when needed without delays.

Bugffer status table. The buffer status table tracks the state of buffer frames to manage the flow
of data. Each entry corresponds to a buffer frame and contains a file chunk ID along with a 2-bit
status field that indicates one of the following four states:

(1) empty: The buffer frame is unused and may not have a valid OS page mapping. This state
indicates that it is available for data to be prefetched by KziclO.

(2) ready: KziclO has prefetched data into the frame, and it is now marked as ready for DBMS
workers to use through UziclO.

(3) in-use: The frame is currently being accessed or processed by a DBMS worker. This state
prevents KzicIO from mistakenly accessing this frame for prefetching.

(4) done: The DBMS has finished processing the data in the frame. Kz1cIO can now recycle the
frame by marking it as empty.

By maintaining these state transitions, MEMSB manages the life cycle of buffer frames and ensures

that data flows smoothly between DBMSs and storage devices without unnecessary delays.

3.3 UziclO: The Only Data Gateway

UziclO acts as the exclusive data gateway between the DBMS and storage, ensuring that DBMS
workers can ingest data pages without experiencing access latency.

3.3.1 Initialization and setup. A DBMS worker creates a z1cIO channel through UzicIO APIs,
specifying a file descriptor set for the target files it wishes to ingest and optionally a list of file ranges
if disjoint sequential access is required for columnar engines (e.g., Citus [10] and DuckDB [47]).
Three parts require initialization:

(1) Memory initialization. The UziclO library allocates the necessary buffer memory and passes
it to our internal system call, zicio_sys_open(). It makes this buffer space DMA-able, enabling
zero-copy I/O operations. Additionally, it creates MEMSB associated with the data buffers to
collect various statistics. This MEMSB is then mapped to the DBMS and the OS, allowing both to
see and access the shared metadata.

(2) I/0 initialization. zicio_sys_open() initializes I/O control for KzicIO by fetching the extent
tree blocks (i.e., file inode) that contain LBAs for data blocks in the target database file. It then
stores these LBAs into address arrays within the z1cIO descriptor. This pre-filled address array
allows Kz1cIO to initiate file system-bypassing submission of I/O requests.

(3) Starting the self-clocking control loop. Finally, our system call sends the initial set of I/O
requests to storage devices to prefetch data pages from target database files and start the
measurement. These I/O requests trigger KzicIO’s self-clocking control loop by activating soft
timers through I/O interrupts. This activity also initializes MEMSB, which contains null metric
data right after a z1cIO channel is created.

3.3.2 Memory management. UziclO manages two memory regions to facilitate efficient data

access and metadata handling: (i) DMA-able memory (data buffers) and (ii) MEMSB for keeping

metadata. These memory regions are shared between the DBMS and the OS, enabling UzicIO and

Kz1cIO to collaborate for data transfer.
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o DMA-able memory (data buffers). We allocate a configurable region of DMA-capable memory
to store data that both the DBMS and the operating system can directly access—enabling true
zero-copy I/0. Specifically, we reserve 32 MiB of physical memory divided into sixteen 2 MiB
huge pages, which is the minimum capacity required to accommodate our 7 GiB/s NVMe SSD.
Although z1clO supports smaller 4 KiB pages, using larger 2 MiB pages reduces the overhead of
managing numerous small pages.

e Memory management. To facilitate quick lookups and efficient control, we paginate and index
our data buffer. Each page’s state is tracked with status bits, capturing one of four possible condi-
tions (see Section 3.2). This design simplifies monitoring and streamlines memory management.

e Memory access. DBMS workers request data pages through UzicIO APIs and access them directly
via virtual address pointers—without any mode switches. While UzicIO handles buffer memory
in units of 2 MiB huge pages, it still allows DBMS workers to operate at different page sizes
(such as 8 KiB or 2 MiB) for disjoint sequential access, which is particularly useful in columnar
database engines that internally exploit disjoint sequential access.

3.3.3 Gathering metadata information. Upon receiving a data access request from the DBMS

worker, UzicIO updates MEMSB with three key pieces of information: (i) the current access time,

which serves as the basis for calculating per-page data ingestion rates, (ii) the buffer states, repre-
senting the status of each data page, and (iii) additional metadata for coordination with KzicIO.

3.3.4 Operational workflow. We provide a detailed explanation of the operational workflow of

z1clO channels, illustrating how DBMS workers interact with UziclO that collaborates with KzicIO

for supporting rapid data ingestion (labels refer to Figure 3):

(1) Data access and management. When a DBMS worker needs data, it invokes the relevant
UziclO API (i.e., zicio_get_page()) to obtain a pointer to the requested data. UzicIO leverages
rdtsc [26] to record a timestamp only when accessing a 2 MiB huge page for the first time;
subsequent accesses at sub-page granularity do not trigger further timestamp recording.

(2) Data retrieval and delivery. UziclO retrieves the ready pages from the buffer memory,
generally in any order, but in sequence if range scans are requested. It changes the status bits
of these pages from ‘ready’ to ‘in-use’ (@). The data pages are then sent to the DBMS worker,
ensuring the data is immediately available without additional processing delays (@).

(3) Page return and ingestion speed calculation. After processing, the DBMS worker returns the
2 MiB page through the UziclO API (i.e., zicio_put_page()). Upon return, UziclO captures a
timestamp using rdtsc and compares it with the timestamp recorded during the page’s first
access for calculating the ingestion speed for the 2 MiB page accurately (@). It then updates
the buffer state of the returned pages to ‘done’ in MEMSB (@), indicating that these memory
spaces are free for reuse by KzicIO.

3.4 KziclO: Perpetual Control Loop

This section details the architecture of KzicIO, designed to ensure on-time data delivery to buffer
memory. The primary control mechanism focuses on automating the data prefetching process while
avoiding bursty I/O traffic, necessitating sophisticated rate control. As illustrated in Figure 3, KzicIO
collaborates seamlessly with UzicIO through MEMSB to execute its perpetual control loop effectively.
3.4.1 Requirements for automated 1/0 control. KziclO is designed to eliminate latency within
the storage stack (L4) and mask physical I/O delays (L5) by bypassing the traditional file system
(FS) and submitting I/O requests directly to devices in a timely manner. To achieve this, KzicIO
must satisfy several crucial requirements:
o Precise timing information for scheduling I/O requests. KziclO depends on accurate timing
information to initiate I/O requests exactly when data is needed. It uses the data ingestion
speed—calculated and updated by UziclO within MEMSB—to forecast when a DBMS worker will
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access specific data. For sequential scans, the access pattern is generally predictable by default.
For range scans, DBMS workers provide explicit future access details through UzicIO APIs, which
are then recorded in MEMSB.

e High-resolution timers for on-time issuing of I/0 requests. Achieving precise I/O schedul-
ing demands high-resolution timers to continuously track MEMSB and issue I/O requests with
minimal latency. To accomplish this, KzicIO employs self-clocking soft timers [4, 5], providing
microsecond-level accuracy. We adapted the Linux timer wheel structure [51] to manage these
scheduled I/O requests, ensuring they are dispatched exactly when needed.

o Preloading LBAs to bypass file systems. To dispatch I/O requests directly to storage devices,
Kz1cIO needs to know the LBAs of the data pages in question. It obtains this information by
retrieving the appropriate inode and preparing the corresponding I/O requests for the data
blocks. Because each z1cIO channel provides only limited space for MEMSB, Kz1cIO optimizes
metadata ingestion by interleaving inode requests with normal data requests and immediately
issuing them to the storage devices.

