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What is Storage Systems and Input/Output (SSIO)? 

§  Everything	  from	  the	  low-‐level	  parallel	  file	  system	  and	  archival	  
storage	  up	  to	  libraries	  that	  serve	  as	  the	  interfaces	  to	  
applica:ons	  

§  New	  challenges	  mandate	  new	  R&D:	  
–  Deeper	  storage	  hierarchies	  
–  Increasing	  scale(s),	  complex	  topologies	  
–  Demand	  for	  greater	  resilience	  
–  New	  science	  workflows	  
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Storage, I/O, and Exascale 

#6	  Data	  management:	  Crea:ng	  data	  
management	  soWware	  that	  can	  
handle	  the	  volume,	  velocity	  and	  
diversity	  of	  data	  that	  is	  
an:cipated.	  	  

	  
But	  also:	  
#4	  Scalable	  System	  So;ware:	  

Developing	  scalable	  system	  
soWware	  that	  is	  power-‐	  and	  
resilience-‐	  aware.	  	  

3 



Goals and Process 

§  Goals:	  
–  Review	  SSIO	  requirements	  for	  	  

simula:on-‐driven	  ac:vi:es	  
–  Assess	  state	  of	  the	  art	  
–  Iden:fy	  priority	  research	  direc:ons	  	  

in	  SSIO	  

§  3	  Workshops	  
–  Requirements	  gathering	  
–  Cross-‐cuZng	  computer	  science	  
–  The	  SSIO	  mee:ng	  itself	  
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Workshop 1: Requirements Gathering 

Goal:	  Define	  a	  set	  of	  use	  cases	  for	  future	  systems	  to	  
inform	  SSIO	  R&D	  community.	  

§  Applica:on	  representa:ves	  	  
presented	  future	  requirements	  

§  Answered	  a	  detailed	  set	  of	  
ques:ons	  on	  topics	  such	  as:	  

–  Composi:on	  of	  jobs,	  phases	  of	  I/O	  
–  Structure	  of	  data,	  methods	  of	  query	  
–  Methods	  of	  data	  reduc:on	  during	  run:me	  (i.e.,	  in	  situ)	  
–  Expected	  uses	  of	  NVRAM	  in	  future	  systems	  
–  Archival	  storage	  use,	  provenance	  capture	  
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Workshop 2: Cross-cutting Computer Science 

Goal:	  IdenGfy	  criGcal	  SSIO	  requirements	  and	  points	  for	  
coordinaGon	  between	  SSIO	  and	  other	  CS	  areas.	  

§  Experts	  in	  related	  CS	  areas	  presented	  their	  views	  on	  
how	  their	  area	  intersects	  with	  SSIO	  

–  Opera:ng	  systems	  
–  Networking	  
–  Workflow	  
–  Resilience	  
–  Analysis	  and	  visualiza:on	  
–  Collabora:ve	  	  

technologies	  
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In situ Infrastructure  
Dependencies and Relationships with SSIO (1/2) 

In situ Data Analysis and Visualization I/O Traditional Simulation I/O 

Read data into the simulation: e.g, analyses across time, 
compare with observation etc. 

Write only  

Save complex analysis results: including surfaces, graphs, 
sparse matrices etc. 

Write structured fields  

More frequent “smaller” writes: Save reduced data and 
analysis results at higher temporal resolution 
Irregular temporal intervals between writes: Save data and 
analysis results when specific features/events are discovered 

Write data at regular and 
often sparse time intervals 

Potentially unbalanced I/O load:  E.g., the data partitioning may 
be optimized for the simulation not DAV. 

Simulations often 
optimized for load 
balancing 



Workshop 3: Identifying Research Directions 

Goal:	  IdenGfy	  potenGal	  research	  direcGons	  in	  SSIO	  for	  
extreme	  scale	  DOE	  science.	  
	  
§  Ini:al	  talks	  summarized	  findings	  from	  prior	  
workshops	  and	  other	  recent	  ac:vi:es	  in	  the	  area	  

§  Single	  track,	  open	  discussion,	  organized	  around	  five	  
areas:	  

–  HW/SW	  architectures	  for	  SSIO	  
–  Metadata,	  name	  spaces,	  and	  provenance	  
–  Suppor:ng	  science	  data	  
–  Integra:on	  with	  external	  services	  
–  Understanding	  SSIO	  systems	  
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Hardware/Software Architectures 

§  Topics	  included	  
–  Network	  technologies	  and	  topologies	  
–  Solid-‐state	  storage	  in	  and	  near	  the	  HPC	  system	  
–  Compute-‐in-‐storage	  
–  System	  noise,	  reliability	  
–  Autonomics	  

§  Findings	  
–  Storage	  hierarchy	  is	  increasing	  in	  complexity.	  Current	  organiza:on	  

methods	  (e.g.,	  parallel	  file	  systems,	  archival	  management)	  must	  
significantly	  change	  or	  be	  replaced	  to	  address	  this	  complexity.	  

