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WHAT ARE SCIENTISTS DOING?

“To be successful, 
a system designer 
must possess 
a thorough 
understanding of 
how the system is 
likely to be used.”

Nieuwejaar, Nils, et al. "File-access characteristics of parallel scientific workloads." IEEE TPDS 7.10 (1996): 1075-1089.
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Fi le- Access C ha ract:e rist ics 
of Parallel Scientific Wlorkloads 

Nils Nieuwejaar, David Kotz, Member, /E€€ Computer Society, 
Apratim Purakayastha, Carla Schlatter Ellis, Member, /€E€ Computer Society, 

and Michael L. Best, Student Member, /€E€ 

Abstract-Phenomenal improvements in the computational performance of multiprocessors have not been matched by comparable 
gains in I/O system performance. This imbalance has resulted in I/O becoming a signilicant bottleneck for many scientific 
applications. One key to overcoming this bottleneck is improving the performance of multiprocessor file systems. The design of a 
high-performance multiprocessor file system requires a comprehensive understanding of the expected workload. Unfortunately, until 
recently, no general workload studies of multiprocessor file systems have been conducted. The goal of the CHARISMA project was 
to remedy this problem by characterizing the behavior of several production workloads, on different machines, at the level of 
individual reads and writes. The first set of results from the CHARISMA project describe the workloads observed on an Intel 
iPSC/860 and a Thinking Machines CM-5. This paper is intended to compare and conirast these two workloads for an 
understanding of their essential similarities and differences, isolating common trends and platform-dependent variances. Using this 
comparison, we are able to gain more insight into the general principles that should guiide multiprocessor file-system design. 

index Terms-Parallel file system, workload characterization, multiprocessor, parallel I/O, scientific computing. 
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1 INTRODUCTION 

HERE is a growing imbalance between the computa- T tional performance and the 1 / 0  subsystem perform- 
ance in multiprocessors. This imbalance has resulted in 
1 / 0  becoming a significant bottleneck for many scientific 
applications. Thus, there is a clear need for improvements 
in the design of high-performance, multiprocessor file 
systems to enable them to meet the 1 / 0  needs of these 
applications. 

To be successful, a system designer must possess a thor- 
ough understanding of how the system is likely to be used. 
Only with such an understanding can a system’s policies 
and mechanisms be optimized for the cases expected to be 
most common in that system’s workload. Designers have so 
far been forced to rely on speculation about how multiproc- 
essor file systems would be used, extrapolating from file- 
system characterizations of general-purpose workloads on 
uniprocessor and distributed systems or of scientific work- 
loads on vector supercomputers. 

To address this limitation, we initiated the CHARISMA project 
in June 1993 to CHARacterize 1 /0  in Scientific Multiprocessor 
Applications from a variety of production parallel computing 
platfonns and sites. (More about CHARISMA may be found at 
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While some work has been done in studying the 1 / 0  needs 
of parallel scientific applications (typically by examining a 
small number of selected applications), the CHARISMA 
project is unique in recording individual read and write 
requests in live, multiprogramming, parallel workloads. We 
have so far completed characterization studies on an Intel 
iPSC/860 at NASA’s Ames Research Center [l] and on a 
Thinking Machines CM-5 at the National Center for Super- 
computing Applications [ 2 ] .  On both systems we addressed 
a similar set of questions: 

What did the job mix look like: How many jobs were 
run concurrently? How many processors did each job 
use? 
How many files were read and written? What were 
their sizes? 
What were typical read and write request sizes, and 
how were they spaced in the file? Were the accesses 
sequential and, if so, in what way? 
What are the overall implications for multiprocessor 
file-system design? 

In this paper, we address the final question by integrating 
results and observations across multiple platforms. To that 
end, we use the results from the two machine-specific studies 
to try to identify observations that hold across various multi- 
processor platforms, and to pinpoint characteristics that ap- 
pear to be specific to a single platform or environment. 

In the next section, we describe previous studies of multi- 
processor file systems and file-system workloads, and we 
describe the two platforms examined in this study. In Section 
3, we outline our research methods, and in Section 4, present 
our results. Seci:ion 5 draws some overall conclusions. 
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“Designers have so far 
been forced to rely 
on speculation 
about 
how multiprocessor 
file systems would 
be used …”

“To address this 
limitation, we initiated 
the CHARISMA 
project in June 1993 
to CHARacterize 
I/O in Scientific 
Multiprocessor 
Applications 
from a variety 
of production 
parallel computing 
platforms and sites.”



A DECADE PASSES
(no, seriously)

We’re busy putting PVFS 
on a Blue Gene system.

I’m at Livermore giving a talk 
about this work.

I’m still thinking about observation 
and understandability.

…

R. Ross. ”PVFS in Production”. Presented at LLNL. February 2007.
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ABSTRACT 
Current trends in high performance computing suggest that users 
will soon have widespread access to clusters of multiprocessors 
with hundreds, if not thousands, of processors. This 
unprecedented degree of parallelism will undoubtedly expose 
scalability limitations in existing applications, where scalability is 
the ability of a parallel algorithm on a parallel architecture to 
effectively utilize an increasing number of processors. Users will 
need precise and automated techniques for detecting the cause of 
limited scalability. This paper addresses this dilemma. First, we 
argue that users face numerous challenges in understanding 
application scalability: managing substantial amounts of 
experiment data, extracting useful trends from this data, and 
reconciling performance information with their application’s 
design. Second, we propose a solution to automate this data 
analysis problem by applying fundamental statistical techniques to 
scalability experiment data. Finally, we evaluate our operational 
prototype on several applications, and show that statistical 
techniques offer an effective strategy for assessing application 
scalability. In particular, we find that non-parametric correlation 
of the number of tasks to the ratio of the time for communication 
operations to overall communication time provides a reliable 
measure for identifying communication operations that scale 
poorly. 

1 INTRODUCTION 
Current trends in high performance computing suggest that users 
will be running their applications on scalable clusters of 
multiprocessors with hundreds, if not thousands, of processors in 
the near future [3, 15]. This unprecedented availability of 
computing resources motivates the need for precise and 
meaningful scalability analysis of these applications. By 
scalability, we mean the ability of a parallel algorithm on a 
parallel architecture to effectively utilize an increasing number of 
processors [6, 7, 13]. Undoubtedly, this new, high degree of 
concurrency will expose scalability limitations of applications 

that, at lower levels of concurrency, might have been shrouded by 
other application or system characteristics. Furthermore, perpetual 
improvements in single node performance will continue revealing 
the scalability limitations of communication operations in their 
distributed applications.  
Although metrics like execution time, speedup, and efficiency 
[14] help quantify scalability on an abstract level, users need 
precise information about poorly scaling communication 
operations in their application. In addition, for any analysis to help 
users understand their application’s scalability, the technology 
should be able to explain scalability phenomena in terms of 
decisions a user makes while designing their application. 
To this end, we propose an automated technique that uses familiar 
statistical techniques to direct a user's attention on poorly scaling 
communication operations in their application. Our method 
digests the results of multiple application experiments and 
suggests communication operations whose growth has a positive 
correlation with the number of tasks. We empirically evaluate the 
usefulness of these techniques on nine applications with both 
fixed and scaled problem sizes. Our results show that, in every 
case, our method quickly identifies the communication operations 
that grow to dominate the application's execution time during 
highly parallel experiments. More importantly, our technique 
selects operations that a user might not normally locate when 
using simpler methods.  

