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Abstract. The increasing integration of high-performance computing
(HPC) resources into data-intensive scientific workflows places new de-
mands on storage systems traditionally developed for grid and distributed
computing environments. dCache, a mature, exascale storage system
jointly developed by Deutsches Elektronen-Synchrotron (DESY), Fermi
National Accelerator Laboratory (FNAL), and the Nordic e-Infrastructure
Collaboration (NeIC), has evolved to support a broad range of scientific
communities beyond its origins in High-Energy Physics, including astro-
physics, Photon science, and AI training. These communities increasingly
rely on HPC systems for large-scale data analysis, exposing scalability
and performance challenges at the metadata and data access layers.
This paper presents recent development efforts to make dCache more
HPC-friendly in interdisciplinary scientific environments. By aligning
dCache’s architecture and development practices more closely with HPC
requirements, we enable transparent access to shared data infrastructures
from HPC clusters while preserving dCache’s strengths in data manage-
ment, federation, and long-term preservation. We focus on optimizing
metadata access to improve scalability and reduce latency under highly
parallel workloads, as well as on substantial enhancements to dCache’s
NFSv4.1/pNFS implementation. These include improved pNFS layout
handling, read delegation, and zero-copy data paths to reduce CPU over-
head and memory copies, resulting in significantly improved I/O perfor-
mance for HPC applications. We evaluate these enhancements using rep-
resentative HPC workloads at DESY and FNAL, assessing their impact
on throughput, latency, and overall system scalability. The benchmark
results demonstrate that the proposed changes can significantly improve
application performance, depending on the workflow in use.

Keywords: HPC · HTC · Distributed systems · Storage Systems · dCache
· Data access.
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1 Introduction

The dCache [20] project started in 2000 as a collaboration between Deutsches
Elektron-Synchrotron (DESY) and Fermi National Accelerator Laboratory (FNAL).
The mission then was to develop a common storage software for the two labo-
ratories that combined commodity heterogeneous disk servers as a caching layer
in front of tape storage. In contrast to earlier approaches, the software would
provide an experiment-agnostic solution, allowing different groups of particle
physicists to use a shared infrastructure. A POSIX-compliant [1] namespace and
clean separation between that namespace and the physical location of the file’s
data meant that various operator interventions were possible without requiring
downtime and that a failure of storage nodes resulted in unavailability of the
data stored exclusively on these nodes without affecting access to the bulk of
the data. On top of being a distributed storage, dCache provides various access
and authentication protocols that are used by different communities; it supports
third-party copy to move data between sites; the data stored in dCache can be
accessed by several standard and HEP-specific protocols to satisfy the demands
of the different scientific community; dCache can run in heterogeneous environ-
ments, giving sites flexibility in hardware and OS selection. Owing to its scalable
architecture, dCache can run on a single node or on hundreds of nodes, allow-
ing sites to grow as needed. All this made the dCache software popular within
the Worldwide Large Hadron Collider Computing Grid (WLCG)6. As of March
2025, combined, these dCache storage instances accounted for more than 50%
of the WLCG storage capacity excluding CERN7.

Though initially, dCache was developed for High Energy Physics Experi-
ments (HEP), sites increasingly started to use dCache to support other commu-
nities with different requirements. For example, DESY facilities and services now
support photon science, biology, future accelerator R&D, and other areas. The
EuXFEL instance at DESY combines more than 400 physical hosts, providing
120PB of total capacity. The XFEL and FLASH accelerators write the telemetry
data directly to dCache, effectively integrating dCache as an essential part of
the accelerator DAQ system and, therefore, relying on dCache I/O bandwidth
and low latency.

Despite its maturity, dCache maintains agility and flexibility that enable it
to adapt to evolving technologies and end-user requirements. The shift from
grid-centric computing models, often referred to as high-throughput computing
(HTC), toward tightly coupled high-performance computing (HPC) and data-
analysis platforms has exposed limitations in the dCache storage system, driving
the adoption of more HPC-oriented design and optimization strategies.

In this paper, we present the evolution of the dCache distributed storage sys-
tem to support modern scientific workloads and AI-based analysis. We identify
two dominant bottlenecks: (1) metadata serialization caused by strict POSIX
semantics under highly parallel file creation, and (2) extra network overhead in-

6 https://wlcg.cern.ch
7 The numbers are taken from WLCG operation dashboards.
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duced by repeated open–read–close access patterns in machine learning pipelines.
To address these challenges, we introduce configurable directory consistency
modes that relax parent metadata updates while preserving application-visible
correctness, and we implement an adaptive read delegation mechanism combined
with NFSv4.1 FLEX_FILES layouts and zero-copy data transfers.