3.4.2 Perpetual control loop for handling I/O requests. Here, we describe the automated
control loop that governs how I/O requests are scheduled and issued for prompt data delivery
(labels correspond to Figure 3).

(1) Initialization. During the initialization phase, Kz1cIO configures soft timers in addition to the
activities explained in Section 3.3.1.

(2) Monitoring MEMSB and prepare 1/O requests. Every trigger state (e.g., interrupt handlers)
of soft timers invokes the control logic of Kz1clO, monitoring MEMSB (@). Based on metric
information, Kz1cIO prepares I/O requests with scheduled release times and inserts them into
our timer wheel structure (@).

(3) On-time issuing of the scheduled 1/0 requests. At each trigger event, Kz1clO peeks the timer
wheel to determine which I/O requests are due for issuing. Most I/O requests are issued within
interrupt handlers (@), ensuring data reaches the data buffer just in time (@). But, if the buffer
reaches full capacity, a soft IRQ is scheduled to re-trigger the I/O scheduling process. This
ensures that I/O requests are issued at a point when the DBMS workers will have consumed
enough data from the buffer.

(4) Updating MEMSB upon data arrival. Once a storage device completes the DMA transfer, it
raises an interrupt (@). This interrupt triggers the soft timers, which update the buffer’s status
in MEMSB to ‘ready’, informing UzicIO that the data buffer is now available for the DBMS
workers to access (@).

3.4.3 Rate-adaptive scheduling of 1/0 requests. The insight for scheduling I/O requests is
to align the data prefetching rate with the DBMS ingestion speed and to compute the future release
times based on the statistics maintained in MEMSB. The basic principle is to ensure that data arrives
just before it is needed by scheduling subsequent requests with continually adjusted future release
times. The key control parameters and equations are outlined as follows:

e Device throughput and DBMS ingestion speed. Kz1cIO measures the device throughput S;(t)
for every I/O request [52] while UziclO calculates DBMS ingestion speed S, (t) at time ¢ for each
z1clO channel. The flow control logic should satisfy the following equations in stable conditions
(ie, Sq(t) = Sy(t)), where we have a request with the size of N bytes, target interval A,, derived
from S, (t), and estimated interval and release delay: Ay and A, respectively.

N N
A, = , Ag =
“ D)

+ A,
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e Rate-adaptive I/0O flow control. Assuming A, = A4 in stable conditions, we derive the future
release time T, based on the current time T, as follows:

Salt) = Su(t)
54(1) - 5u(0)

Equation 1 holds as long as S, (t) < S;(¢), and if S, (t) = S4(¢) (i.e, A, = 0), we release the request
immediately. If a single I/O request is insufficient for the DBMS’s ingestion speed, additional
reward requests (R) are added until S,,(¢) < R - S4(t). Hence, Kz1cIO keeps monitoring S, (¢) and
Sa(t) to adjust T, for rate-adaptive release time estimation and uses T, for I/O requests. Equation 1
enables on-time data delivery for rapid data ingestion.

4 CO-DESIGN FOR OS-LEVEL PAGE SHARING

This section presents SKzicIO, our DB-OS co-design for OS-level page sharing to reduce I/O
redundancy. SKziclO is sharing-enabled Kz1cIO that employs a sliding-window cache and dynamic
remapping of OS pages to the database’s page table. Hence, SKz1clO relies heavily on page table
manipulation.

T, =T, +A,, where A, =N (1)

4.1 Overview of SKziclO Designs
The core of SKz1clO is a shared page pool (i.e., a sliding window cache) with page table manipulation
for sharing OS pages.

4.1.1 Sliding-window caching for page sharing. SKz1cIO utilizes a shared pool of OS pages to
hold an incoming stream of file chunks, conceptually representing a sliding window of shareable
chunks. These OS pages are shared among DBMS workers, employing proper reference counting [9]
to ensure safe recycling. The pages become visible to the workers once SKz1cIO maps them to the
worker’s page table and updates the status bits in MEMSB. Workers then read data pages from the
current point of the already loaded file streams within this sliding stream window, ingesting data
at their own pace. After the DBMS consumes the file data, SKz1clO recycles the corresponding

OS pages by unmapping them from the page table. Consequently, SKzicIO facilitates reduced I/O

redundancy for DBMS workers ingesting data from the same table.

4.1.2 Page table manipulation (mapping and unmapping). One of the central components of

SKz1clO is its mechanism for safe page table manipulation during OS-level page sharing. To prevent

serious failures, we maintain a safety condition ensuring that UzicIO never inadvertently returns

unmapped buffers to DBMS workers, and that SKz1cIO never maps new OS pages into data buffers
already in active use. Any deviation from this condition would be disastrous for z1cIO. Our solution
involves MEMSB, which uses status bits to arbitrate concurrent access between UzicIO and SKzicIO.

The following status transition rules detail how each component ensures safe manipulation of

MEMSB entries:

e Status transition by UziclO. UziclO changes the state of MEMSB from ‘in-use’ to ‘done’ as
expected. But, it must use a CAS operation to change the state from ‘ready’ to ‘in-use’ since
SKz1clO may forcefully unmap unused ‘ready’ OS pages from the worker’s page table. This
precaution is necessary if the database worker ingests data too slowly (i.e., outlier), leading to
rapid depletion of available OS pages in the page pool.

e Status transition by SKzrclO. SKziclO, upon detecting the MEMSB entry marked as ‘done’
with its reference counter being zero, changes the state to ‘empty’, and later changes the state of
MEMSB to ‘ready’ only after it pre-maps a new shareable OS page to the page table of the DBMS
worker and flushes obsolete TLB entries. The forceful unmapping requiring a CAS operation
arises to handle outliers (Section 4.2.3).

This coordination ensures that OS pages are safely and transparently managed, allowing DBMS

workers to access data without direct involvement in the page-sharing operations.
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Fig. 4. Page table manipulation for OS-level page sharing.

4.2 OS-level Page-sharing Architecture

We first explain new data structures and basic sharing logic, including methods—i.e., pre-mapping
and forceful unmapping of OS pages—to handle DBMS workers with various ingestion speeds. Then,
we describe our flow control logic for page sharing.