1.1 Background 
The analysis of scalability is not a new concept [6, 14]. Yet many 
users find scalability analysis of their applications difficult, time-
consuming, and inconclusive. Despite the fact that investigators 
have proposed numerous metrics, such as speedup, scaled 
speedup, efficiency, and iso-efficiency, these metrics provide only 
an abstract and broad view of application scalability behavior. 
They do not provide specific evidence that allows users to 
understand and optimize their applications. Worse, the 
experimental process of measuring application scalability, in 
practice, can generate an intractable amount of data. This fact 
alone can hinder the effort, because users are basically inundated 
with lots of uninteresting, redundant data. 
Aside from this work, various teams have proposed scalable 
visualization techniques for understanding performance data [5, 
10, 21]; however, many of these techniques have not been 
extended to help users understand application scalability. 
Essentially, this previous work has focused on helping users 
understand the performance data of one application experiment, 
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A DECADE PASSES
(no, seriously)

We’re busy putting PVFS 
on a Blue Gene system.

I’m at Livermore giving a talk 
about this work.

I’m still thinking about observation 
and understandability.

Talking with Jeff Vetter, I learn 
about a tool called mpiP…
J. S. Vetter and M. O. McCracken, “Statistical scalability analysis of communication operations in distributed applications,” SIGPLAN Notices, vol. 36, no. 7, pp. 123–132, 2001.
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“Rather than capture a verbatim trace of MPI 
activity, (mpiP) summarizes statistics at a 
per process level at run time and merges 
the statistics at the completion of the job.”
P. Carns et al. “24/7 Characterization of Petascale I/O Workloads.” IASDS 2009.



DARSHAN I/O CHARACTERIZATION TOOLKIT

Designed to capture 
an accurate picture 
of application I/O 
behavior, including 
properties such as 
patterns of access 
within files, with 
minimum overhead

H. Luu et al. “A Multiplatform Study of I/O Behavior on Petascale Supercomputers”, HPDC 2015, 2015. (top)
Philip Carns et al. “Understanding and improving computational science storage access through continuous characterization”, ACM ToS, 7:8:1-8:26, October 2011. (bottom)

Not primarily a tracing library 
although it can do that

Useful for:
§ Identifying trends in how 

applications are using 
the storage system

§ Identifying applications 
with problem behaviors

§ Understanding I/O behavior 
at multiple software layers

§ Capturing data inputs and 
outputs of workflow tasks
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DARSHAN IMPLEMENTATION

Darshan provides a variety 
of modules capturing specific 
classes of information, 
typically related to a specific 
API or file system.

Thanks to S. Snyder for this slide (and all his hard work on Darshan!).

Darshan records file 
access statistics for 
each process as app 
executes
At app shutdown, 
collect, aggregate, 
compress, 
and write log data

Darshan can insert I/O 
instrumentation at link-time 
(for static/ dynamic 
executables) or at runtime 
using LD_PRELOAD 
(for dynamic executables)

After job completes, 
analyze Darshan log data 
§ PyDarshan: Python analysis 

module for Darshan logs
§ darshan-parser: provides 

complete text-format dump 
of all counters in a log file



WHAT HAVE WE GOTTEN RIGHT?

Temporal view of I/O (in bytes), broken down by MPI rank. 
Bins are populated based on number of bytes read/written in 
the given time interval (temporal binning). Bins are 
combined as needed to maintain fixed memory footprint 
(time series coalescing).

The vertical bar graph sums each time slice across all ranks 
to show the total I/O time, while the horizontal bar graph 
sums all the I/O events for each rank to illustrate how I/O is 
distributed across ranks.

Low overhead, 
“in production” 
focus

Modularity/
extensibility 
(eventually)

Collaboration 
with facilities Compression

Data releases
Simple, 
structured output 
for processing
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ABSTRACT
Modern scienti!c applications utilize numerous software and hard-
ware layers to e"ciently access data. This approach poses a chal-
lenge for I/O optimization because of the need to instrument and
correlate information across those layers. The Darshan characteri-
zation tool seeks to address this challenge by providing e"cient,
transparent, and compact runtime instrumentation of many com-
mon I/O interfaces. It also includes command-line tools to generate
actionable insights and summary reports. However, the extreme
diversity of today’s scienti!c applications means that not all appli-
cations are well served by one-size-!ts-all analysis tools.

In this work we present PyDarshan, a Python-based library that
enables agile analysis of I/O performance data. PyDarshan caters
to both novice and advanced users by o#ering ready-to-use HTML
reports as well as a rich collection of APIs to facilitate custom
analyses. We present the design of PyDarshan and demonstrate its
e#ectiveness in four diverse real-world analysis use cases.
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1 INTRODUCTION
Understanding how applications and work$ows access data is an
incredibly important aspect of computational workloads on HPC
platforms. This importance is ampli!ed by the increasing !delity
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and rate of data produced by scienti!c instruments and simula-
tions [9, 20, 40]. At the same time, newworkloads are emerging that
stress I/O systems di#erently from traditional applications [12, 22].
The variety of workloads present on modern platforms include
simulations, experimental data analysis, inference and training of
machine learning, and hybrid workloads incorporating elements
of each. Many applications run into I/O bottlenecks that require
understanding I/O behavior, especially as they scale. As a result,
better tools for I/O analysis are vital. In the short term, such tools
can directly improve application and work$ow performance. In the
long term, such tools can provide insight into compute, network,
and storage utilization to inform the construction of e"cient future
systems.

Scienti!c applications use many di#erent programming inter-
faces for I/O, from high-level interfaces for conveniently describing
data to low-level interfaces that interact more directly with storage
hardware. In many cases, data is translated through multiple layers
on its way to a distributed storage system. This complexity makes
analyzing and optimizing application and work$ow I/O a daunting
task requiring multilevel instrumentation. A common solution for
the instrumentation of HPC applications is Darshan [18], which
allows e"cient instrumentation for pro!ling and tracing across
many I/O layers such as POSIX, STDIO, MPI-IO, HDF5, and Lustre.

Up to now, the infrastructure for analyzing Darshan data has
been limited to ad hoc scripts and C-coded tools. In this paper
we present PyDarshan, a library of tools designed to enable agile
analysis of I/O performance data captured using Darshan. Our
contributions with PyDarshan are the following:

• Connect Darshan performance data to a rich Python ecosystem
of data science, machine learning, and visualization libraries

• Promote interoperability of performance analysis tools by facili-
tating access to reusable analysis routines

• Enable more e"cient access to Darshan data for the analysis of
large collections of Darshan logs and longitudinal studies

• Present multiple use cases to illustrate how PyDarshan capabili-
ties enable agile development of insightful I/O analysis tools

PyDarshan opens up the analysis of I/O behavior to a much
broader audience, allowing a deeper understanding of the impor-
tance and characteristics of I/O in scienti!c computing today and
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WHAT NEEDS MORE WORK?
I’m sure this isn’t a complete list

Darshan coverage on Polaris system at Argonne 
over 10-month period: ranges from 5% to over 40%.

S. Snyder et al. ” Expanding Community Access to Real-world HPC Application I/O Characterization Data Using Darshan.” Cray Users Group Meeting. May 2025.

Coverage
Data 
Fusion

Python 
Workflows

Coverage is still 
often very low 
(right) due to 
unclean job 
terminations, 
opting out, etc.