The remainder of this paper is structured as follows. Section 2 reviews re-
lated work. Sections 3 and 4 introduce the dCache distributed storage system and
its NFSv4.1/pNFS implementation. Section 5 presents the proposed metadata
consistency modes and adaptive read-delegation mechanism, followed by a per-
formance evaluation using standard benchmarks. Finally, Section 6 summarizes
the main findings and outlines directions for future research.

2 Related works

The filesystem semantics required by POSIX specifications create the so-called
hot inode issue. Every create, link, mkdir, rename, and unlink operation in a
directory must update the directory’s mtime and i_version attributes. There
is a significant development effort in the filesystem developers’ community to
eliminate the performance bottleneck introduced by i_version attribute handling
from a trivial spin-lock to CAS-based lock-free atomic increment [18,7]. IBM
developers are making significant efforts to improve how GPFS handles the hot-
inode issue [27,16].

Wang et al. [28] presented a detailed analysis of the I/O requirements of 17
representative HPC applications. They have demonstrated that all tested appli-
cations, except one, will benefit from relaxed POSIX semantics to improve data
access. Although metadata handling was not part of the study, they collected
data on which metadata operations HPC applications typically use. Only two
applications perform directory listing or use file and directory access time at-
tributes. Therefore, consistency in parent directory attributes between them is
not important. The evaluations performed by Oeste et al. [22] indicate that se-
mantics enforced by the POSIX I/O standard might not be necessary for many
HPC applications and significantly contributed to performance bottlenecks in
the parallel file system.

Recent research explores the use of databases for filesystem metadata man-
agement. HopsFS [21] replaces HDFS’s in-memory metadata service with a dis-
tributed NewSQL-based alternative, achieving 16–37× higher throughput but
lacking hot inode mitigation. In comparison to dCache, HopsFS positions it-
self as a drop-in replacement for HDFS metadata server, requires a proprietary
MySQL NDB distribution, and has a limited number of installations8.

Chen et al. [5] performed a deep comparison of different versions of the NFS
protocols. The researchers concluded that NFSv4.1 is more verbose than ver-
sion 3. However, with proper implementation of read- and write-delegations and

8 We couldn’t find any publicly available information on the number of HopsFS de-
ployments.
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caching, NFSv4.1 can be 172× faster. Moreover, NFSv4.1 allows multiple re-
quests to be sent in parallel; thus, multiple I/O requests can be performed con-
currently, which is a significant benefit, especially on high-latency networks. The
research focuses on the NFSv4.1 protocol without the pNFS extension. Our work
confirms the findings reported by researchers and extends them to distributed
deployments and real-world applications.

Although machine learning (ML) and artificial intelligence (AI) training
workloads are becoming a common use case for HPC resources [24], they ex-
hibit different I/O patterns from classic HPC jobs [17] and, at scale, introduce
unique performance challenges. This work focuses on addressing these observed
I/O characteristics within the dCache storage system.

Previous work on dCache has emphasized scalability, federation, and long-
term data management for data-intensive science [20]. This paper contributes by
focusing on HPC and AI workloads, demonstrating how modern pNFS features,
metadata consistency tuning, and zero-copy data paths can transform a mature
HTC-oriented storage system into an efficient backend for contemporary HPC
and AI platforms.

3 dCache design overview

dCache is a storage system designed to store and retrieve large volumes of data
distributed across heterogeneous server nodes within a single virtual filesystem
tree, supporting a variety of standard access methods. dCache is written in the
Java programming language and makes extensive use of the Java ecosystem, such
as the built-in profiler, concurrency model, high-performance I/O libraries, and a
single binary package for various operating systems9. By design, dCache follows
a scalable distributed storage architecture [11]; it strictly separates file metadata
from the physical location of data. File names, attributes, and directory trees
are managed in an internal database and are exposed through a namespace
component. Moreover, dCache can accommodate multiple copies of a single file,
dynamically add or remove locations, and use external storage such as S3 or
hierarchical storage management (HSM), typically using magnetic tape. The
system scales horizontally with the number of data servers: adding new nodes
increases both storage capacity and aggregate data bandwidth.