4.2.1 Data structures for page sharing. Unlike Kz1cIO, where OS pages are pinned for data

buffers, SKz1cIO manages OS pages as a shared pool with associated search data structures and

dynamically maps shareable OS pages to the page table of a DBMS worker, i.e., data buffers. SKz1cIO
has the following data structures:

e Sliding-window cache. An OS page pool is initialized with a collection of empty OS pages,
designed to act as a sliding window cache for storing 2 MiB-sized file chunks. Since a logical
database table may span multiple file segments, we create a single shared pool for a group of
logically related files. Additionally, each shared pool permits a single zicIO channel to efficiently
fetch data during page sharing (Section 4.2.4).

o Bit vector and chunk hash table. Each shared pool is equipped with a bit vector and a chunk
hash table to assist SKz1cIO channels in identifying the current head of the stream window and
locating shareable file chunks. The bit vector represents the logical positions of 2 MiB-sized
chunks within shared file streams, indicating whether specific file chunks exist in the shared
pool. For concurrency, the chunk hash table is protected using Linux rcu locks [53].

o Reserved page table entries for stream sharing. SKz1clO pre-allocates a 1 GiB virtual address
space, corresponding to a 4 KiB page middle directory (pmd) table that covers 512 huge pages. It
then marks the available memory within this space as ‘empty’ in MEMSB. Since DBMS workers
are unaware of the presence of unmapped address space, we refer to this as bogus address space.
These inactive entries transition to active status once SKz1cIO maps shareable pages.

4.2.2 The OS page life cycle in a shared pool. SKz1clO recycles OS pages within a shared

pool as it processes streams of file chunks, making efficient page recycling essential for effective

resource management. To provide insight into this process, we outline the OS page life cycle from

the perspective of page sharing (labels refer to Figure 4):

(1) Available for sharing. SKz1clO begins by obtaining a free OS page from the free page list and
identifying the next file chunk to read (€P). After the chunk is loaded into the OS page (€)), the
page is made shareable in the pool through the chunk hash, assigned with a future expiration
time. The bit vector is then updated to mark the page as available for sharing in the pool (@).

(2) Shared through pre-mapping. For a DBMS worker, SKz1clO identifies a shareable OS page in
the pool using the bit vector and verifies its validity through the chunk hash. Upon validation,
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the page is shared by incrementing its reference counter, pre-mapping it into the DBMS worker’s
page table (€¥), and updating its status bits in MEMSB to ‘ready’ (@) The DBMS worker can
then ingest the data at its own pace.

(3) Unmapped and recycled after expired. When an expiration timeout occurs, SKziclO updates
the status in MEMSB to ‘empty’, unmaps the OS page from the DBMS worker’s page table (€)),
and decrements its reference counter. If the counter reaches zero, the page is eligible for eviction
from the window cache and can be returned to the free page list for recycling (@)

4.2.3 OS-level page-sharing logic at scale. DBMSs must initialize a shared pool for related files

associated with a specific DBMS table. Upon creating the shared pool, SKz1clIO assigns a unique

access key to the newly established pool. A DBMS worker then uses this access key to create

a zIclO channel, enabling OS-level page sharing through the shared page pool. Unlike Kz1cIO,

most SKz1cIO channels primarily pre-map or unmap shareable OS pages to or from the DBMS

worker’s page table, rather than issuing I/O requests. For efficiency, only one channel manages I/O

control. These SKzicIO channels execute the sequence (‘—>Q—>®—>0—>@‘_’) illustrated in

Figure 4. However, if DBMS workers ingest data at a slower pace, SKz1cIO channels may pre-map

only a limited number of pages, causing numerous skipped chunks that must be reloaded from

storage, leading to redundant fetch operations. To mitigate this issue, we enforce a policy requiring
all workers to derail from the shared pool after a single round, allowing them to independently
retrieve any missing data. Once derailed, SKz1cIO employs local bit vectors to identify and reload
the skipped file chunks. The following general rules are applied to handle outliers effectively.

General rules for handling outliers in page sharing. In our OS-level page-sharing environ-
ments, workers may exhibit significant variations in data ingestion speeds, with some processing
data much faster or slower than others. To address these outliers effectively, our policy prioritizes
the majority of workers operating at similar speeds while managing the following cases:

o Preventing retention efforts. DBMS workers are restricted from simultaneously retrieving
multiple buffers from our library, ensuring that resources are not intentionally retained.

e Limiting the pool capacity to ensure pace. SKziclO enforces a limit on pool capacity to ensure
that all workers operate at a similar pace. This prevents faster workers from advancing too far
ahead, maintaining balance and fairness within the shared environment.

o Forceful unmapping. When SKziclO detects ready’ but expired pages mapped to DBMS page
tables, it forcefully unmaps these pages after atomically updating their state to empty’ in MEMSB
using a compare-and-swap (CAS) operation. Since UziclO also uses CAS to transition a page’s
state from ready’ to in-use’, the page is either safely unmapped by SKziclO or properly utilized
by UziclO. This policy ensures that a single unresponsive DBMS worker can hold at most one page,
while SKz1clO recycles the remaining ready but unused pages for other workers, maintaining

efficient resource utilization.
4.24 Adapting 1/O flow control for page sharing. Our OS-level page-sharing logic resembles

the traditional DBMS approach for scan sharing [25, 42, 57], where newly joined scans synchronize
with existing scan sharers. To maintain fairness and efficiency, we refine our flow control logic
to prioritize the majority of DBMS workers over individual outliers. Aligned with the rationale
in Section 3.4.3 regarding I/O scheduling, SKz1cIO aligns the I/O rate with the average ingestion
speed, S, 7 (t). Specifically, the refined flow control logic mandates workers within the same
sliding-window cache to replace their individual ingestion speed S, (¢) with S,/ (¢) in Equation 1.

The core efficiency insight lies in restricting the initiation of I/O requests to a single SKzicIO
channel when needed. Simultaneous casting by multiple channels requires many pages, rapidly
depleting available OS pages and causing control instability. As a result, only one SKz1cIO channel
handles I/O requests (i.e., repeating this sequence (—P—P—> Q-G -G—G—-O))
shown in Figure 4. The remaining channels concentrate on page-sharing operations.
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Fig. 5. Adapting I/O flow control for page sharing.

Slow soft timers for most sharers. As the refined flow control logic requires one channel to
handle I/O operations, the remaining channels do not receive I/O interrupts and thus require an
alternative timer to continue pre-mapping shareable OS pages for their respective DBMS workers.
To achieve this, we employ a timer event registration with Linux local APIC timers, which awakens
the softirq daemon at a slow clock pace (i.e., Linux ‘jiffies’ ~ 4 ms). Hence, the softirq
daemon activates the flow control logic (i.e., pre-mapping) every 4 ms for most workers, while
interrupt-driven soft timers keep a single channel responsible for I/O handling.

Prefetching data for sharing. The main rationale of SKz1cIO is to prefetch data that DBMS
workers can consume within a single long clock tick (i.e., 4 ms) operating under slow soft timers.
Therefore, the high watermark of the sliding window should be set at a maximum of two clock
ticks (=2-jiffies) to ensure that enough data is prepared for any nimble worker to consume data
without waiting. As depicted in Figure 5, this insight leads to the target range for controlling the
head of the stream window as follows: « + - A < head < a + 2 - ff - A, where A denotes Linux
‘jiffies’ with f., @, and f being explained in the figure. Automated flow control regulates I/O
requests to keep the head of the stream window within this range, allowing even lagging workers
to ingest shareable data pages safely at a slow clock pace.