Data isn’t 
especially easy 
to fuse with 
other sources 
(e.g., time 
series data).
https://doi.org/10.1109/CL
USTER51413.2022.00082

So many files! 
Have mitigated 
with filters. 
Frameworks 
that execute 
many tasks 
under the same 
process are 
a separate 
challenge.
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SERVICE DEVELOPMENT 
AND SPECIALIZATION



HPC DATA SERVICES
In the mid-1990s, HPC data services 
were synonymous with NFS.

Some projects were emerging that 
looked to specialize for HPC
§ PIOUS – user space, data in local files, 

transactions
§ Vesta – 2D view of data, hashing filenames for 

fast lookup, algorithmic data placement

Commodity clusters, MPI, and Linux were 
relatively new things.

Steven Moyer and V. S. Sunderam. "PIOUS: a scalable parallel I/O system for distributed computing environments." Proceedings of SHPCC-92. IEEE, 1992.
Peter F. Corbett and D. G. Feitelson. "Design and implementation of the Vesta parallel file system." Proceedings of SHPCC-94. IEEE, 1994.
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Abstract 

PIOUS i s  a parallel file sys tem architecture that 
provides cost-effective, scalable bandwidth in  a network 
computing environment. PIOUS employs data declus- 
ten'ng, t o  exploit the combined file 1/0 and buffer 
cache capacities of networked computing resources, 
and transaction-based concurrency control, t o  guar- 
antee access consistency without explicit synchroniza- 
tion. This  paper presents preliminary results f r o m  a 
prototype PIOUS implementation. 

1 Introduction 

Parallel programming environments that exploit 
networked computing resources offer a cost-effective 
alternative to traditional parallel machines. Envi- 
ronments such as PVM [I41 and Linda [l], among 
others [ 151, enable parallel-distributed application de- 
velopment by providing mechanisms for interprocess 
communication, synchronization and concurrency con- 
trol, fault tolerance, and process management. How- 
ever, many parallel applications require or could ben- 
efit from a unified parallel 1/0 system that such envi- 
ronments generally lack. 

PIOUS, the Parallel Input/OUtput System, is a 
parallel file system that provides process groups access 
to permanent storage in a network computing environ- 
ment. PIOUS supports parallel application develop- 
ment by providing coordinated access to parafile file 
objects with sequential consistency semantics and a 
dynamically-selectable fault tolerance level. For cost- 

'Research supported by the National Science Foundation, 
under Award No. CCR-9118787, U. S. Department of Energy, 
under Grant No. DEFG05-91ER25105, and the Office of Naval 
Research under grant N0001493-1-0278. 

Figure 1: PIOUS software architecture 

effective scalable bandwidth, PIOUS declusters files to 
aggregate the performance of networked resources. 

This paper provides a brief overview of the PIOUS 
architecture and programming model and presents 
preliminary results from a prototype PIOUS imple- 
ment at ion. 

2 PIOUS Software Architecture 

The PIOUS software architecture is depicted in Fig- 
ure 1. PIOUS consists of a set of data servers, a 
service coordinator, and library routines linked with 
client processes. An underlying transport mechanism 
is assumed to carry messages between client processes 
and components of the PIOUS architecture. PIOUS 
data servers are assumed to access permanent storage 
via a native file system. 

A PIOUS Data Server (PDS) resides on each ma- 
chine over which files are declustered. Each PDS pro- 
vides transaction-based access to the local files that 
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Design and Implementation of the Vesta Parallel File System 

Peter F. Corbett Dror G. Feitelson 
IBM T. J. Watson Research Center 

P. 0. Box 218, Yorktown Heights, NY 10598 

Abstract their VO panems to match the available disks. Users do not 
The Vest0 parallel file system is designed to provide par- 

allel jile access to application progrants running on multi- 
computers with p a l l e l  I10 subsystems. Vesta uses a new 
abstraction of Jiles: a @e is not a sequence of bytes, but 
rather it can be partitioned into multiple disjoint sequences 
that are acussed in parallel. The partitioning - which 
can also be changed dynamically- reduces the need for 
synchronizanim and coordination during the access. Solme 
control over the layout of data is alsoprovided, so the layout 
can be marched with the anticipated access patiem. 

The system is fully implemented. and is beginning to be 
used by application programmers. The implementation does 
not cotnpmise scalability or parallelism. In fact, all data 
accesses are done directly to the 110 ma2 that contains the 
requested data. without any indirection or access to shared 
mtadata. There are no centralized control points in the 
system. 

1 Introduction 
With the recent introduction of scalable parallel multi- 

compumby Cray Researchand IBM.itisclearthatthenext 
generation of supercomputas will be parallel machines [41. 
These supercomputas will achieve their high performance 
by employing hundreds of workstarionclass processors in 
tandem. Likewise, parallel U 0  subsystems will be used 
in order to balance the U 0  capabilities with the processing 
capabilities. This is already being done by most vendors 
of parallel machines. Examples include the Scalable Disk 
A m y  of the CM-5 from Thinlring Maches, and the VO 
partitions of the Intel Paragon. 

An application's interface to a system's VO facilities is 
most often through a file system. Multicomputer file sys- 
tems make use of the parallel VO subsystem by declustering 
files, meaning that the blocks of each file are distributed 
m s s  distinct YO nodes. For example, this is done in 
Intel's Concurrent File System (CFS) 171 and Thinlring Ma- 
chines' Scalable File System (sfs) [6]. Howeva. this feature 
is hidden from the users. The user interfax employs the 
traiitional notion of a file being a linear sequence of records 
(or bytes). rad the mapping to multiple disks is done be- 
neath the covers. ' Ihus users are prevented from tailoring 

even know where block boundaries are, so a small access 
might require data residing on two different VO nodes. 

In contrast, the Vesta file system exposes its parallel 
structure at the user interface [l,  21. While users do not 
have full control over the mapping of data to disks, they are 
able to create files that are distributed so as to match their 
applications. For example, in a matrix-multiply application 
each compute node only needs to access a band of rows or 
columns of each matrix. Vesta allows the files containing 
the matrices to be partitioned into such bands. Funhennore, 
it is possible to have each band stored on a hstinct YO node. 
Then each processor only accesses one VO node. reducing 
interference among processors and message passing over- 
head. Finally, Vesta also allows parallel file access using 
othex decompositions of the file dam for example. a file that 
was stored as a set of rows can also be accessed by column. 
"his does not require any movement of the dara. 

'zhe next section outlines the basic guidelines underly- 
ing the Vesta design. Subsequent sections show how these 
guidelines were applied to various issues, including the de- 
sign of the user intexface, the handling of metadata,, the 
implemmmion of data access. and support for shanng files 
among multiple processes. For each issue, we discuss the 
current implementation, its consequenm, and possible al- 
ternatives. 