A simplified dCache architecture is visualized in Fig. 1. There are four main
components: doors, the user entry points that implement the supported access
protocols, each door implementing a specific protocol; pools, the data servers
that store the data and use plugin-based architecture to implement all sup-
ported protocols; pool manager, the component that is responsible for the data
placement, i.e., selecting which pool should be used for a given transfer; and
the namespace, a component that stores file metadata, exposes a hierarchical
file system view and enforces POSIX semantics on file system operations. All
9 As a Java application, dCache can run on any OS that supports the desired Java

version. Today, all known dCache deployments run on various flavors of Linux-based
systems.
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Fig. 1: dCache overview design. The minimal setup comprises four components:
a protocol-specific door, a pool manager, a namespace, and data servers. The
components communicate by exchanging messages.

components communicate by sending or receiving messages over a TCP/IP net-
work. Multiple redundant copies of dCache components can be started within a
single deployment to ensure high availability and load balancing. The topology
auto-discovery and coordination between multiple instances of dCache services
are based on Apache Zookeeper [2] - an open-source, highly reliable coordination
service for distributed applications. Data resilience is provided by redundant file
replicas and/or a tape copy.

To scale with the number of clients, dCache redirects the client to the server
selected for the given transfer by PoolManager. First, the client contacts a door
and requests access to a file. The door queries the metadata server for file at-
tributes and location within the system. After verifying the access rights, the
door requests a pool from PoolManager that matches the specified transfer. As
mentioned earlier, PoolManager selects a pool based on file availability and re-
turns a pool that will service the request. To reduce the number of requests
required to access a file, each door maintains its own copy of the PoolManager,
which replicates the central PoolManager’s state. The door contacts the selected
pool to authorize the transfer and then passes access-protocol-specific redirect
information to the client. Finally, the client connects to the pool and performs
the I/O requests. The details of the flow may differ depending on the access
protocol. In general, every access to a file in dCache requires only two internal
message exchanges.
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It is worth mentioning that the described flow has a built-in self-consistency
correction. If a Pool receives a request for a file replica that it doesn’t host, the
metadata server will be notified of the inconsistency, and the incorrect record
pointing to that data server will be removed. Then, the selection process will
restart.

The namespace/metadata service of dCache is built on top of a PostgreSQL [26]
database. An integrated automatic database schema migration applies filesystem
structural changes if needed. The dCache’s namespace relies heavily on database
ACID semantics for filesystem consistency and integrity: any file system change
is performed atomically within a single transaction; transaction isolation ensures
that end users and applications always see a consistent filesystem state. Almost
all database records are retrieved by keys, and query execution times are in sub-
millisecond ranges. Table 1 shows query execution times reported by PostgreSQL
17.2, running on Dell PowerEdge R660, with 64 Cores and 256GB RAM. The
dCache namespace hosts 200.000.000 filesystem objects.

Operation Mean query execution time, ms

lookup file by name 0.0073
read file attributes 0.0800
update attributes 0.0145
create file 0.1515
list directory 7.0444
delete file 0.0111

Table 1: Mean database query execution times in milliseconds as reported by
PostgreSQL statistics on the dCache system with 200.000.000 filesystem objects.
The average number of entries per directory for the list operation is 286, max
326381.

4 NFSv4.1/pNFS implementation

To provide access to distributed data without requiring a driver or application
changes, dCache can be accessed as a locally mounted filesystem via NFSv4.1/pNFS
protocol [25], using standard clients such as the Linux kernel. In versions 4.0 and
earlier of the NFS protocol, all data access goes through a single node, limiting
overall performance. With the pNFS extension, NFSv4.1 has split the meta-
data and data access paths and has, therefore, become a practical way to access
large-scale storage systems [14] in a distributed fashion. Fig. 2 demonstrates a
pNFS-enabled distributed server architecture. Although NFSv4.1/pNFS is not
the most popular data access protocol in HPC environments, it is currently the
only open standard that provides POSIX access to distributed data. Moreover,
recent developments in the Linux NFS kernel client have demonstrated that
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pNFS can deliver the performance required by HPC workloads[6,13,23]. For this
reason, dCache supports NFSv4.1/pNFS, with an emphasis on pNFS. To our
knowledge, dCache was the first publicly available storage system to use pNFS
in production [8,10]. We not only play the role of early adopters but also actively
participate in the IETF10 protocol definition process and in regular cross-vendor
compatibility testing events.