Adjusting expiration timeout (T.x,). Upon the shared page pool reaching its high watermark
with data pages, it becomes necessary to establish an expiration timeout for the timely recycling
of shared pages. As shown in Figure 5, lagging workers will not fall behind by more than one
A interval from the average consumption point (i.e., @ — f - A), as the forceful unmapping policy
promptly unmaps unused OS pages from the page table. Hence, a newly prefetched page positioned
at the head of the stream window (i.e., @ + f - 2A) must be alive until lagging workers can safely
ingest it. To this end, we set Ty, to t. + 3A for the newly loaded page, where t is the current time.
Consequently, the maximum capacity of the shared page pool is § - 3A (see Figure 5). Another
scenario arises when workers are unable to ingest a single 2 MiB page within one A interval. In
such cases, our logic prepares only one more page and sets the timeout to a sufficient duration (i.e.,
2-huge pages/S,,? (t)) to allow any worker to consume the pages.

5 Evaluation

This section presents the evaluation results of three database engines with and without z1cIO under
standard data warehouse workloads supplemented by microbenchmarks to validate our claims.
Our evaluation focuses on the following three questions:

(1) Any regression? We measure CPU cycles required to process warehouse queries to identify
any hidden costs associated with using the z1cIO interface in existing database engines. For an
in-depth analysis, we use a data ingestion microbenchmark using io_uring and pread system
calls and measure performance metrics with various configurations.

(2) Does z1cIO truly liberate DBMSs from data access control? We evaluate the overall data
access latency of data warehouse queries and analyze the latency breakdown to verify the
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Table 1. UziclO (1ibzicio) APIs and descriptions

API Name | Description | DBMS | Compatibility
zicio_open() Create a z1cIO channel Postgres, MySQL (MyISAM), Citus, DuckDB | KziclO, SKzicIO
zicio_close() Close the z1cIO channel Postgres, MySQL (MyISAM), Citus, DuckDB | KziclO, SKzicIO
zicio_get_page() Get the next page from UzicIO | Postgres, MySQL (MyISAM), Citus, DuckDB | KzicIO, SKzicIO
zicio_put_page() Return the page to UzicIO Postgres, MySQL (MyISAM), Citus, DuckDB | KziclO, SKzicIO
zicio_create_pool() Create a sliding-window cache | Postgres, MySQL (MyISAM) SKz1cIO
zicio_notify_ranges() | Provide the ranges to UzicIO Citus, DuckDB KzicIO

* All APIs are non-blocking. T Rate of change is calculated using rdtsc [26].

central claim that our DB-OS co-design for automated I/O control faithfully addresses all five
latency factors (L1-L5).

(3) How effective is OS-level page sharing? We first confirm the limitation of a simple zero-copy,
OS-bypassing approach for multiple scans on the same table. We then conduct comparative
studies against DBMS scan sharing and discuss the advantages and disadvantages of our DB-OS
co-design approach for addressing I/O redundancy, which may easily arise when attempting to
leverage zero-copy OS-bypassing designs.

5.1 Evaluation Setup

5.1.1 Server configurations. For our evaluation study, we employed a 128-core machine featur-
ing two AMD EPYC 7742 processors, 512 GiB of DRAM, and SK hynix P41 PCle 4.0 SSD capable of
delivering 7 GiB/s for sequential reads. We implemented the OS components KzicIO and SKz1cIO
in Linux-5.15 and developed UziclO as a user library, 1ibzicio, with six core APIs integrated into
DBMS codebases (see Table 1).

5.1.2 Database adaptation. Our evaluation uses four disk-based, open-source databases: MySQL-
8.0 with the MyISAM storage engine, PostgreSQL-15.0 with the default row-wise heap storage
engine, PostgreSQL with the Citus [10] columnar engine, and DuckDB-1.1 [11, 47] with the Par-
quet [3] columnar format. Each supports full SQL semantics but differs in its ability to generate
optimal query plans. We regard the DBMS buffer manager as the main entry for data access and
inject UziclO hooks to invoke our APIs instead of legacy buffer manager APIs only when the
query plans specify sequential or range scans as the table access method. Consequently, zicIO plays
a one-way bridging role from storage to DBMS workers, and we pass buffer pointers to query
execution layers to ensure that zicIO remains user-friendly for legacy databases. For non-sequential
data access scenarios, such as index lookups, the legacy buffer pool is still utilized to maintain
backward compatibility.

Modifications to columnar DBMSs. DBMSs that rely on columnar formats [2, 3, 10]—such
as Citus and DuckDB—use hierarchical storage layouts aligned with the PAX model [1]. This
model organizes data into a set of record groups (e.g., stripes in Citus), with each group containing
multiple column chunks. These record groups are stored contiguously across multiple files (e.g.,
DuckDB’s Parquet files). The PAX-like layout is prevalent in many open-source columnar formats,
ensuring that our adaptation strategy generalizes to other columnar engines. A key precondition
for our approach is that these formats need to allow z1cIO to know the location of required data
beforehand to facilitate efficient scanning on columnar storage through multiple range scans. The
necessary range information is retrieved by reading metadata—specifically, the Postgres catalog
in Citus and FileMetaData in DuckDB’s Parquet format—that contains the location information
for column chunks within each record group. To this end, we use Citus’ ColumnarStorageRead(),
whereas we utilize DuckDB’s ParquetReader: :ScanInternal() function. Once the necessary
range information is collected, it is passed to UziclO via zicio_notify_ranges().

5.1.3 Database tuning knobs. We configure the ‘work_mem’ parameter of PostgreSQL to 128 MiB
for efficient join processing. Additionally, we enable LLVM-based JIT query compilation [55, 58] to
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accelerate simple operations and expedite our evaluation. While other performance tuning options,
such as parallel scanning and data partitioning, are worth considering, we chose not to tune these
options, as database tuning is beyond the scope of our work. Lastly, for profiling purposes, we
modified the databases to measure query latency, per query I/O delay, and per query z1cIO metrics
(e.g., waiting time when overloaded).

5.1.4 Data warehouse workloads. We use the standard TPC-H benchmark to emulate data
warehouse workloads with a scale factor of 100. We use HammerDB-4.6 [18], which faithfully
follows the TPC-H specifications for TPC-H experiments. HammerDB populates 119 GiB data in
MyISAM, 170 GiB data in PostgreSQL (heap), 179 GiB data in PostgreSQL (Citus), and 93 GiB data
in DuckDB, including 30 GiB, 21 GiB, and 23 GiB index files for MyISAM, PostgreSQL (heap), and
PostgreSQL (Citus), respectively. Note that no index is used in DuckDB (Parquet) [12], and three
tables—LINEITEM, ORDERS, and PARTSUPPLY—occupy the most space. However, users create shared
page pools for any eligible tables and let database workers join one of the pools on demand.

5.1.5 Overall development effort. In developing z1clO, we made extensive modifications to
integrate it seamlessly into the Linux kernel and database engines. However, the changes to Linux
were relatively modest, spanning 1,802 source lines of code (SLOC), compared to the codebase
required for z1clO itself: 17,882 SLOC for Kz1cIO and SKz1clO, and 1,122 SLOC for UziclO. Addi-
tionally, we made code modifications in the database engines; (i) 1,313 SLOC to integrate z1cIO
into MyISAM for MySQL; (ii) 765 SLOC for Postgres (heap); (iii) 736 SLOC (480 SLOC for Citus
and 256 SLOC for Postgres) for Postgres (Citus); (iv) 497 SLOC for DuckDB (Parquet). The detailed
breakdown of SLOC for z1cIO components and the modifications required for DBMS adaptation is
provided in Table 2.