–  ScienGsts	  need	  an	  integrated	  view	  of	  storage	  resources.	  New	  metadata	  
capabili:es	  and	  integra:on	  with	  external	  storage	  are	  also	  needed.	  

§  Priori:es	  for	  research	  
–  Managing	  deep	  and	  heterogeneous	  storage	  hierarchies	  
–  Alterna:ve	  management	  paradigms	  to	  the	  file	  system	  model	  
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Metadata, Name Spaces, and Provenance 

§  Topics	  included	  
–  Metadata	  and	  alterna:ve	  data	  stores	  
–  Automa:ng	  provenance	  capture,	  

connec:on	  to	  other	  services	  
§  Finding	  

–  New	  requirements	  for	  validaGon	  of	  
results	  will	  change	  role	  of	  metadata	  in	  
DOE	  applicaGons.	  New	  methods	  for	  
capturing	  provenance	  and	  exploring	  
datasets	  will	  be	  needed.	  

§  Priori:es	  for	  research	  
–  New	  methods	  of	  management	  of	  rich	  

metadata	  	  	  
–  Breaking	  away	  from	  the	  current	  file	  

model	  
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graph processing frameworks like Pregel [10], Giraph [11],
and GraphX [12]. The Bulk Synchronous Parallel (BSP) model
is popular in this context due to its simplicity and performance
benefits under balanced workload.

However, such global synchronization could cause serious
performance problems in our property graph-based metadata
management case. First, as an online database system, our
system needs to support concurrent graph traversals. The
interferences among traversals easily create stragglers [13],
[14]. These stragglers can cause poor resource utilization and
significant idling during each global synchronization. Second,
the imbalance of the graph partitions, along with the possible
variations in attribute sizes among different vertices and edges,
leads to highly uneven loads on different servers (an indication
of stragglers) while traversing. The wide existence of small-
world graphs in HPC metadata (e.g., degree of vertices follows
the power-law distribution [15], [1]) makes this problem
even worse. Third, for heterogeneous HPC metadata property
graphs, possible graph traversal steps could be much larger
than the graph diameter, which traditionally limits the maximal
traversal steps in simple/homogeneous graphs, for example the
six degrees of separation theory in social network [16]. In
our use case, we might check different attributes or edges
in different steps. Longer traversals introduce more global
synchronizations and leads to higher chance of performance
penalty caused by stragglers.

Previous work suggested the asynchronous approaches have
potential to minimize the effects of imbalance loads across
different cores in single multi-core machine [17]. Some dis-
tributed graph processing frameworks such as GraphLab [18]
and PowerGraph [19] also have investigated the use of asyn-
chronous execution model, which could implement the traver-
sal operations in general. However, these approaches are more
suitable for the distributed, batch-oriented graph computation
that runs on the entire graph instead of interactive traveling
and querying on the partially interested graphs, which, as we
have just described, are common in our HPC rich metadata
management system. In this research, we explore how to
integrate asynchronous traversal engine directly into a graph
database system. We further propose optimizations, including
traversal-affiliate caching and execution merging, to fully
exploit the performance advantage of asynchronous traversal
engine. In addition, we also summarize the typical graph
traversal patterns for the property graph-based rich metadata
management and propose a general traversal language to
describe these diverse patterns. We show that the asynchronous
engine can support such language with detailed progress report
functionality matching that of a synchronous engine.

The main contributions of this work include:
• Analyze and summarize the graph traversal patterns in

property graph databases for HPC rich metadata man-
agement. Based on these patterns, we propose a graph
traversal language to support them.

• Design and implement asynchronous distributed traver-
sal engine for property graph databases. We further
propose optimizations specifically designed for asyn-

User 

Execution

File 
run

exe

readread

write

write

run

name:john
group:admin

name:dset-1
size:1020M
..., ...

name:job201405
params:-n 1024
..., ...

name:app-01
size:256KB
..., ...

exe

ts:20140501
writeSize:7M
..., ...

name:sam
group:cgroup

Fig. 1. An example metadata graph applied to HPC Systems.

chronous traversal engine: traversal-affiliate caching and
execution merging to improve the performance.

• Evaluate and show the performance benefits comparing
with synchronous traversal engine on both synthetic
graphs and real-world graphs.

