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1 EXTENDED ABSTRACT
High-Performance Computing (HPC) systems’ increasing ability
to run data-intensive problems at larger scale and resolution has
driven the evolution of modern storage technologies. In addition,
extreme amounts of data are collected by large scientific instru-
ments and sensor network is resulting in a push for more capable
storage systems [7]. However, as we move towards the exascale era,
parallel file systems such as Lustre, GPFS, and PVFS2, face signifi-
cant challenges in performance, scalability, complexity, and limited
metadata services [2, 3, 5], creating a significant I/O bottleneck
which will lead to less scientific productivity [10, 11]. Hierarchi-
cal Data Format (HDF) technologies [6] address the problems of
how to organize, access, analyze, and preserve data in the face of
enormous growth in size and complexity. Out of all high-level I/O
library usage in DOE labs, HDF5 is the undeniable leader with 99%
of the share making it widely popular within the scientific commu-
nity. Middleware layers like HDF5 try to address the I/O bottleneck
by hiding the complexity of performing coordinated I/O to single,
shared files, and by encapsulating general purpose optimizations.

To mitigate this I/O performance bottleneck, mordern storage
subsystems are going through extensive changes, by adding addi-
tional levels of memory and storage in a hierarchy [1]. to allevi-
ate the performance gap between the main memory and remote
disk-based PFS, new hardware technologies are emerging such
as High-Bandwidth Memory (HBM), NonVolatile RAM (NVRAM),
Solid-State Drives (SSD), and dedicated buffering nodes (e.g., burst
buffers). Modern supercomputer designs employ such hardware
technologies in a heterogeneous layered memory and storage hi-
erarchy, we call Deep Memory and Storage Hierarchy (DMSH) [4,
5, 7, 8].For example, Cori system at the National Energy Research
Scientific Computing Center (NERSC), uses CRAY’s Datawarp tech-
nology. Los Alamos National Laboratory Trinity supercomputer
uses burst buffers with a 3.7 PB capacity and 3.3 TB/s bandwidth.
Summit in Oak Ridge National Lab will also employ fast local NVMe
storage for buffering. The new DMSH promises to offer a solution
that can efficiently support scientific discovery in many ways: im-
proved application reliability through faster checkpoint-restart,

accelerated I/O performance for small transfers and analysis, fast
temporary space for out-of-core computations, and in-transit anal-
ysis.

As multiple layers of storage are added into HPC systems, the
complexity of data movement among the layers increases signifi-
cantly, making it harder to take advantage of the high-speed and
low-latency storage systems [3]. Additionally, each layer of DMSH
is an independent system that requires expertise to manage, and
the lack of automated data movement between tiers is a significant
burden currently left to the users [9]. Furthermore, popular I/O
middleware, such as HDF5, PnetCDF, and ADIOS, are configured
to operate with the traditional memory-to-disk I/O endpoints. This
middleware provides great value by isolating users from the com-
plex effort to extract peak performance from the underlying storage
system, but it will need to be updated to handle the transition to
a multi-tiered I/O configuration [9]. There is a need to seamlessly
and transparently support access to layers of a deep memory and
storage hierarchy.

Deep memory and storage hierarchies require a scalable, reliable,
and high-performance software to efficiently and transparently
manage data movement. New data placement policies, memory
and metadata management, and efficient communication fabric
is required to address DMSH complexity and realize its potential.
We propose to raise the level of abstraction and make it easier for
the user to perform I/O on top of a DMSH system. In this work,
we present Hermes: a new, heterogeneous-aware, multi-tiered, dy-
namic, and distributed I/O buffering system for HDF5. Hermes
enables, manages, and supervises I/O buffering into DMSH and of-
fers: a) vertical distributed buffering in DMSH (i.e., access
data to/from different levels locally and across remote nodes), b) se-
lective layered data placement (i.e., buffer data partially or entirely
in various levels of the hierarchy), c) dynamic buffering (i.e., provide
different buffering schema and needs based on application’s require-
ment). Hermes accelerates applications’ I/O access by transparently
buffering data in DMSH. Data can be moved through the hierar-
chy effortlessly and therefore, applications have a capable, scalable,
and reliable middleware software to navigate the I/O challenges
towards the exascale era. Lastly, by supporting HDF5 interface,
Hermes offers ease-of-use to a wide-range of scientific applications.
We strive for maximizing productivity, increasing resource utiliza-
tion, abstracting data movement, maximizing performance, and
supporting a wide range of scientific applications and domains.
Ultimately, the goal is to ensure that application developers have a
performance-portable I/O solution that minimize changes to their
use of the middleware APIs, regardless of the underlying file system
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Figure 1: Hermes Architecture

1.1 Hermes Overview.
Hermes is designed as a middleware layer - sitting between appli-
cations and DMSH as shown in Figure 1. As a middleware library,
Hermes captures I/O calls using HDF5 VOL and redirects them to
different layers of DMSH. Legacy applications can easily connect
to Hermes by simply using the vol plugin or recompiling the code
with our library. There are no changes to user code and there is
no need to upgrade to a different workflow. We design Hermes to
easily work with existing software. Our goal is to maximize user
productivity by making I/O buffering transparent. The architec-
ture of Hermes can be seen in Figure 1. In DMSH systems, besides
the main memory, every compute node might be equipped with
an NVMe device or even an SSD. Additionally, shared buffering
nodes, such as burst buffers, will most likely be present and posi-
tioned close to the compute nodes. Finally, a remote PFS supports
all compute nodes with persistence and fault tolerance as important
features. Hermes is a platform that aims to enable efficient access to
the layers of DMSH using the vertical hierarchy. Vertical hierarchy
refers to data movement within a compute node and all the way
down to the burst buffers and PFS. Therefore, a system could consist
of several layers of storage hierarchy, performance-wise, such as
local RAM, local NVMe, burst buffers, and PFS.

1.2 Initial Evaluation
To test our system under real applications workload, we configured
Hermes in persistent asynchronous mode and selected the default
data placement policy, MaxBW. We used Cori as our test bed with
128 haswell compute nodes.
VPIC: is an application demonstrates a shared file write-only I/O
access pattern where at the end of each time step, each process
writes data to an HDF5 ÂĂfile. In Figure 2(a) we report only the
I/O time which consists of write-time (i.e., what the application
experiences). In the largest tested scale of 8092 ranks, the baseline
completed the test in 44430 seconds. Data Elevatorwrote the entire
dataset in 26 seconds. This is approximately a 170x improvement

(a) VPIC (b) Flash

Figure 2: Performance Evaluation

over the baseline. However, due to the higher bandwidth of the
DMSH, Hermes’ write performance is 800x and 5x higher than the
baseline and the Data Elevator we tested, respectively.
FLASH: is an application demonstrates a shared file mixed I/O
access pattern where at the end of each time step, each process
writes and reads data to an HDF5 file. In Figure 2(b) we report
only the I/O time which consists of write-time and read-time (i.e.,
what the application experiences). In the largest tested scale of 8092
ranks, the baseline completed the test in 3200 seconds. Data Elevator
wrote the entire dataset in 20 seconds. This is approximately a
160x improvement over the baseline. However, due to the higher
bandwidth of the DMSH, Hermes’ write performance is 750x and
4.5x higher than the baseline and the Data Elevator we tested,
respectively.
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