The NFSv4.1/pNFS protocol is seamlessly integrated into the dCache ar-
chitecture. The pNFS metadata server (MDS) is implemented as yet another
dCache door, while data servers (DS) are implemented in dCache pools (see
Section 3). The protocol specifies only the interactions among the client, MDS,
and DSes; the so-called control path between MDS and DS is unspecified and
may be defined by implementations.

NFSv4.1/pNFS
clients

Data servers

Metadata
server

Data path
Metadata path

Fig. 2: NFSv4.1/pNFS distributed architecture. The storage bandwidth grows
with the number of data servers.

The pNFS standard specifies four layout types that define how data is dis-
tributed across multiple data servers and how clients access those servers. Ini-
tially, dCache supported only LAYOUT4_NFSV4_1_FILES, which uses a lim-
ited subset of the NFSv4.1 protocol to access DSes (only establishment of the
NFSv4.1 session, READ, and WRITE operations are allowed). With the intro-
duction of the LAYOUT4_FLEX_FILES type in RFC8435 [12], dCache has
updated its implementation to take advantage of the new layout type’s benefits,
such as error reporting and pNFS I/O statistics provided by clients. RFC8435 in-
troduces the concepts of tightly- and weakly-coupled DSes, where, in the tightly-
coupled model, communication between MDS and DS uses a specifically designed
protocol, and NFSv3 [4] as a data path protocol. As of now, dCache is the only
pNFS server implementation with a tightly-coupled DS model and NFSv4.1 as
the data path protocol. This not only enriches the NFSv4.1/pNFS landscape but
10 https://datatracker.ietf.org/wg/nfsv4/about/
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also proves that the protocol is not tied to a single vendor implementation. The
NFS protocol handling in dCache is provided as a separate LGPLv2.0-licensed [9]
library and can be used by others to implement their own pNFS clusters.

The recent changes to the NFS implementation in dCache version 11.2 have
introduced zero-copy data transfers, in which dCache pool nodes can send data
to clients using the copy_file_range system call, thereby avoiding additional
copying from disk to the dCache internal I/O buffer. This optimization has
improved I/O bandwidth by 20% and reduced CPU load on data servers during
performance benchmarking.

5 Improving HPC workloads

As dCache has started to serve HPC workloads, we have identified limitations in
the current dCache implementation. Firstly, some applications that use check-
points experienced a hot-inode issue (or hot directory), in which multiple clients
concurrently attempt to create files in a single directory. Secondly, due to the
large number of small reads, dCache’s internal communication significantly con-
tributed to file open latency.

5.1 Metadata service optimization

As mentioned in Section 3, dCache uses PostgreSQL as a backend for its meta-
data service. Although PostgreSQL can handle more than 100k database IN-
SERTs per second, UPDATEs of a single record by multiple concurrent transac-
tions are serialized. PostgreSQL (and many other databases) uses Multiversion
Concurrency Control (MVCC) for transaction isolation, which creates multiple
versions of the records and controls the visibility by transaction id: the row ver-
sion is visible to a transaction if it was committed before the transaction started,
i.e., has a lower transaction id. On UPDATE, if the target row is being updated
by another concurrent transaction, the updater will wait for the first transaction
to commit or roll back. This behavior is guaranteed by row-level locking, which
is implicitly applied to any DELETE or UPDATE operations. Such low-level
locking doesn’t apply to INSERT; therefore, INSERT-only workloads provide
better throughput and are limited only by hardware constraints.

This behavior of the database degrades throughput when multiple clients
create files in a single directory, because each create operation requires updat-
ing the parent directory’s mtime. Fig. 3 shows the file creation rates using the
mdtest [15] benchmark running two different workloads. In one case, files are
created in a single directory shared by all tasks, whereas in the other, files are
created in a directory per task.

With respect to the filesystem object creation procedure, we identify two
distinct suboperations with different responsibilities. The first one is responsible
for the filesystem structure, i.e., allocating and inserting a new inode into the
filesystem tree. Filesystem integrity must be guaranteed at this stage: no orphan
inodes or dangling file names should exist when the operation completes or fails.
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Fig. 3: File creation per second over NFS. The creation rate drops with a growing
number of concurrent clients when all jobs create files in the same directory.