2 Design Guidelines 

'zhe overriding goal of the Vesta file system is to provide 
high performance for U 0  intensive scientific applications 
on massively parallel multicomputess. l h s  workload is 
characterized by very large files which are mostly read. In 
many cases, the file data is disuibuted among the application 
processes, suchthateachreadsacertainpan, andalltogether 
read the whole file. This workload has much in common 
with other VO intensive worlloads,such as parallel database 
analysis, or video services. This is different enough from 
YO on traditional supercomputers that storing the whole 
file sequentially on one device. even a very fast device, is 
not a good solution. The Vesta design was guided by the 
following principles: 
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LEARNING FROM A SERIES OF SERVICES

1994–2009

PVFS and PVFS2
§ Structured data access
§ Concurrency control – 

sockets, custom state 
machines

§ Breaking implementation 
into simple modules – 
BMI and Trove

§ linux-fsdevel hell

2008–2011

IOFSL
§ I/O forwarding 

service
§ We got Mercury 

out of this!
§ We got to 

know the SCR 
(now Unify) team

2009–2015

Triton
§ Versioned I/Os in 

object stores
§ Source-to-source 

translation to aid 
programmability

§ We convinced 
ourselves there’s 
no one solution

§ DOD funding 
is “different”

2015–Present

Mochi
§ Still learning…



A PROJECT ABOUT BUILDING HPC SERVICES
Will someone fund that?

Started in 2015 with 
Garth Gibson and 
team as an effort 
to explore how 
composition and 
componentization 
could be exploited 
in HPC storage 
services

Grew into Mochi, an effort 
to define a methodology 
and develop a set of 
components for building 
HPC (data) services
§ Faster development and porting time
§ Exploit HW capabilities
§ Lots of code reuse

Current focus is more 
on ease of configuration 
and improved adaptivity 
(e.g., dynamic data placement, 
adding/removing resources)

The Mochi project draws inspiration,
algorithms, and code from a variety
of related computer science fields.

Cloud
Computing
Object Stores

Key-Value Stores

HPC
Fast transports
Scientific data

User-level threads

Distributed
Computing

Group
membership/comm.

Autonomics
Dist. control
Adaptability

Software 
Engineering
Composability



MOCHI IMPLEMENTATION

Thanks to M. Dorier for this slide.

MARGO (C) / THALLIUM (C++)
§ Very easy to understand and program with
§ Hides the Mercury progress loop
§ No more callbacks! Everything is a ULT
§ RPC (Remote Procedure Calls) turned into ULT
§ Argobots takes care of scheduling to resources

METHODOLOGY
§ Components provide a client and a server library
§ Functionalities implemented in different ways
§ Everything can look like an RPC (even if 

everything executes in the same process or node)



PDC [Tang18]

ISAV’20, November 12, 2020, Atlanta, GA, USA Pascal Grosset, Jesus Pulido, and James Ahrens

Table 1: The capabilities provided by di�erent commonly used in situ frameworks compared to Seer

Framework Script-Based Timesteps Multi-User Trigger Modi�able Steering Operators
Ascent Yes Multi No Yes No No Limited
Catalyst Yes Multi No No No No Static
Libsim Yes Multi No No No No Static

Live mode* No Single No No Yes No Unlimited
Seer Yes Multi Yes No Yes Yes Unlimited
Sensei Yes Multi No No No No Static
⇤ This refers to the live mode of Catalyst and Libsim. Seer and Sensei support Live mode by leveraging Catalyst and Libsim.

ParaView / VisIt, and the full range of �lters present in these
software is available for analysis.

• Sensei [3]: a generic in situ interface that allows a simulation
to connect to many di�erent in situ back-ends such as VisIt,
ParaView, or even do analysis using Python scripts, and
seamlessly switch back-ends with minimal code re-write.

• Ascent [13]: a �yweight in situ infrastructure designed to run
on High Performance Computing (HPC) systems. Ascent has
its own analysis tools and it also has a web-server that allows
images to be streamed to a browser. In a later work [11],
Jupyter notebooks are integrated into Ascent to allow users
to view the results of in situ analysis.

In Table 1, we list the frameworks and compare them based on
the properties below:

• Script-Based: Is the analysis based on running a script or
not? This method is the most common mode of operation of
in situ frameworks. For example, ParaView can be used to
generate a python script that will then be used by ParaView
Catalyst for in situ analysis.

• Timesteps: Does the analysis on the data lasts for one (sin-
gle) or multiple (multi) timesteps? The Live capability of
Catalyst and Libsim only impacts one single timestep of the
simulation. All of the other frameworks analyze data for
every/multiple timesteps of the simulation.

• Multi-User: Can multiple users be connected and run dif-
ferent analysis at the same time? Only Seer allows multiple
users to be connected and each user has his/her customized
personalized workspace.

• Trigger: Can the analysis be changed automatically based
on some condition in the simulation? Ascent is the only
framework [14] that provides this functionality.

• Modi�able: Can the analysis can be changed while the sim-
ulation is running? Seer and Live mode allows new analyses
to be run.

• Steering: Can new analysis be added/changed/removedwhile
a simulation is running and does it percolate to subsequent
timesteps automatically? Seer is the only framework that
supports this functionality.

• Operators: What is the range of �lters that can be applied
to simulation data? Live provides the full range of �lters
(unlimited) that is available in VisIt or ParaView; the user
of these tools can even code new ones. For Seer, a user can
create many new scripts that run some complex computa-
tion and insert them in the simulation; so again unlimited.
Triggers are limited by the �lter operation that is coded in

the script (Limited). Any framework that only takes a script
and runs through it in the simulation is referred to as static.

3 ARCHITECTURE
The architecture of Seer is shown in Figure 1. From a Jupyter Note-
book, the user issues commands to change which in situ analysis to
run in the simulation. The commands are sent to a Jupyter Server,
on the server, that connects to Mochi [17] (an HPC framework
composed of di�erent distributed data services), which hosts a Key/-
Value storage to keep track of the user’s instructions. Inside each
simulation, Seer_Sim has two components: a communicator that
talks to Mochi and an in situ wrapper that will create/modify/delete
in situ analyses as requested by the user. Results of the changed
analysis might lead to in situ analysis results being dumped to disk
(e.g. Catalyst Dumps) or stored in Mochi’s Key/Value storage for
the user to access from the Jupyter Notebook client. Easy access to
the in situ analysis results is provided by Seer_Client, a lightweight
python library for interacting with Mochi and performing analyses.

3.1 Data Services using Mochi
A key component of the Seer framework is Mochi, a lightweight
data service designed to facilitate the creation of data services for
HPC systems. Mochi is made of three main sub-packages: Mer-
cury, Argobots, and Margo. Mercury [20] is a high performance

Figure 1: Architecture of simulation instrumented with Par-
aViewCatalyst and using Seer for steering. Several users can
simultaneously connect to monitor the simulation.
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Seer [Grosset20]

2

DataSpaces Staging Framework

• Simple, powerful abstractions for making data available across all processes in a workflow
– In-memory data store (either in or out of process)
– Abstractions for scientific computing

• N-d array and metadata support optimized for access locality

– Designed to scale up to thousands of nodes putting and getting
• Distributed indexing
• RDMA data transfer

• Useful for in-situ workflows, where multiple process groups are producing and consuming short-lived data 
products
– Multi-simulation
– Simulation / Analysis / Visualization

• Opportunities for “smart” storage
– Analysis, I/O offload, etc.
– Data-dependent optimizations (pre-delivery, error detection, etc.)

https://github.com/rdi2dspaces/dspaces

DataSpaces [Docan12]
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CHFS [Tatebe22]

mostly based on magnetic disks. GekkoFS instead builds a
short-term, separate namespace from fast node-local SSDs that
is only temporarily accessible during the runtime of a job or
a campaign. As such, GekkoFS can be categorized into the
class of node-local burst buffer file systems, while remote-
shared burst buffer file systems use dedicated, centralized I/O
nodes [40], e.g., DDN’s IME [1].

