Analysis and Workload Characterization of the CERN
EOS Storage System
Devashish R. Purandare

Daniel Bittman

Ethan L. Miller

dpuranda@ucsc.edu
UC Santa Cruz
Santa Cruz, California, USA

dbittman@ucsc.edu
UC Santa Cruz
Santa Cruz, California, USA

elm@ucsc.edu
UC Santa Cruz
Santa Cruz, California, USA

Abstract

1

Modern, large-scale scientiﬁc computing runs on complex exascale storage systems that support even more complex data
workloads. Understanding the data access and movement
patterns is vital for informing the design of future iterations
of existing systems and next-generation systems. Yet we
are lacking in publicly available traces and tools to help us
understand even one system in depth, let alone correlate
long-term cross-system trends.
In this work, we investigate the workload characteristics
of the CERN EOS ﬁlesystem, analyzing over 2.49 billion
events containing over 300 PB in reads and 150 PB in writes
across 11 months. We contrast our ﬁnding with analyses from
other scientiﬁc storage systems, allowing us to observe larger
trends that appear over the years and revisit and question
conventional wisdom such as “write once, read maybe” and
the inﬂuence of user actions on system-wide data movement.
By studying trace capture mechanisms across these systems,
we motivate a standardized trace collection and analysis
toolset, so that future researchers can more easily study
existing systems to aid in system design.

Modern scientiﬁc and archival storage systems capture, store,
and process large amounts of data. They often have custom
designs build to navigate a wide variety of media characteristics such as cost, throughput, latency, and density. However,
the decisions systems designers make around these characteristics is best informed by the future use of the system
in a real data processing environment. While this naturally
results in a system that grows and evolves over time, the
ability to both improve existing systems and design nextgeneration systems is predicated on our ability to capture
and analyze the traces of access patterns and data movement
in the scientiﬁc storage and data processing systems of today.
The complexity of these systems, however, makes tracing and analysis quite diﬃcult, especially when paired with
the dependency of performance and cost on exact workﬂow and data processing models. These systems are often
multi-tiered [2, 14], providing various performance and density characteristics for diﬀerent tiers, thus navigating the
cost/performance/density trade-oﬀ space by amplifying data
movement through the network, and at the cost of complexity and coherence. Optimizations like de-duplication,
prefetching, and caching are vital to avoid slowdowns, improve media lifetime, and reduce data movement, but without live tracing and deeper understanding of the emergent
behavior of the system driven by real-world data access,
bottlenecks are inevitable.
Unfortunately, we are sorely lacking in detailed analyses
of these large-scale systems. In the last decade, only two such
systems [2, 9] have been analyzed, since without internal access to research laboratories, few workloads are available for
study. Further, it is diﬃcult to draw generalized conclusions
from the analyses of diﬀerent systems, as each are custom
built and use diﬀerent data processing workﬂows. To address
this, we propose creating a public repository of scientiﬁc storage traces and analysis tools that will enable researchers to
extract, organize, and analyze diﬀerent traces from various
systems, and more importanly, correlate common patterns
and trends between them. We kick oﬀ this work by adding
another system to the analysis pile, the CERN EOS storage
system. In particular, this paper looks at:
• CERN EOS File System Workload: Our observations about the workload span 11 months of operation the CERN EOS system. We observe that data
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Introduction

movement still dominates read-write activity and the
continued existence of the “Write Once, Read Maybe”
paradigm.
• Trends in Large-scale Scientiﬁc Archives: We observe the evolution of scientiﬁc archives, analyzing
the change in workloads, as well as storage media.
• Motivating Open Trace Archives: We discuss the
limitations of varied trace formats and the lack of availability of traces, and propose public trace repositories
in a standardized format to enable better analysis and
system design.
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storage media, and application use, we observe similar read
patterns. With our system, being in the analysis tier, we see
that writes follow a similar ﬂuctuating pattern as well, while
writes to the system remain steady.
There have been several studies on analyzing storage
changes over long periods. Agrawal et al. [5] looked at changing ﬁle system metadata. Breslau et al. [7] looked at web
caching logs and presented a perspective on how Zipf’s law
applies to storage. This hypothesis is observed in our ﬁndings, and we observe the Zipﬁan distribution of reads and
writes. A small set of users performs most reads and writes,
and similarly, a small set of ﬁles see the majority of reads
and writes. We observe the Zipﬁan distribution throughout
the workload, from ﬁle sizes to the amount of ﬁle accesses.