The rest of this paper is organized as follows. Section II
summarizes the graph traversal pattern by analyzing HPC
metadata applications. In Section III, we introduce the Graph-
Trek traversal language designed for these patterns, and show
how to use it to implement the given use cases. In Section IV,
we describe the asynchronous traversal engine in detail, fol-
lowed by several optimization strategies in Section V. We fur-
ther discuss the design choices of implementing such traversal
frameworks in Section VI. Section VII shows the evaluations
including comparisons with synchronous implementation and
asynchronous without optimizations. In Section VIII, we con-
clude this study and discuss possible future works.

II. TRAVERSAL PATTERNS FROM REAL APPLICATIONS

In this section, we analyze use cases specific to HPC meta-
data management which can be modeled using the property
graph. Through this analysis, we summarize the graph traversal
patterns as the foundation of proposed traversal language. A
more complete discussion and analysis of these use cases can
be found in our previous work [1].

A. Graphs in HPC Metadata Management

HPC metadata can be intuitively abstracted as a graph-like
structure. For example, metadata including users, executions
of programs (jobs), data files accessed, or simply a directory
can be neatly mapped into different vertices in property
graphs, as shown in Fig. 1. Between these entities, different
interactions/relationships can be represented as different types
of directed edges with properties attached. For example, the
run edge indicates that the user started the corresponding
execution instance, the exe edge denotes which executable
file(s) an execution used, and the read/write edges indicate the
types of operations performed on files from executions. Some
entity properties are shown for vertices, such as UID/GID, file
names, and parameters used by the execution. These properties
are by no means exhaustive, and additional properties can
easily be added, such as file permissions, creation time, etc.

Graph-based methods of 
organizing and interacting with 
metadata are one possible 
alternative to current approaches. 
 
D. Dai et al, “GraphTrek: Asynchronous 
Graph Traversal for Property Graph Based 
Metadata Management,” Cluster 2015, 
September 2015 (to appear). 



Supporting Science Data 

§  Topics	  included	  
–  Programming	  model	  integra:on	  
–  SSIO	  services	  in	  support	  of	  workflow	  
–  Self-‐tuning	  libraries	  
–  Data	  abstrac:ons	  

§  Findings	  
–  ScienGst	  producGvity	  is	  Ged	  to	  ability	  to	  

represent	  and	  interact	  with	  complex	  and	  
specialized	  data.	  

–  AlternaGve	  programming	  languages	  and	  
increased	  need	  for	  workflow	  support	  
drive	  new	  SSIO	  research.	  

§  Priori:es	  for	  research	  
–  New	  genera:on	  of	  I/O	  middleware	  and	  

services	  to	  support	  new	  programming	  
abstrac:ons	  and	  workflows	  
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Storage!Systems!and!Input/Output!to!Support!Extreme!Scale!Science! 45"

The! libraries! primarily! are! linked! into!
application! codes! and! perform! data!
transformation! and! optimization! on! the!
nodes! on! which! the! computation! is!
running.! However,! researchers! also! used!
setUaside! processes! or! cores! to! perform!
I/O! tasks! [Nisar2008,! Vishwanath2011a]!
and! to! integrate!processing! into! the!data!
path! [Bennett2012,! Vishwanath2011b].!
This! research! begins! to! blur! the! line!
between! “traditional”! I/O! middleware!
and! I/O! system! software! such! as! I/O!
forwarding! packages! [Ali2009]! and! data!
management! services! [Dong2013].!
Additional! research! (e.g.,! [Docan2012])!
focuses! on! middleware! approaches! for!
data! sharing! between! codes! in! HPC!
systems.!
!
Challenges!
A! significant! issue! that!must! be! resolved!
is! resource!allocation! to! I/O!middleware.!
Currently,! either! I/O! middleware! gains!
control! over! cores! or! nodes! when!

functions!are!called,!or!these!resources!are!handed!to!the!middleware!in!an!ad!hoc!
manner!by! the!application.! I/O!middleware!needs! to!be!extended! to! interact!with!
resource!management!for!allocation!(and!reallocation)!of!resources!at!runtime.!This!
work!includes!enabling!I/O!middleware!to!execute!beyond!the!scope!of!a!single!job.!
!
The!ability!of!I/O!middleware!to!make!best!use!of!system!resources!is!limited!by!the!
information!that!it!presents!to!users,!other!layers!of!middleware,!and!lowUlevel!OS!
services.! These! communication! paths! and! the! ability! to! compose! services! from!
multiple!layers!must!be!improved!so!that!multiple!layers!of!storage!software!can!be!
more! easily! composed! into! effective! solutions! for! specific! science! teams.! A! more!
refined!abstract!model!for!storage!may!be!a!necessary!component.!
!
The! range! of! models! supported! by! middleware! also! must! be! improved.! Dense,!
multidimensional! arrays! may! not! be! the! ideal! building! block! for! certain! other!
models!(e.g.,!graph!representations,!adaptive!data!structures);!but!it!is!unclear!how!
best! to! organize! middleware! to! support! these! models.! Further,! access! methods!
should!account!for!the!fact!that!users!have!differing!levels!of!expertise!in!accessing!
data.!
!
R&D!Needed!
Research! is! needed! in! order! to! understand! how! advanced! I/O! middleware!
architectures! should! be! implemented.! Issues! include! how! multiple! layers! of!