In general, node-local burst buffers are fast, intermediate
storage systems that aim to reduce the PFS’ load and the
applications’ I/O overhead [18]. They are typically collocated
with nodes running a compute job, but they can also be depen-
dent on the backend PFS [3] or in some cases even directly
managed by it [24]. BurstFS [40], perhaps the most related
work to ours, is a standalone burst buffer file system, but,
unlike GekkoFS, is limited to write data locally. BeeOND [14]
can create a job-temporal file system on a number of nodes
similar to GekkoFS. However, in contrast to our file system,
it is POSIX compliant and our measurements show a much
higher metadata throughput than offered by BeeOND [36].

The management of inodes and related directory blocks are
the main scalability limitations of file systems in a distributed
environment. Typically, general-purpose PFSs distribute data
across all available storage targets. As this technique works
well for data, it does not achieve the same throughput when
handling metadata [5], [28], although the file system commu-
nity presented various techniques to tackle this challenge [3],
[13], [25], [26], [41], [42]. The performance limitation can
be attributed to the sequentialization enforced by underlying
POSIX semantics which is particularly degrading throughput
when a huge number of files is created in a single directory
from multiple processes. This workload, common to HPC
environments [3], [24], [25], [37], can become an even bigger
challenge for upcoming data-science applications. GekkoFS
is built on a new technique to handle directories and replaces
directory entries by objects, stored within a strongly consistent
key-value store which helps to achieve tens of millions of
metadata operations for billions of files.

III. DESIGN AND IMPLEMENTATION

GekkoFS offers a user-space file system for the lifetime of a
particular use case, e.g., within the context of an HPC job. The
file system uses the available local storage of compute nodes
to distribute data and metadata and combines their node-local
storage into a single global namespace.

The file system’s main goal focuses on scalability and
consistency. It should therefore scale to an arbitrary number
of nodes to benefit from current and future storage and
network technologies. Further, GekkoFS should provide the
same consistency as POSIX for file system operations that
access a specific data file. However, consistency of directory
operations, for instance, can be relaxed. Finally, GekkoFS
should be hardware independent to efficiently use today’s
network technologies as well as any modern and future storage
hardware that is accessible by the user.

File Map

GekkoFS client
library

Node-local FS

Margo
RPC

Server Margo IPC
Server

RocksDB 

GekkoFS daemon

Application

RPCMargo
RPC

Client

Margo
IPC

Client

Margo
RPC

Server Margo IPC
Server

RocksDB 

GekkoFS daemon

Node-local FS
Node 

RDMA

Fig. 1: GekkoFS architecture

A. POSIX relaxation

Similarly to PVFS [6] and OrangeFS [21], GekkoFS does
not provide complex global locking mechanisms. In this sense,
applications should be responsible to ensure that no conflicts
occur, in particular, w.r.t. overlapping file regions. However,
the lack of distributed locking has consequences for operations
where the number of affected file system objects is unknown a
priori, such as readdir() called by the ls -l command.
In these indirect file system operations, GekkoFS does not
guarantee to return the current state of the directory and
follows the eventual-consistency model. Furthermore, each file
system operation is synchronous without any form of caching
to reduce file system complexity and to allow for an evaluation
of its raw performance capabilities.

GekkoFS does not support move or rename operations or
linking functionality as HPC application studies have shown
that these features are rarely or not used at all during the exe-
cution of a parallel job [17]. Finally, security management in
the form of access permissions is not maintained by GekkoFS
since it already implicitly follows the security protocols of the
node-local file system.

B. Architecture

GekkoFS’ architecture (see Figure 1) consists of two main
components: a client library and a server process. An ap-
plication that uses GekkoFS must first preload the client
interposition library which intercepts all file system operations
and forwards them to a server (GekkoFS daemon), if neces-
sary. The GekkoFS daemon, which runs on each file system
node, receives forwarded file system operations from clients
and processes them independently, sending a response when
finished. In the following paragraphs, we describe the client
and daemon in more detail.

a) GekkoFS client: The client consists of three compo-
nents: 1) An interception interface that catches relevant calls
to GekkoFS and forwards unrelated calls to the node-local
file system; 2) a file map that manages the file descriptors
of open files and directories, independently of the kernel;
and 3) an RPC-based communication layer that forwards file
system requests to local/remote GekkoFS daemons.

Each file system operation is forwarded via an RPC message
to a specific daemon (determined by hashing of the file’s
path) where it is directly executed. In other words, GekkoFS
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GekkoFS [Vef18]

UnifyFS [Unify22]

TABLE II: SERVIZ API Description

serviz_open
Initializes Ascent library through ascent::open()

serviz_close
Finalizes Ascent library through ascent::close()

serviz_publish
Invokes Ascent publish API through ascent::publish()

serviz_execute
Invokes Ascent execute API through ascent::execute()

serviz_publish_execute_atomic
Invokes Ascent publish,and execute calls atomically

serviz_execute_pending_requests
Executes pending (stored) requests on the server

2) SERVIZ Implementation: The SERVIZ client library is
a stub capable of serializing and transferring data for the
RPC call through the Mercury library (see Section IV-B). The
service itself is an MPI executable that implements distributed-
memory parallelism in Ascent. MPI is not used for the transfer
of RPC data to the service. Each MPI process within the server
instantiates a single SERVIZ provider object. This SERVIZ
provider runs within the context of the primary process thread,
i.e., no extra OS threads are used. Also, each provider is
associated with a dedicated Argobots work queue.

The SERVIZ provider object implements the RPC APIs
presented in Table II. The first four APIs listed in Table II
result in a direct invocation of the corresponding Ascent
API call after the Conduit nodes are parsed from the RPC
arguments. Notably, these APIs can be invoked only in a
dedicated in transit server setting. When SERVIZ is shared
amongst multiple simulations, each simulation invokes the
serviz_publish_execute_atomic API call. Consider
the following scenario that can occur when executing SERVIZ
in a shared setting. There are simulations s1 and s2 sharing a
service consisting of two processes p1 and p2. At some point
during the execution, p1’s work queue contains the requests r1
(from s1) and r2 (from s2) in that order. The work queue on p2
contains the same requests, but in the reverse order. Given that
each RPC request is internally processed as a sequence of MPI
calls (for Ascent) involving both p1 and p2, these processes
must be synchronized and in agreement concerning which
request they are currently processing. However, the SERVIZ
providers on each process execute RPC work requests from the
work queue in the order in which they were inserted (FIFO).
Note that this situation arises because of the inherent non-
determinism in a multi-client setting and cannot be avoided.
Given that SERVIZ is both — an RPC-based service as well
as an MPI program, this situation needs to be addressed to
ensure the correct operation.

MPI rank 0 of each simulation broadcasts a high-
resolution timestamp to its peers to remedy this situa-
tion. This timestamp is an additional argument to the
serviz_publish_execute_atomic API call. On the
SERVIZ provider, this timestamp and the Conduit node data
are retrieved and stored in a priority_queue (heap) that
partially sorts the requests based on the timestamp. Each
SERVIZ provider MPI process then pulls the top element
from the queue and performs an MPI Allreduce to check

if its peers agree with respect to the request ID. If they
are, the Ascent computation proceeds in parallel. If they
are not, this request is stored for future execution using
serviz_execute_pending_requests. The latter sce-
nario can occur due to delays in receiving and processing the
RPC request at the network layer (beneath Argobots).