Table 2. The breakdown of source lines of code (SLOC)

Source lines of code in KzicIO & SKzicIO (OS module)

linux/zicio/*.x [ SLOC [ linux/zicio/*.* [ SLOC [ linux/zicio/*.* SLOC
zicio.{c|h} 1462 | zicio_desc.{c|h} 632 | zicio_atomic.h 57
zicio_mem.{c|h} 1725 | zicio_extent.{c|h} 915 | zicio_ghost.{c|h} 679
zicio_files.{c|h} 571 | zicio_flow_ctrl.{c|h} 794 | zicio_shared_pool.{c|h} 4931
zicio_cmd.{c|h} 2205 | zicio_req_timer.{c|h} 1051 | zicio_shared_pool_mgr.{c|h} 226
zicio_device.{c|h} 672 | zicio_req_submit.{c|h} 566 | zicio_data_buffer_descriptor.{c|h} 218
zicio_notify.h 96 | zicio_md_flow_ctrl.{c|h} 934 | uapi/zicio.h 148
Source lines of code in UzicIO (user library)
libzicio/.x [ SLOC [ libzicio/*.* [ SLOC
zicio_lib.c [ 992 | libzicio.h [ 130

Source lines of code in Linux-5.15 modifications

Modified files in 1inux SLOC
pgtable_types.h, pci.c, extents.c, main.c, fops.c, tlb.c,direct-io.c, read_write.c, blk-mq.h, blk_types.h, 1802
iov_iter.c, sched.h, syscalls.h, blk-mq.c, exit.c, fork.c, memory.c, mmap.c, core.c, idle.c, fs.h, etc

Source lines of code in DBMS modifications

DBMS engine Modified files in each engine (only substantially changed ones are listed) SLOC
MySQL (MyISAM) mi_scan.cc, mi_dynrec.cc, mi_stat_rec.cc, mi_write.cc, myisamdef.h, etc 1313
Postgres (heap) heapam. c, etc 765
Postgres (Citus) columnar_reader.c, columnar_storage.{c|h}, etc 736
DuckDB (Parquet) parquet_reader.cpp, thrift_tools.hpp, etc 497

5.2 Data Ingestion Microbenchmark

5.2.1 Experimental setup. We evaluate the performance metrics of our microbenchmark that
directly invokes UzicIO APIs, pread(), and io_uring system calls to emulate full and range scans.
The microbenchmark is configured to explore how io_uring reduces known I/O latencies (L3-L5)
using three key features: (1) O_DIRECT to bypass the OS page cache layer, (2) dedicated io_uring
threads for submission queue polling [48], and (3) prefetching data to mitigate the limitations of
blocking I/O. In contrast, the benchmark that utilizes pread() employs two configurations: (i)
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Fig. 6. Performance metrics under sequential ingestion.
a regular file and (ii) a device file (e.g., open("/dev/nvme@n1", . .)) that circumvents file system

stacks and replaces the deprecated raw device.

Performance is evaluated across varying request sizes (4 KiB to 256 KiB), with all measurements
taken after flushing the OS page cache to simulate a cold cache environment. The latency metric
breaks down different phases of the I/O process. For example, a single label (“Wait for Helper”)
represents the time the microbenchmark thread waits for the dedicated io_uring helper thread to
complete data delivery. This aggregated latency can be further decomposed into “I/O Submission” and
“I/O Completion” phases if the microbenchmark handles I/O operations directly. These breakdowns
are illustrated in Figure 6 and Figure 7. UziclO is paired with KziclO for this evaluation.
5.2.2 Sequential data ingestion. To emulate a full scan, we sequentially read 80 GiB of data. We
measured performance metrics for io_uring, pread() w/ and w/o a device file by varying data sizes.
However, z1clO treats the entire data as a single batch, so the request size is dynamically adjusted
by our microbenchmark. Figure 6 shows the performance metrics of various I/O schemes. Data
ingestion using the blocking I/O interface—pread() w/ and w/o a device file—generally exhibits
more I/O wait time than z1cIO and io_uring with large data (> 64 KiB). This increased wait time is
due to the mode switch that occurs when the pread() system call submits I/O requests, processes
them through the OS cache layer (L4), and deals with the physical I/O latency that cannot be
mitigated by the blocking I/0 mechanism.

Direct I/O has limited impact on sequential scans. Interestingly, the benefits of direct I/O
diminish as request sizes decrease. Although pread() with a device file outperforms pread() with
O_DIRECT by bypassing storage layers such as the file system, it still lags behind OS-cached access
for smaller requests. In fact, Linux’s default prefetching mitigates the negative impact of storage
stack latency, leading to better performance than direct I/O (O_DIRECT and device file) across all
cases. Notably, the default I/O mechanism—pread without O_DIRECT, widely used in legacy DBMS
engines—demonstrates consistent performance across data sizes and even surpasses all direct
I/O configurations for smaller data. This finding highlights that while direct I/O can enhance
performance for specific workloads, it is not always the optimal choice for varying data sizes. Thus,
a subtle policy is necessary when deciding whether to employ direct I/O.

Data prefetching obviates the need for helper threads. Another interesting observation is that
data ingestion with the optimized io_uring interface exhibits a widening performance gap with
pread as the data size decreases. Although io_uring aims to hide I/O latency through asynchronous
I/O by dedicating threads to submission queue polling, it spends significant cycles waiting for the
OS threads to deliver requested data (“Wait for Helper”) due to the highly frequent submission of /O
requests. Figure 6 shows that with 4 KiB requests, this waiting activity, backed by high CPU cycles
(‘Cycles’) and instruction counts (‘Insn.’), is notable compared to methods without helpers that
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Fig. 7. Performance metrics under disjoint range scans.

sleep-wait (“Sleep wait”) for I/O completion or read data already prefetched by the Linux storage

stack. By contrast, z1cIO keeps I/O wait times to a minimum in these microbenchmark scenarios

because z1clO can prefetch data without involving the host worker. This carefully orchestrated
approach ensures timely data delivery by decoupling the data access mechanism from the host
worker, effectively addressing all five of the identified latency factors.

5.2.3 Dataingestion with disjoint range scans. To simulate data ingestion using disjoint range

scans, we split the 80 GiB dataset into batches of different sizes and scanned only the batches with

odd numbers, resulting in a total of 40 GiB being scanned. When using small-sized batches, data
ingestion involves many small I/O requests internally, representing the most challenging condition

for any I/O interface, including z1cIO. For a fair comparison, we configured io_uring to issue I/O

requests for the next data batch in advance to promote data prefetching through its asynchronous

I/O (i.e., OS helper threads). Our evaluation reveals interesting phenomena, e.g., the versatility of

the default pread(). Although further investigation is needed, we found two notable observations:

(1) Small-sized range scans. The effectiveness of the default pread() with the Linux storage
stack in handling small-sized batches exceeds our expectations. As shown in Figure 7, small
batch sizes place significant pressure on z1cIO due to the increased volume of I/O requests
processed by KzicIO. Surprisingly, pread() with OS prefetching performs exceptionally well
for small, disjoint range scans, with only a minor latency difference compared to z1cIO, while
outperforming all io_uring-based ingestion methods. In contrast, direct I/O remains ineffective
across all configurations, despite bypassing storage stacks through the device file interface and
leveraging asynchronous I/O via io_uring. This demonstrates that even with optimizations,
direct I/O struggles with workloads involving small, scattered requests.