Related Work

In the last decade, there have been relatively few studies
on trace analysis of scientiﬁc storage archives. Adams et
al. [2–4] presented an analysis on NCAR MSS traces from
2008–2010, looking at the ﬁle size distribution, directory
structure, and user characteristics. More recently, in 2015,
Grawinkel et al. [9] presented an analysis on the ECMWF
storage system, characterizing the workload of the storage
archive, and analyzed caching techniques for such workloads. It is useful to compare how the CERN EOS workload
that we study diﬀers from the ﬁndings in these systems. We
observe the change in magnitude of data over the years and
evolution in system design. Further, we look at the trace
capture formats across these systems and discuss the advantages and limitations of each technique and suggest best
practices based on our observations. Our analysis, looking
over 2.49 billion events, 188 million ﬁles, and observed reads
and writes over 300 PB and 150 PB respectively is the largest
dataset analyzed for a scientiﬁc archive.
We discuss the paradigm of “Write Once, Read Maybe”
in Section 5, where most ﬁles are rarely updated after the
initial write and rarely read. Grawinkel et al. [10] describe the
Lonestar system that does aggressive power optimizations
assuming such a pattern of reads and writes. Colarelli et
al. [8] demonstrated the Massive Array of Idle Disks (MAID)
framework to reduce power consumption in a write once,
read maybe model. Pergamum [17] was an optimization over
MAID suggested by Storer et al., which added NVRAM at
each of the idle disks to provide high performance. These
inspired the design of Internet Archive [11] by Jaﬀe et al.
Our analysis looks at the analysis pool, a subset of the larger
system, and yet we observe a similar workload, and these
optimizations would help the CERN EOS system.
Jensen and Reed [12] looked at ﬁle archive activity at the
National Center of Supercomputing Applications in 1993. In
the same year Miller and Katz [15] performed an analysis
on ﬁle migration in the NCAR environment. These studies
establish ﬁle access patterns and observe that the writes
remain relatively stable while reads ﬂuctuate, as user actions
cause most reads while writes are automated. Despite the
diﬀerences between these systems in terms of time, scale,
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Background

The European Organization for Nuclear Research (CERN)
was established in 1954 as a joint research initiative between
member states in particle physics. CERN captures scientiﬁc
data from a range of particle accelerators, the most popular
being the Large Hadron Collider. As of 2017, CERN had 230
PB of permanent storage on magnetic tape, 70 PB of which
were captured in the same year [1]. To process and store this
data, CERN uses a custom ﬁle system, known as the CERN
EOS ﬁle system [16].
Four experiments share the EOS ﬁle system at CERN,
namely Atlas, Alice, CMS, and LHCB [13]. From our collaboration with CERN, we acquired traces from the Compact
Muon Solenoid (CMS) experiment. The traces document all
system activity over 326 days, ranging from 13th October
2016 – 3rd September 2017. The total size of the trace ﬁles is
133 GB compressed. These traces capture the state of a ﬁle
after an operation occurs on it. While we can often infer the
type of operation, it is not explicitly recorded.
3.1 The CERN storage system
CERN uses a three tiered storage system (see Figure 1), providing data storage with various characteristics.

Figure 1. The multi-tiered CERN EOS storage system [16]
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thediskcachewheredataisfetchedandprocessed.Aswe
saw in Table 3 only 9% actions in the CERN system are
automated,while91%areuser-driven.Hence,systemoptimizationsshouldnotmakeanyassumptionsaboutdata
movementbeingthesoledomainofthesystem.

characteristics, and how those traces are correlated with the
type of computing done.
We will continue studying the CERN EOS system and
comparing to other system traces. While the studies we performed in this paper are a good start, there is still much to
understand. For example, since our analysis was focused on
comparison to other tracing work, we ignored some features
present in the CERN EOS traces, including information about
how data was distributed across physical devices. This will
allow us to study hardware failures as part of the system
analysis and the performance of disks over time and how
that aﬀects user-perceived performance.