Fig. 2: SERVIZ: Division Into Multiple Instances
3) SERVIZ Execution Model: The SERVIZ MPI processes

can be divided into one or more service instances as depicted
in Figure 2. This strategy benefits large HPC clusters that do
not allow multiple MPI applications to share a single compute
node. Each service instance is given its own MPI communi-
cator to use for performing parallel Ascent operations.

The various steps in the invocation and the execution of the
service are described below:
• Generation of Server Addresses: The service MPI program

is launched first, following which the division of the pro-
cesses into the configured number of server instances takes
place. Each process instantiates its SERVIZ provider and
makes its RPC address public through a file. The service is
now ready to accept requests.

• Discovering and Connecting to Servers: Each simulation
is provided access to a specific instance of the service
(among those available) through an environment variable.
During its initialize phase, each simulation process reads
the service addresses from the corresponding address file
and creates a SERVIZ client object through which it can
make RPC calls. This client object is created once. If
the simulation notices that the number of server ranks is
less than the number of client ranks (MxN, where M >
N), it sub-divides its MPI COMM WORLD into N sub-
communicators such that the number of ranks in each sub-
communicator is M/N. This step is not necessary in an MxN
coupling where M = N. Note that we make a simplifying
assumption that M divides N exactly.

• Gathering Data on the Simulation: At each iteration where
visualization is to be performed, rank 0 of each simulation
sub-communicator gathers the Conduit mesh data from its
peers using MPI. This step is necessary to ensure correctness
of the visualization operation when M > N.

• Execution of the RPC: Once the mesh data has been gath-
ered, rank 0 of each simulation sub-communicator invokes
the SERVIZ API to perform the RPC call. Note that the
SERVIZ API call is asynchronous and returns as soon as

SerVis [Ramesh22]
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Chimbuko di�ers from existing tools by its ability to integrate
with and perform scalable, trace-level, realtime performance analy-
sis on complex work�ows, allowing for the identi�cation of bottle-
necks stemming, for example, from ine�cient communication pat-
terns or resource contention. The novel, distributed design allows
this analysis to be performed in real-time with minimal overhead.
Detailed anomaly provenance is stored in a database for o�ine
analysis and an online visualization component enables monitoring
and analyzing performance anomalies as the application is running.

We demonstrate the capabilities of our tool using a work�ow
based on the NWChem computational chemistry code [16] running
at large scale on the Summit supercomputer. Chimbuko is an open
source project and the code is freely available on GitHub [22].

2 CHIMBUKO ARCHITECTURE
Our goal is to provide a tool for performance trace analysis that can
diagnose work�ow-level performance anomalies and is scalable to
thousands of nodes and tens of thousands of concurrent processes.
The application comprises four components: the TAU tracing tool,
the online anomaly detection module (AD), the provenance data-
base, and the visualization module. These components are laid out
according to the architecture described in Figure 1.

At the lowest level the TAU-instrumented application communi-
cates trace information in real-time to the AD instances (one per
rank and process) that perform the in situ trace analysis, �ltering
out anomalous events and gathering provenance information that
is subsequently stored in the centralized provenance database, thus
avoiding the need for aggregating trace data across the work�ow.

In order to perform reliable judgements on the anomaly status
of trace events, the AD instances synchronize the parameters of the
anomaly detection algorithm with a centralized parameter server
(PS) which forms the second component of the AD module. The
PS also aggregates statistics on performance (i.e. pro�le data) and
anomalies that are passed to the visualization module. Afterwards,
the visualization module produces real-time displays of statistical
information gathered by the parameter server and also allows for
online interaction with the data stored in the provenance database.

While designed primarily on online analysis, o�ine analysis
is also supported allowing the analysis to be performed remotely.
In the following sections, we detail the implementation of these
components.

2.1 TAU
The TAU Performance System [12] is a portable pro�ling and trac-
ing toolkit capable of supporting parallel programs written in For-
tran, C/C++, Python and other languages as well as GPU codes
written in CUDA, OpenACC and other APIs.

For our purposes TAU is con�gured to capture trace data of
running processes including MPI communications, I/O actions and
GPU kernel activity, which are passed to Chimbuko by means of
TAU’s ADIOS2 plugin. For online analysis we utilize the ADIOS2
Sustainable Staging Transport (SST) engine which provides step-
based communication whereby trace data is aggregated over a
con�gurable time period (typically 1 second) and sent via DMA
to the receiver AD process. O�ine analysis can be performed by
storing the trace using the alternative, BPFile (binary) engine.

TAU provides Chimbuko with three classes of data: metadata
regarding the system characteristics; counters, which are instanta-
neous measurements of system and performance parameters such
as memory usage, GPU temperature, etc; and timers which contain
the trace data for function executions and MPI communications.

Figure 1: Chimbuko architecture diagram with the major
components: TAU, online AD and Parameter Server, prove-
nance database and visualization. The image illustrates two
concurrently running applications.

2.2 Online AD Module
Instances of the AD module are spawned alongside each running
process and perform in situ analysis of the timer trace data provided
by TAU. Using these data Chimbuko forms a continuous snapshot
of the execution stack for each thread and accelerator device, from
which function execution objects are generated that contain the
execution time, links to parent and child executions as well as all
associated communication events and counters that describe the
event provenance. The set of function execution objects is updated
on each ADIOS2 I/O step, discarding those from the previous step
to maintain a small memory footprint.

The anomaly detection algorithm is applied as a �lter to the
function execution list. As execution time imbalances are a major
source of work�ow performance variability, our current algorithm
focuses on this metric. We model the function execution times as a
unimodal distribution and maintain for each function the computed
moments of the distribution (mean, variance, skewness, etc). Func-
tion executions are tagged as anomalous if they have extraordinary
execution times, i.e. if the execution time deviates from the mean
by more than � standard deviations, where � is a tunable parameter
that is set to 6 for our present studies.

The moments of the function distributions are computed on-
the-�y per Ref. [10] such that the algorithm becomes more reliable
as the run progresses, although Chimbuko also supports import-
ing of previously computed function statistics if available. Robust
statistics are obtained rapidly by taking advantage of the native par-
allel nature of the applications: each AD instance synchronizes and
merges its parameters with a globally aggregated set of statistics
maintained on the PS. By performing this global update our experi-
ments show that we achieve only a minor reduction in accuracy
relative to a run with predetermined parameters.

The �nal role of the AD is to collect prescriptive provenance
information on the detected anomalies. We collect all associated
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to ensure correctness. Beyond serving to implement high-level re-
lationships between the data, intelligent use of this knowledge can
help build an asynchronous, lazy scheduling of Data Tasks.

When DataTasks are created, they get stored temporarily at the
client in a circular bu!er awaiting scheduling. If, instead of enabling
scheduling immediately, the system tracks the dependencies of the
DataTask, we canmaintain it in local memory until one of the depen-
dent DataTasks gets submitted, or some maximum time or memory
size is reached.

A dispatch algorithm (algorithm 1) is used to decide when and
what DataTask needs to be scheduled. First, the algorithm selects
the stalest DataTask (𝐿) in the pool enabling it for scheduling. Once
done, a second pass through the pool looks for any DataTask still
in it that 𝐿 is dependent on and also marks them for scheduling.
The staleness of a DataTask refers to time since its last dependency
was added to the pipeline, by waiting until the dependencies of a
DataTasks have been established in the pipeline, the system can:
resolve them together to improve performance, extend the time to
execute composition policies, and minimize I/O movement.