(2) Large-sized range scans. The asynchronous I/O through helper threads in the io_uring
interface is less effective in large-sized range scans than sequential ones. With large batches,
z1clO streamlines data prefetching using the provided batch information, whereas io_uring
methods, despite having prior knowledge of data access patterns, spend significant CPU cycles
on “Wait for Helper”. Thus, the performance metrics for io_uring in multi-range scans are
worse than in sequential scans, and the performance gap with zicIO widens. Our evaluation
indicates that non-sequential reads, like our multi-range scans, impact all I/O methods badly,
underscoring the effectiveness of the automated data access control of zicIO.

5.3 Evaluation with Legacy DBMSs

5.3.1 Experimental setup. We evaluate the performance metrics of simple data analytics using
TPC-H queries (see all SQL queries (Q1-Q22) [19, 20] defined in HammerDB-4.6 that we used for
MySQL (MyISAM), Postgres (heap), Postgres (Citus), and DuckDB (Parquet) that may or may not
perform sequential scans, depending on generated query plans. To emulate data access in a cold or
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Fig. 8. Latency of TPC-H queries on four database engines with and without ziclO.

warm cache, we configure a single database client to send all TPC-H queries with the OS page cache
flushed before starting the next one. For each query, we run it twice to observe the differences
between cold and warm cache environments. Unless stated otherwise, we enable Linux readahead
for all experiments.

We decompose query latency into three key components: (i) query processing time in memory,
(ii) random data access (e.g., index lookups), and (iii) sequential data access (e.g., scans). For precise
measurement, we capture data access latency around the pread() system call in MySQL (MyISAM),
as MyISAM lacks a dedicated DBMS buffer layer. In Postgres variants, we measure latency through
buffer manager APIs: ReadBufferExtended() for Postgres (heap) and ReadBuffer () for Postgres
(Citus). In DuckDB, we monitor data access latency around the pread() call because, when working
with Parquet files, DuckDB (Parquet) follows distinct call paths that bypass its default buffer pool,
thus operating without its internal buffer cache (refer to this discussion [13] for more details). As
a result, DuckDB (Parquet) performs direct I/O operations, impacting data access performance
differently compared to its typical buffer-managed workflows. Overall, we provide a granular
breakdown of the time spent at various stages of data access and query processing, offering deeper
insights into the performance characteristics of each database engine across different workloads.
As in previous evaluations, UziclO is integrated with KzicIO in this set up.

5.3.2 Evaluation with MySQL (MyISAM). For this experiment, we use three configurations for
MySQL: cold and warm data access in MySQL on vanilla Linux (‘MySQL-Cold’ and ‘MySQL-Warm’)
and MySQL with z1cIO (‘MySQL-z1cIO’). We configure MyISAM to have a large key cache (30 GiB)
to cover MyISAM index files. Figure 8 shows the latency breakdown for TPC-H queries running on
MySQL. In all experiments, data access latency takes a significant time in many queries involving
the giant LINEITEM table. In contrast, MySQL-z1cIO eliminates all sequential I/O overhead and
sometimes outpaces MySQL-Warm. MySQL-z1clO takes much shorter than MySQL-Cold for queries
(e.g., Q20 (6.13%)). As expected, analytic queries whose query plans have index access methods—Q3,
Q9, Q11, Q13, and Q19—benefit less from z1cIO than those performing sequential scans. From now
on, we will use a group of queries having sequential scans on the LINEITEM table and use the query
set in the following experiments for MySQL and PostgreSQL.

5.3.3 Evaluation with PostgreSQL. For evaluation with PostgreSQL, we use three configurations
similar to those for MySQL. We configure PostgreSQL to have a big buffer cache (220 GiB) and
run the same test twice, which gives two behaviors: cold access to storage (‘Postgres-Cold’) and
warm data access in the cache ‘Postgres-Warm’). In the warm buffer cache, query processing in
PostgreSQL should be completed without accessing storage, but it spends time in the buffer manager
to spot target database pages, which is counted as the DBMS buffer overhead. In Figure 8, query
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latencies and their internal latency breakdown look slightly different from MySQL, mainly due to
the difference in query plans and LLVM-based query compilation in Postgres. Another noticeable
result is the nontrivial I/O overhead in Postgres with a 220 GiB warm cache. An in-depth analysis of
its codebase answers our inquiry; Postgres internally uses ring buffers if the scanned table occupies
a quarter of the total buffer capacity [56]. zIcIO efficiently helps Postgres perform rapid table
scanning in such queries by preparing database pages right before needed. With a single client
configuration and large memory, vanilla Postgres exhibits good performance, so Postgres-zicIO
slightly enhances performance in Q6-Q9.

5.3.4 Evaluation with columnar engines. For this experiment, we used three configurations
for Citus: cold and warm access in standard Citus (referred to as ‘Citus-Cold’ and ‘Citus-Warm’),
and Citus with z1cIO (denoted as ‘Citus-z1cIO’). In contrast, we employed only two configurations
for DuckDB—cold access in standard DuckDB (‘DuckDB-Cold’) and DuckDB with z1cIO (‘DuckDB-
z1clO’). This difference is because DuckDB (Parquet) bypasses its buffer pool when accessing Parquet
files [13], relying entirely on direct I/O and sequential access without index support [12]. We also
disabled parallel processing and data compression in this evaluation. Despite these limitations,
DuckDB’s query performance consistently outclasses all other engines. Additionaly, z1clO further
enhances DuckDB’s performance by effectively masking physical I/O delays, thereby minimizing
latency during data access (see Figure 8). Citus, even with its PAX-like format, benefited less
from z1cIO mainly due to its smaller granular range scans compared to DuckDB, which performs
larger-sized columnar range scans.
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Fig. 9. The normalized latency breakdown for Q6 (cold).

5.3.5 Normalized latency breakdown for Q6. In our analysis of the normalized latency break-
down of Q6 across all four engines (as shown in Figure 9), we observed that each benefits from
Linux readahead to some extent. For MySQL (MyISAM), most of the latency occurs within the
Linux storage stack (L4) due to the overhead of the OS page cache and frequent mode switches
(L2). Notably, MySQL effectively hides physical I/O latency (L5) by leveraging Linux readahead
and prefetching mechanisms. However, it still incurs considerable overhead within the Linux page
cache (L4). Since the MyISAM engine lacks a buffer pool, there is no additional latency from a
DBMS buffer layer (L1).