ReflectiononTraceformats: CERNtracesrecordthestate
ofeachﬁlethatwasaccessed,notingthetimestamps,users,
writtenandreadbytes,andavarietyofinformationaboutthe
ﬁle.Weneedtoinfertherestofthedatafromtheserecords.
TheCERNformathelpsobservehowﬁleschangeovertime
butdoesnotcaptureactions.ECMWFtracesincludeasystem
snapshotandadescriptionoftheevent;theyfurtherinclude
metadatasnapshotsfromtapearchives,whichdescribethe
ﬁles,users,andotherinformation.NCARtraces,ontheother
hand,recordedactions.SothetracerecordsactionslikeCREATEandMIGRATE,andtheassociatedmetadata,including
theuserperformingtheactionanditseﬀects.Gettinguniformandconsistentanalysisacrosstheseformatscanbe
diﬃcult,orinsomecasesimpossible,astheymaycapture
diﬀerentaspectsofanaction.

6

Conclusion

This work presented workload characterization of the CERN
EOS ﬁlesystem and compared it with other large-scale scientiﬁc archives. Even with changes in data volume, storage
media, and storage techniques over decades, the CERN EOS
workload follows the fundamental trends in large-scale storage, such as a Zipﬁan distribution for access, Write Once
(rare updates to data), and Read Maybe (most data is never
read). But as we look at the CERN EOS analysis pool in isolation, our view diﬀers from other large-scale systems. Data
movement in the CERN system is user-triggered, and we see
twice the volume of reads compared to writes. Since only the
data of interest is fetched to this tier, the reads outnumber
writes both in number and volume. We observe that it is
essential to look at individual components of a larger system
in isolation to suggest optimizations.
With limited data points for such analysis, it is diﬃcult
for academic systems researchers to understand and analyze
large-scale archives without direct access to large research
institutions. Cross-system analysis is vital, however, to avoid
becoming stuck with wisdom derived from a limited understanding of few systems. Since these systems often diﬀer both
architecturally and in the intent of their usage, observing
similarities and diﬀerences across many diverse systems will
lead to a better, generalized understanding of how to build
them for the future. Looking forward, we must not only put
forth real eﬀort into making tooling and data sets publicly
available, but also commit to updating our understanding as
these systems and their use cases evolve, by continuing the
perform analysis and comparisons between systems. With
this “call to arms” we hope that we can develop future tooling
for uniform trace collection and analysis, making it easier
to study long term trends across many diverse large-scale
scientiﬁc computing systems.

TracingintheFuture: Partofthetroublewithsuchcrosssystemcorrelation,ismanagingthediﬀerenttraceformats.
Theproblemgoesbeyondsimpleencodingandrepresentation,butpermeatesthroughthechoicesthedesignersmake
onwhichﬁeldstorecordandwhichoperationsaremeaningful,allthewaytominorsemanticdiﬀerencesbetweenﬁelds
indiﬀerenttraces.Thus,anyeﬀortintofuturecross-system
correlationoftrendsusinganunderstandingofworkﬂow
willrequiresomeheavyliftingonpartofresearchersbeforetheycanbeginananalysis.Futuresystemsbuiltshould
include a plan for tracing from the start, and should use
lessonslearnedbyprevioustraceanalysistoinformthedesignoftracecapture,ideallyinawell-deﬁnedformattomake
integrationwithothertracingsystemspossible.
Whilejuststudyingindividualsystemsprovidesvaluable
insightsintothatsystemanditsoperation,thisﬁeldisheld
backbyalackofcross-systemcorrelationofperformance
andcostcharacteristicswith(a)whatascientiﬁccomputing
platformisbuiltfor—primarilydatacollection,oractivedata
processing—and(b)thetechnologyandsystemarchitecture
wisdomofthetime.Livetracinggivesusinsights,butthe
lackofpubliclyavailabletracesandtoolingconsiderably
limitssystemdesigners.Weplantoformalizethisproject
intoalargermoremodularframeworkfortraceanalysis.
The tools we built to understand the CERN EOS system
are,ofcourse,purposebuiltforthatsystem,butweplan
to continue studying trace formats so that we can better
generalizeourworkintoauniformtracingformatthatwe
canarguemakesforeasiersystemanalysisandcross-system
comparisons.Suchasystemwillenableresearchestomore
easilystudyandbuildfuturesystemsbybeingabletolearn
frommanysystemsarchitectures,theirlivetracesandusage
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