Algorithm 1 Scheduling Dispatch Algorithm
1: procedureD!"#$%&’(DataTask𝐿𝑀𝑁[])
2: Let 𝑂 be the pool of tasks to be scheduled
3: Let𝑃 be the (empty) pool of tasks to be dispatched
4: Append𝐿𝑀𝑁 to𝑃
5: while sizeof(𝑂 ) exceeds memory threshold do
6: 𝑄→ stalest task in 𝑂
7: remove 𝑄 from 𝑂 and append 𝑄 to𝑃
8: for 𝑄 ↑𝑂 do
9: if stale(𝑄) then
10: remove 𝑄 from 𝑂 and append 𝑄 to𝑃
11: continue
12: for 𝑀 ↑𝑃 do
13: if 𝑀 depends on 𝑄 then
14: remove 𝑄 from 𝑂 and append 𝑄 to𝑃
15: break
16: for 𝑀 ↑𝑃 do
17: send 𝑀 to scheduler

Minimizing I/Omovement through accelerated I/O resolu-
tion: As a result of this lazy scheduling, the system can attempt to ac-
celerate the resolution of DataTasks by obtaining part or all of its I/O
from the local ring bu!er. Note that this allows serving I/O requests
without hitting storage, so long as the data exists in thememory pool
systems. The methodology for resolution is shown in algorithm 2.

To summarize, resolution of a DataTask from existing bu!ers
involves querying the DataTask registry for DataTasks associated
with the current "le ordered by recency (line 2), calculating sections
of the current DataTask satis"ed by existing bu!ers (lines 4-9), and
performing bu!er copies from existing bu!ers into the result (lines
10-16). After this bu!er resolution, it is possible that the DataTask
will not be completely satis"ed by existing bu!ers, in which case ad-
ditional reads from storagemay remain necessary. The 𝑀𝑁𝑂𝑃𝑄_𝑅𝑆𝑇𝑂𝑈
variable from the resolution algorithm can be utilized to determine
which indices within the "le remain to be fetched and convert them
to DataTasks.

DataTasks enable a new paradigm of I/Omanagement, that can
leverage enriched knowledge of the data to transparently, and e#-
ciently manage diverse I/O while staying $exible enough to support

Algorithm 2DataTask Bu!er Resolution Algorithm
1: procedure R(")*+(,D$%$T$"-(DataTask𝐿𝑀 , bu!er 𝑅𝑆𝑁𝑇𝑈𝑀 )
2: Let𝑃 be the pool of DataTasks associated with the "le𝐿𝑀 .𝑉 𝑊𝑈𝑆𝑋𝑌𝑍𝑆

(queried from the task registry, by recency)
3: Let 𝑅𝑆𝑁𝑎𝑈𝑏𝑆_𝐿𝑀𝑁→ {}
4: Let𝑅𝑌𝑋𝑐𝑆_𝑑𝑎𝑇𝑋𝐿 represent an array of the locations requested by𝐿𝑀
5: for 𝑀 ↑𝑃 do
6: if 𝑀 satis"es part of 𝑅𝑌𝑋𝑐𝑆_𝑑𝑎𝑇𝑋𝐿 which is not already satis"ed

then
7: Store the o!sets and sizes of 𝑀 that are required as 𝑀_𝑎 𝑉 𝑉 𝑁𝑆𝑀𝑁

(calculated during satisfaction)
8: Append (𝑀 , 𝑀_𝑎 𝑉 𝑉 𝑁𝑆𝑀𝑁 , and the starting o!set of 𝑀 in 𝐿𝑀 ) to

𝑅𝑆𝑁𝑎𝑈𝑏𝑆_𝐿𝑀𝑁
9: Mark the satis"ed range of 𝑅𝑌𝑋𝑐𝑆_𝑑𝑎𝑇𝑋𝐿
10: for (𝑅𝑀 ,𝑀_𝑎 𝑉 𝑉 𝑁𝑆𝑀𝑁,𝐿𝑀_𝑎 𝑉 𝑉 𝑁𝑆𝑀 ) ↑ 𝑅𝑆𝑁𝑎𝑈𝑏𝑆_𝐿𝑀𝑁 do
11: Read 𝑅𝑀 .𝐿𝑌𝑀𝑌 into 𝑅𝑀_𝑑𝑇𝑉 𝑉 𝑆𝑅
12: for (𝑀_𝑎 𝑉 𝑉 𝑁𝑆𝑀,𝑀_𝑁𝑊𝑒𝑆,𝐿𝑀_𝑎 𝑉 𝑉 𝑁𝑆𝑀 ) ↑ 𝑀_𝑎 𝑉 𝑉 𝑁𝑆𝑀𝑁 do
13: if 𝑄𝑅𝑆𝑏𝑊𝑎𝑇𝑁_𝑎 𝑉 𝑉 𝑁𝑆𝑀 is not initialized then
14: Let 𝐿𝑀_𝑎 𝑉 𝑉 𝑁𝑆𝑀 → 𝐿𝑀_𝑎 𝑉 𝑉 𝑁𝑆𝑀 + 𝑀_𝑎 𝑉 𝑉 𝑁𝑆𝑀 ↓

𝑄𝑅𝑆𝑏𝑊𝑎𝑇𝑁_𝑎 𝑉 𝑉 𝑁𝑆𝑀
15: Let 𝑄𝑅𝑆𝑏𝑊𝑎𝑇𝑁_𝑎 𝑉 𝑉 𝑁𝑆𝑀→𝑀_𝑎 𝑉 𝑉 𝑁𝑆𝑀+𝑀_𝑁𝑊𝑒𝑆
16: Copy 𝑀_𝑁𝑊𝑒𝑆 elements from 𝑅𝑀_𝑑𝑇𝑉 𝑉 𝑆𝑅 at 𝑀_𝑎 𝑉 𝑉 𝑁𝑆𝑀 to

𝑅𝑆𝑁𝑇𝑈𝑀 starting at𝐿𝑀_𝑎 𝑉 𝑉 𝑁𝑆𝑀

Figure 1: DTIO software stack: o!ers a uni"ed storage inter-
face, support for domain-speci"c interfaces, the DataTask
abstraction, an I/O optimization layer, and the concept of
vertical slices representing DTIO’s middleware role across
application domains.

complex, converged scienti"c work$ows. We believe that DataTask-
based systems could serve as a viable alternative to traditionalmono-
lithic I/O systems.

5 The DTIO System
DTIO is a lightweight DataTask-based I/O middleware. Its architec-
ture can be viewed as a layered software stack, shown in "gure 1.
DTIO sits between applications and underlying storage systems,
which it accesses via I/O and storage interfaces. This stack encom-
passes several key components, each contributing to DTIO’s ability

DTIO [Bateman25]
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Cloud
Computing
Object Stores

Key-Value 
Stores

HPC
Fast transports
Scientific data

User-level 
threads

Distributed
Computing

Group
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Autonomics
Dist. control
Adaptability

Software 
Engineering
Composability

WHAT HAVE WE GOTTEN RIGHT?

RPC and 
RDMA C++

User-level 
threads

Mercury is a good 
level of 
abstraction 
for services and 
exposes what 
is needed for 
performance.
Thanks Jerome 
Soumagne!

It is saving 
competent 
developers 
loads of time 
as compared to 
C development. 
Maybe more 
so than 
componentization 
in general?
Thanks Matthieu 
Dorier!