Postgres (heap) with and without Linux readahead exhibits a similar latency breakdown, with
an interesting observation: buffer latency (L1) is present even when accessing cold data. This same
pattern emerges in Postgres (Citus), where the DBMS buffer layer introduces notable delays as it
duplicates the required column data into its buffers to optimize future access. In contrast, DuckDB
(Parquet) primarily incurs latency from waiting on physical I/O operations (L5), followed by storage
stack overhead (L4). When integrated with z1clO, all four engines improve query performance by
reducing data access latency, except in scenarios involving random I/O, such as index lookups or
temporary file access.
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5.4 Page-sharing Microbenchmark

5.4.1 Experimental setup. We utilize the same microbenchmark to evaluate the impact of page
sharing across various configurations of synthetic workloads. These configurations include differing
request sizes (4 KiB-16 KiB: typical page sizes), available memory, and varying numbers of clients
simultaneously ingesting the same 80 GiB data file. We set the benchmark ingestion speed to
around 1 GiB/s to emulate database query processing. For this evaluation, we compare z1cIO with
pread()-based implementations (i.e., regular or device files), as our test databases use pread for
data retrieval. Our objective is to confirm the significance of redundant data fetching under different
configurations and to evaluate how effectively z1cIO mitigates this issue through OS-level page-
sharing. By adjusting these configuration parameters, we can better understand the efficiency and
performance improvements provided by z1cIO in reducing unnecessary data fetches and improving
data access times. Now, we will pair UzicIO with KzicIO or SKzicIO.

UziclO + KziclO 4 KiB read 4 KiB - pread + Device File
UzICIO + SKzICIO 16kKiB f P 4KiB pread
\ 16KiB S + Direct IO
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Fig. 10. Microbenchmark with concurrent data ingestion.

54.2 The more, the better. Larger request sizes reduce overhead by minimizing the number of
system call invocations. As illustrated in Figure 10, concurrent data ingestion using pread() with
the OS page cache benefits from fetching larger data chunks, increasing the likelihood of cache
hits. Similarly, increasing available memory has a comparable impact on performance. However,
z1clO is unaffected by these optimizations due to its automated I/O control mechanism.

5.4.3 The less,the better. When more clients ingest data simultaneously, all methods experience
slowdowns due to the overhead of increased data access. For example, even approaches such as
z1clO (KziclO), which rely on direct or zero-copy I/O, can suffer from redundant data fetching,
resulting in higher latency. A practical strategy with existing I/O interfaces involves configuring
the DBMS to use large page sizes and deploying it on a system with ample memory and a generous
read-ahead setting to enhance the caching effect. zicIO (SKz1clIO) alleviates this burden by requiring
fewer resources from DBMSs.

Interestingly, as the number of clients increases, the performance of pread with a device file
deteriorates compared to pread with O_DIRECT. With a single client, pread with a device file
benefits from reduced storage stack overhead (L4), performing on par with pread with O_DIRECT
within a margin of error. However, with four clients, performance variance grows due to physical
I/0 latency fluctuations (L5) caused by device contention. When eight clients are active, pread
with a device file performs worse than pread with O_DIRECT, despite lower storage stack overhead.

5.5 Concurrent Ingestion with Legacy DBMSs

5.5.1 Experimental setup. Next, we evaluate the performance metrics of databases using TPC-H
queries. Our initial focus is on the performance of legacy databases when multiple queries accessing
the same fact table run concurrently. In this experiment, we utilize z1cIO for test databases without
OS-level page sharing. We select a group of queries that previously exhibited substantial sequential
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Fig. 11. Query latency with multiple clients.

I/O overhead: Q1, Q6, Q7 for PostgreSQL only, Q12, Q14, and Q15. Multiple clients are created
and configured to send all queries randomly, but each query is executed only once from the
group, thereby stressing the databases in many ways. The databases are tested under two memory
configurations: small (16 GiB) and large (256 GiB), with z1cIO (KzicIO) set to 16 GiB. Note that
the engines with sharing-disabled z1clO can still streamline data ingestion for all queries unless
the device is fully saturated, e.g., Q6 (9.95X%) (see Figure 11).

5.5.2 Evaluation with PostgreSQL. In our PostgreSQL tests, we employ seven clients, as this
number is sufficient to saturate the device’s maximum bandwidth. Figure 11 shows the latency
breakdown for TPC-H queries averaged over these seven clients, with minimum and maximum
values also indicated. As shown in Figure 11, Postgres-Large exhibits latency behaviors similar to
those of a single client in Figure 8 thanks to the large buffer cache. However, when the available
memory is reduced, Postgres-Small experiences a significant increase in query latency, particularly
in buffer overhead and physical I/O. This is because the time spent performing page lookups and
page replacements in a small memory environment results in a substantial impact on all test queries.
Worker processes continuously evict pages from the buffer pool, leading to more frequent reads of
data pages from storage, thereby incurring higher I/O amounts.

5.5.3 Evaluation with MySQL. Our MySQL configuration utilizes 20 concurrent clients to fully
utilize the maximum throughput of our NVMe device. The latency breakdown for our selected
TPC-H queries averaged over 20 clients is shown in Figure 11. MySQL-Large exhibits latency
behaviors similar to those in Figure 8, as MySQL worker threads experience negligible resource
contention in a large memory setup. Notably, MySQL-Large still incurs nontrivial I/O overhead
due to the absence of a DBMS buffer cache. Conversely, MySQL-Small encounters both user-level
and OS-level resource contention. Among all queries, Q14 shows a significant increase in I/O
overhead, while its query processing time remains relatively stable. Interestingly, MySQL-Small
exhibits less overhead than expected. The absence of a database buffer cache seems to provide
MySQL (MyISAM) with a degree of resilience to resource scarcity, such as limited memory. Overall,
concurrent data ingestion generally increases data access latency when memory pressure is high,
and the opportunity to leverage the OS page cache for required data is not fully exploited.

5.6 Page-sharing Evaluation with Legacy DBMSs

5.6.1 Experimental setup. In the last evaluation, we measured query latency to see the effect of
OS-level page sharing as we increased the number of concurrent clients. We modified PostgreSQL
and MySQL to pre-create a shared pool for the large LINEITEM table to conduct this experiment.
We allowed database workers to join one of the shared pools on demand. For PostgreSQL, we
enabled “synchronized scan sharing,” while the MyISAM storage engine ensured better performance
isolation due to the absence of the shared buffer pool. We selected a subset of TPC-H queries,
including Q6, Q12, and Q14, for testing page sharing as those queries exhibited the highest ingestion
speed (e.g., 1.6 GiB/s for Q6 on PostgreSQL) among all queries, regardless of engine type. We used
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Fig. 12. The effect of OS-level page sharing for Q6.