The second one is responsible for updating the parent directory’s attributes to
reflect the filesystem change so that clients can discover directory modification
events, typically to check the client’s local cache validity and, if needed, re-fetch
the directory listing. Typically, those caches have a validity period, and clients
will detect directory changes after some time.11 The consistency offered by both
suboperations serves two fundamentally different functions: one ensures filesys-
tem integrity, and the other makes the filesystem modification (actually, only
attribute updates) discoverable by the clients. While the first function, from
a database perspective, requires strong consistency, the second can tolerate an
inconsistent state, i.e., rely on eventual consistency. Moreover, the filesystem ob-
ject creation operations are not idempotent; a second attempt fails with the File
exists error. However, updating the parent directory attributes is an idempotent
operation and can be applied multiple times. When multiple concurrent cre-
ate or remove operations are processed, the highest (latest) value of the parent
directory time is desired.

To improve file creation rate and match the application needs dCache meta-
data server has introduced three parent directory attribute consistency guaran-
tees:

strong Creation of a filesystem object will update the parent directory’s mtime,
ctime, nlink and generation attributes right away. This behavior strictly
mimics POSIX constraints.

11 For Linux NFS client, the default cache validity is 30 seconds, which can be changed
by the acdirmin mount option.
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weak Creating a filesystem object will eventually update the parent directory’s
mtime, ctime, nlink, and generation attributes. The clients may observe out-
dated parent directory attributes.

soft The behavior is similar to weak consistency with a key difference: directory
attribute reads will reflect pending updates. In other words, it ensures even-
tual consistency for directory attributes at the database level while providing
readers with the most current information. This is achieved by introducing
additional latency through an extra lookup to account for those updates.

This functionality was introduced in dCache version 9.2.0 and has demon-
strated the ability to create up to 17500 files per second, matching the file-
creation rate achieved with a dedicated directory per task. The benchmark re-
sults are shown in Fig. 4.
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Fig. 4: File creation rates depending on consistency level enabled in the metadata
server.

5.2 NFS read delegations

Though the pNFS protocol provides native access to distributed data, it intro-
duces overhead. For each open-read-close on the application level, multiple NFS
requests must be exchanged between the client and the server. The client will
send the first OPEN request to obtain the file handle, then issue a LAYOUT-
GET operation to determine which DSes should be accessed, and subsequently
send READ requests to the appropriate DS. Upon close, the client will issue
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the CLOSE operation to release server resources. For applications that open a
file once and stream large amounts of data, this overhead is negligible. How-
ever, many modern data analysis and ML-training frameworks repeatedly open
and close the same file, often reading only a small portion or a single frame of
a dataset each time. In a loop processing thousands of frames, this results in
thousands of OPEN and CLOSE operations.

From the analysis application developer’s perspective, this pattern is natural
and idiomatic. From the storage system’s perspective, it leads to pathological
behavior: the OPEN-CLOSE overhead dominates the I/O.

NFS delegations allow a server to decouple application-level open-close cycles
from protocol-level open-close cycles. The server delegates file access to the client.
When a client holds a delegation, it may perform open-close operations locally
without contacting the server. For read delegations, the server assures the client
that no other client will modify the file during the delegation period. As a result,
the client can cache data and suppress repetitive OPEN and CLOSE operations.
If a conflicting OPEN request is sent to the server, then the server will recall the
delegation, forcing the client to fall back to a standard OPEN-CLOSE cycle.

One of the challenges is deciding when to grant a delegation. Granting del-
egations too aggressively can increase recall traffic and impose additional load
on the server, whereas being too conservative limits performance gains. dCache
therefore implements an adaptive, per-client heuristic based on observed access
patterns. For each client, the server maintains two queues: an eviction queue
and an active queue. When a file is accessed for the first time, it is placed in the
eviction queue. A second access within the specified time window moves it to
the active queue, and the server then delegates the file. Files in the active queue
continue to benefit from delegation. If a file in the active queue is not accessed
for a configurable idle period, it is demoted back to the eviction queue. Both
queues are capacity-limited and managed using least-recently-used (LRU) evic-
tion policies. This heuristic captures the intuition that files accessed repeatedly
within a short time window are good candidates for delegation, while one-off
accesses should not consume delegation resources.

Despite the availability of delegations in the NFSv4.1 protocol, dCache pNFS
implementation based on LAYOUT4_NFSV4_1_FILES layout type could not
use it; the I/O on DSes is associated with OPEN-stateid, while the client is
free to send OPEN-, DELEGATION-, or LOCK-stateids. The introduction of
the LAYOUT4_FLEX_FILES layout, standardized in 2018, provided a turning
point. Flex_files layout explicitly specifies which stateid should be used for I/O.
As a consequence, dCache dropped support for LAYOUT4_NFSV4_1_FILES
and older clients, such as those based on RHEL6, that could not support the
required semantics.