Argobots 
as a tool to 
help manage 
concurrency 
and balance 
work has been 
invaluable.
Thanks Sangmin Seo, 
we miss you!

Toolkit, not 
a service
This has made 
it easy (we think) 
for other teams 
to use Mochi 
while having 
clear intellectual 
ownership of 
their service(s).



Simplified view of Aurora’s node topology. Each PCI 
device corresponds to a distinct Slingshot network 
card (8!) attached to the same system fabric. Fully 
exploiting networking resources is challenging.

WHAT DID WE MISS?
Configuration and Tuning
It’s still very difficult. Modern nodes are 
complex, and every system is different.

Interoperability
We don’t have a good story for interacting 
with, for example, things using Arrow.

Group Membership
Nobody seems to need it?

Flow Control
People aren’t 
clamoring for it, yet. 
Not clear in what 
component it should 
be implemented?

Our Services
Ironically (?) nobody 
uses the actual 
services we have 
built, preferring 
to build their own.



TRENDS AND IMPLICATIONS



DISTRIBUTED SCIENCE 
ON FEDERATED RESOURCES

Slide source: U.S. Department of Energy. https://iri.science



EVENT STREAMS IN DISTRIBUTED SCIENCE 
Ongoing work in Ian Foster’s Diaspora project

is ideally suited to the development of distributed resilient applications of interest to DOE.
We present in the following research tasks relating to our proposed event fabric (§3.1); HPC

specializations and bridging between HPC sites and other distributed resources (§3.2); resilience
solutions (§3.3); and the application engagements that will inform our work (§3.4).

3.1 Thrust 1: A Hierarchical Distributed Event Fabric
Modern science increasingly requires the coordinated use of advanced computing, networking, in-
struments, and experimental facilities: collectively, research infrastructure 2. This infrastructure
reaches from HPC systems to high-data-rate instruments and less well-connected edge systems,
and encompasses also cloud-hosted services. These resources and their applications can generate
many events, and because many science applications (including those described in §3.4) span loca-
tions, scientists need to consume events from many sources. To meet this need, we propose a novel,
hierarchical event streaming approach that scales to meet the needs of modern science. Creating
and operating the required distributed event fabric—a global model for publishing and consuming
arbitrary events—will require the development of specialized event brokers that can handle spe-
cialized, high-rate events (e.g., from HPC systems, TB/s instruments, millions of edge devices). It
will also require much other R&D, including on the following topics.

Fig 5: The Diaspora hierarchical event fabric will span many
locations to provide a resilient basis for developing many
resilience-enabling solutions and applications. Various event
topics allow filtered views by consumers.

Topics and namespaces: The
many resources, applications, and
people engaged in modern science
can produce events on a wide variety
of topics; an integrated research in-
frastructure requires that topics can
similarly be integrated, so that ap-
plications that span sites3 can moni-
tor the status of resources and appli-
cation components that span institu-
tions. Among other things, this inte-
gration becomes a namespace man-
agement problem. How do we or-
ganize many topics, from many peo-
ple/sources, in a global namespace,
so that relevant information can be
accessed while accidental or malicious collisions are avoided? How do we name topics? How do
we implement topics for e!cient access, presumably on di”erent, cloud or local, service provider
instances for di”erent purposes? We will investigate methods for naming, accessing, and managing
topics within a global namespace, and for topic discovery and garbage collection.

Event aggregation and hierarchy: A national-scale research infrastructure may encompass
millions of event sources, some generating data at TB/s. Thus it will be essential to aggregate
and otherwise consolidate data both in individual streams and across multiple streams, in order to
provide usable streams for processing by consumers engaged in notification, repair, modeling, or
other tasks. A major R&D focus will be how to aggregate reliably and e!ciently while meeting
user needs. We will investigate whether and how existing stream processing APIs56 can be adapted
to meet science needs, and whether extensions are required. We envision structures combining
elements of both hierarchical organization (e.g., nodes within an HPC system, resources at an
institution) and arbitrary user-defined interests (e.g., all data produced by a particular distributed
application). Multi-level hierarchies may be needed to aggregate and filter messages, e.g., to provide
high-level views of the status of data and computations that span institutions.
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AUTOMATING THE SCIENTIFIC METHOD
HYPOTHESIZE

Generative models 
automatically propose 
new hypotheses that 
expand discovery space

TEST

Robotic labs automate 
experimentation and 
bridge digital models 
and physical testing

ASSESS

Pattern and anomaly 
detection integrated with 
simulation and experiment 
extract new insights

STUDY

Extraction, integration, 
and reasoning with 
knowledge at scale

QUESTION

Tools help identify 
new questions based 
on needs and gaps 
in knowledge

REPORT

Machine representation 
of knowledge leads to new 
hypotheses and questions

E.O. Pyzer-Knapp et al. Accelerating materials discovery using artificial intelligence, high performance computing and robotics. npj Comput Mater 8, 84 (2022).



OBSERVATION OF COMPLEX WORKFLOWS
Recent work under Line Pouchard’s RECUP project

Observations of data interactions are a natural part 
of capturing workflow behavior. Property graphs can 
provide insights into key relationships.
Dong Dai et al. "Using property graphs for rich metadata management in HPC systems." 
PDSW, 2014.

The event streaming model is one way to approach this. 
“Kafka style” with persistent data allows for both in situ 
analysis for decision-making plus deeper post hoc 
analysis as appropriate.
Amal Gueroudji et al. "Performance Characterization and Provenance of Distributed Task-based 
Workflows on HPC Platforms." WORKS 2024.

https://sites.google.com/view/recup-reproducibility/



SCIENCE IS INCREASINGLY MULTI-MODAL

Indices/Search

Search 
capabilities 
and associated 
indices are 
required to 
rapidly identify 
relevant data.

Provenance

Provenance 
information aids 
in understanding, 
trusting, and 
reproducing 
results.

Resilience

Ensuring 
resilience 
of data and 
computation will 
place additional 
requirements 
on data 
management 
systems.

Domain Science

Domain science 
data, including 
literature, data 
from experiments 
and observations, 
and simulation 
output must be 
stored and made 
available to 
distributed 
agents and 
associated teams.

Performance

Performance 
telemetry is 
required 
to adapt resource 
use in order to 
achieve science, 
performance, 
and energy 
utilization goals.



DATA ACCESS BY AGENTS

Humans are no longer the primary “user” 
for many data management services
§ Directories, files, and even many scientific data 

analysis approaches may need to be rethought

What’s the right way to reference things?

What are agents allowed to do (to our data)? 
Override mechanisms?

Knowledge graphs, clearly defined data 
management objectives, schemas as tools?

It’s not a mid-2020s talk without an AI 
generated image. Image from DALL-E, prompt 
“Please draw a picture evoking the idea of 
agents accessing data of many modalities."



CONCLUDING THOUGHTS



OBSERVATION AND SERVICES 
IN SCIENTIFIC COMPUTING

Observation continues to be the 
vehicle through which we can:
§ learn how our systems are behaving 

and being used, 
§ provide the data needed to apply 

runtime optimizations, and 
§ procure more effective future platforms.

New service capabilities 
and interfaces will help:
§ apply AI technologies to complex 

scientific questions, and 
§ bridge between HPC/AI platforms, distributed 

experimental facilities, and science teams.

There are numerous 
opportunities for this 
community to 
contribute to the 
success of science 
teams in a world of 
increased federation, 
automation, and 
multi-modality.
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