the same memory configurations and the tuning knob for synchronized scan sharing. For all engines,
we use z1clO with 16 GiB (see Figure 12).
5.6.2 Evaluation with PostgreSQL. Vanilla PostgreSQL suffers from high I/O overhead due to
its eager activation of ring buffers [56], regardless of memory capacity. As the number of clients
increases, vanilla PostgreSQL spends more time on buffer overhead, even with synchronized shared
scanning enabled. Expectedly, the engine with a large buffer pool exhibits less overhead in its
shared buffer. However, I/O overhead in PostgreSQL with large memory remains noticeable due to
the eager activation of the ring buffers. In contrast, zicIO helps Postgres reduce redundant data
fetching efficiently. Initially, Postgres-KzicIO experiences increased waiting time in our library
(libzicio) as the number of clients increases. The growing latency stems from over-subscribed
I/O requests, thus saturating device capacity and leading to redundant data fetching. It confirms
the limitation of cache-bypassing and zero-copy data transfer. However, Postgres-SKzicIO
improved the query latency that can be comparable to Postgres-Large (see Figure 12).
5.6.3 Evaluation with MySQL. As shown in Figure 12, MySQL shows slightly different behaviors
compared to PostgreSQL due to the absence of the shared buffer pool. As we have seen in previous
results, changing memory configurations would not provide any performance benefit. However, the
reduced I/O overhead results in noticeable performance improvements. Compared to PostgreSQL,
all vanilla MySQL can sustain query performance, regardless of clients, because the required I/O
rate for concurrent users is low. Notably, MySQL-SKz1cIO achieved almost matching performance
with PostgreSQL, which was an unexpected outcome. This unforeseen rivalry in performance
between the two databases stresses the significance of our automated I/0 control with
OS-level page sharing, considering that none of the two database engines, except the storage
interface, were altered, nor do we tweak database tuning knobs for favorable results for zicIO.
5.6.4 Evaluation with other queries. We conducted two more experiments using queries Q12
and Q14 with 32 clients to measure the effectiveness of OS-level page sharing. Like Figure 12,
databases can benefit from OS-level page sharing under concurrent query processing. However,
PostgreSQL experiences substantial latency in the shared buffer pool with Q12 because its query
exploits the index scan to access the ORDERS table. For Q14, PostgreSQL exhibits a behavior similar
to Q6. On the other hand, MySQL exhibits a severe contention problem. Specifically, there was
mutex contention in the shared keycache when performing the nested loop join processing. We
temporarily disabled the key cache to avoid the issue so that MySQL can benefit from SKziclO. As
shown in Figure 13, MySQL-SKz1cIO exhibited “I/O System Call” with Q12 and Q14 mainly because
of unavoidable random I/O caused by index lookups and external file sorting for ORDER BY.
In-depth analysis through profiling revealed that our soft timers are activated mostly (i.e., 99%)
in sof'tirq to pre-map shareable pages to user processes or threads when many z1clIO channels
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share the same database table. While supporting OS-level page sharing for 32 concurrent queries
scanning the large LINEITEM table, z1cIO allocated three huge pages (~8 MiB) for its OS page pool
to support MySQL (MyISAM), and it used twelve huge pages (~24 MiB) for PostgreSQL due to the
higher ingestion speed. Hence, we validated our claim that z1cIO efficiently mitigates redundant
data fetching through OS-level page sharing for real database systems under analytic queries
accessing the same fact tables.

5.6.5 Evaluation with other co-design. We further explore evaluations with another DB-OS
co-design, vmcache [36], which aims to reduce buffer cache overhead through virtual memory-
assisted, co-designed buffer management. Although its primary focus differs from ours, evaluating
its performance across various configurations provides valuable insights for future co-design efforts
and opens new research opportunities. For our analysis, we used the vmcache codebase [34, 35]
along with its buffer manager, adapting our microbenchmark to use their buffer manager APIs to
emulate concurrent data ingestion, as shown in Figure 10. We configured the buffer manager with
both small (16 GiB) and large (80 GiB) buffer pool sizes to examine performance variations across
different memory configurations, similar to the settings in Figure 10.
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Fig. 14. Different co-designs: vmcache [36] vs. ziclO.

As shown in Figure 14, vmcache effectively eliminates the page ID translation overhead in the
DBMS buffer through its explicit virtual memory (exmap [34]) in environments (i.e., vimmcache with
80 GiB of buffer memory). However, when memory is constrained, vmcache must activate its cache
replacement algorithm and retrieve the required data pages from storage devices, resulting in
significant data access latency, even for sequential workloads. This pattern persists as the number
of clients grows. z1clO also faces growing overhead from reloading skipped chunks under high
concurrency, which can lead to device saturation. The evaluation results indicate that a new
co-design, which leverages the strengths of both approaches, merits further investigation.

6 Limitations and Future Work

This paper discusses DB-OS co-design to facilitate fast data ingestion for data warehouse systems

that handle large static (read-only) datasets. Three limitations require further investigation to

broaden its applicability to a wider range of environments.

o Mixed workloads. z1cIO can facilitate data ingestion for analytic workloads operating on large
static (read-only) datasets. Nevertheless, it has limitations when handling workloads that update
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data ingested by applications. The core challenge arises from z1cIO’s optimized design, which
bypasses the Linux file system stack and page cache. Consequently, the current implementa-
tion of z1cIO must address data consistency—an open problem calling for innovative system
designs. One complex workload environment we envision is hybrid transactional and analyti-
cal processing (HTAP). As a practical workaround, many commercial solutions employ an ETL
(extract-transform-load) approach [21, 32, 33, 38, 41, 49, 60], featuring disaggregated architectures
that run dedicated analytic database instances on compressed columnar datasets extracted from
separate update-heavy databases. While z1cIO can still benefit such analytic databases, HTAP
systems inherently involve mixed workloads, and further investigation is needed to determine
whether user- or kernel-level designs offer the most viable pathway for ensuring data consistency.

e Heterogeneous devices with ultra-low latency. Contemporary system designs for large-scale
data processing utilize massive parallelism and disaggregated architectures, providing access
to remote storage servers over ultra-low latency networks. These environments require data
processing systems to ingest streams from diverse devices, presenting significant challenges for
both databases and operating systems. Previous studies [16, 23, 29, 39, 44, 46] have proposed
solutions to tackle network processing and scheduling issues, focusing on achieving low tail
latencies in datacenter applications. However, streamlining data ingestion across heterogeneous
devices remains a challenging and open concern for future research.

o Various data access patterns. Although z1clO significantly streamlines sequential data access
and substantially boosts the performance of various analytic queries, database systems continue
to rely on traditional data access paths in the DBMS buffer manager for other access patterns,
including index-based and random-access methods. Since z1clO was originally designed to
optimize sequential I/O, applying its techniques to less predictable or more complex access
routines presents new challenges and, in turn, new opportunities. These opportunities extend
into research areas that remain largely unexplored, such as specialized graph traversal algorithms
and out-of-core matrix computations [31], both of which push the boundaries of conventional in-
memory processing. Developing solutions that effectively integrate z1cIO’s OS-level optimizations
with these advanced data manipulation workflows could yield significant performance gains and
reveal important insights into next-generation data systems.

7 Conclusion

Rapid data ingestion is crucial for data warehouse systems, and ingesting large fact tables concur-
rently by database workers presents a significant research opportunity for the database community.
To address these challenges, we propose z1clO, a novel DB-OS co-design that liberates DBMSs
from the complexities of data access control, enabling them to focus on efficient data ingestion
by ensuring that required data is prepared in a timely manner. z1cIO encompasses automated I/O
flow control and OS-level page sharing, achieved through the development of soft timer-based I/O
control automation and a sliding-window cache mechanism. We have implemented z1clO as both a
user library and an OS component, integrating it with four open-source, disk-based databases. Our
evaluation demonstrates that all four engines benefit significantly from z1cIO’s rapid data ingestion
capabilities and OS-level page sharing. While we have made progress toward our objectives, there
remains room for improvement, particularly with more complex workloads. Nonetheless, we hope
that z1cIO can benefit DBMSs managing large-scale data processing workloads.
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