To evaluate the impact of read delegations, we compared dCache version
11.0.x, which did not include the adaptive delegation mechanism, with dCache
11.1.x and later. The test workload with standard FIO [3] simulated a scientific
analysis, by reading 128 KB frames from an HDF5 file over NFS. Every frame
reads as an open-close cycle. The test runs in a loop and reads at a different
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offset on each iteration. In total, 4 GB of data out of 22 GB file was read by
the benchmark. The benchmark execution command is shown in listing 1.1.
The test run replicates the real application by running a deep-learning pipeline
based on the widely used CLAM [19] framework for whole-slide image (WSI)
classification. In dCache 11.0.x, the benchmark ran 168 seconds, corresponding
to a per-frame access time of about 5 milliseconds. With read delegations enabled
in dCache 11.1.x, the total processing time dropped to under 12 seconds, with
access of approximately 0.37 milliseconds per frame. The results are summarized
in Table 2.

f i o −−name open−in−loop \
−−s i z e =128k −−bs=128k −−loops =32000 \
−−rw=randread −−f i l ename=tes t −data . h5

Listing 1.1: Opening file in the loop with FIO.

Without delegation With read delegation

Number of RPC requests 128023 32006
Benchmark execution time, seconds 168 12
Average per frame read time, ms 5 0.37
Table 2: Number of OPEN-CLOSE cycles on the server, mean number of bytes
read per cycle, and total number of bytes read per job with and without read-
delegation.

6 Conclusions and Future work

dCache is a mature, production-grade storage system that has successfully sup-
ported data-intensive scientific workflows for over two decades. Initially devel-
oped for HEP experiments, dCache has evolved into a universal solution support-
ing various scientific domains, including astrophysics, biomedical research, and
life sciences. Its architecture integrates distributed disk storage with an HSM,
enabling seamless migration between disk and tape while ensuring efficient data
access, high availability, and fault tolerance. With the shift from grid clusters
toward HPC resources and non-HEP workloads, design limitations in previous
versions of dCache were exposed by new clients’ data access patterns.

In this paper, we have demonstrated that these challenges can be addressed
without abandoning standardized interfaces or dCache’s core design principles.
By analyzing representative HPC and AI access patterns, we identified key bot-
tlenecks and introduced targeted optimizations at both the metadata and data-
access layers. On the metadata side, we showed that selectively relaxing parent
directory attribute consistency significantly improves file-creation scalability un-
der highly parallel workloads while preserving filesystem integrity. This approach
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aligns with prior observations that many HPC and AI applications do not depend
on strict POSIX metadata semantics.

At the data-access level, we presented substantial enhancements to dCache’s
NFSv4.1/pNFS implementation. We showed that poor performance observed by
users was primarily due to excessive OPEN and CLOSE operations triggered
by inefficiencies in popular ML and AI training frameworks and applications.
By introducing an adaptive delegation heuristic and leveraging modern pNFS
layouts, dCache eliminates this overhead and delivers order-of-magnitude per-
formance improvements. Additionally, the switch to zero-copy data paths on
the data server side reduces CPU utilization and improves throughput, further
increasing the efficiency of HPC applications.

Together, these results demonstrate that NFSv4.1/pNFS, when combined
with modern client implementations and carefully engineered server-side opti-
mizations, is a viable and effective solution for HPC and AI storage. By relying
on a standardized, POSIX-compliant protocol, dCache enables transparent ac-
cess from heterogeneous environments without proprietary clients, simplifying
operations while maintaining competitive performance.

A limitation of the current work is the absence of application-level I/O stud-
ies for HEP workloads, which we identify as an important direction for future
research to better understand data access patterns and optimize end-to-end per-
formance.

Future work will focus on further reducing inter-component messaging la-
tency, which remains a critical factor for small-file-access–based applications.
In parallel, delegation heuristics will be extended to support mixed read/write
workloads. A key direction for future research is a deeper analysis of I/O require-
ments for ML and AI applications on HPC systems. Insights from such analyses
will serve as a foundation for further development, ensuring that dCache contin-
ues to evolve to meet the data management needs of data-intensive science.
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The NFSv4.1/pNFS protocol components are available at https://github.com/
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