!
Figure! 4:! I/O! middleware! is!
hampered! by! its! ability! to! self! tune.!
Work! such! as! [Behzad2014a]! is!
investigating! approaches! for!
autotuning! of! I/O! middleware! that!
can! provide! dramatically! improved!
performance! with! limited! search!
time.!

Autotuning I/O middleware can 
provide dramatically improved 
performance with limited search 
time over possible configurations. 
 
B Behzad et al, “Improving Parallel I/O 
Autotuning with Performance Modeling,” 
HPDC 2014, June 2014. 



Integration with External Services 

§  Topics	  included	  
–  Scheduling	  and	  resource	  management	  
–  System	  monitoring	  
–  Workflow	  and	  orchestra:on	  
–  Archival	  storage	  

§  Finding	  
–  Current	  SSIO	  designs	  hindered	  by	  isolaGon	  from	  system-‐level	  resource	  

management,	  monitoring,	  and	  workflow	  systems.	  
§  Not	  a	  research	  direc:on	  in	  itself,	  but	  rather	  influences	  

direc:on	  of	  research	  in	  other	  areas	  
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Understanding Storage Systems and I/O 

§  Topics	  included	  
–  Workload	  characteriza:on	  
–  Modeling	  and	  simula:on	  
–  Designing	  for	  understandability	  

§  Findings	  
–  Many	  important	  aspects	  of	  

applicaGon	  and	  system	  behavior	  are	  
obscured	  from	  view.	  BeHer	  
understanding	  is	  needed	  to	  maximize	  
SSIO	  effec:veness.	  

§  Priori:es	  for	  research	  
–  Improve	  our	  ability	  to	  characterize	  

storage	  ac:vi:es	  to	  model	  and	  
predict	  the	  behavior	  of	  SSIO	  ac:vi:es	  
on	  future	  systems.	  
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Figure 3.11: Maximum I/O throughput of each application across all its
jobs on a platform, and platform peak.

modern USB thumb drives (writes average 239 MB/s and reads average 265

MB/s on the 64 GB Lexar P10 USB3.0 [52]).
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Figure 3.12: Number of jobs with a given I/O throughput and total number
of bytes on Mira
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Characterization of I/O traffic on 
production systems helps identify 
opportunities for improvement, leading to 
more productive use of DOE systems. 
 
H. Luu et al, “A Multiplatform Study of I/O 
Behavior on Petascale Supercomputers,” 
HPDC 2015, June 2015. 



For more information… 

Thanks	  to:	  
§  Gary	  Grider	  (LANL)	  
§  Evan	  Felix	  (PNNL)	  
§  Mark	  Gary	  (LLNL)	  
§  ScoH	  Klasky	  (ORNL)	  
§  Ron	  Oldfield	  (SNL)	  
§  Galen	  Shipman	  (LANL)	  
§  John	  Wu	  (LBNL)	  
§  Lucy	  Nowell	  (ASCR)	  

	  
	  
	  
	  
	  
	  
hHp://science.energy.gov/~/media/ascr/pdf/programdocuments/docs/ssio-‐report-‐2015.pdf	  
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15-1338 Storage and I/O for Extreme Scale Science 

§  Themes:	  
–  Measurement	  and	  Understanding	  
–  Scalable	  Storage	  SoWware	  Infrastructure	  
–  New	  Paradigms	  in	  SSIO	  

§  Proposals	  were	  due	  July	  13,	  2015	  
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Ongoing Burst Buffer Discussion 

Compute nodes run 
application processes.	


I/O forwarding nodes (or I/O gateways) 
shuffle data between compute nodes and 
external resources, including storage. 	


Storage nodes run the parallel 
file system (or alternative).	


External 
network	


Disk 
arrays	
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- Possible solid-state storage (burst buffer) location	




Ongoing Burst Buffer Discussion 

Compute nodes run 
application processes.	


I/O forwarding nodes (or I/O gateways) 
shuffle data between compute nodes and 
external resources, including storage. 	


Storage nodes run the parallel 
file system (or alternative).	


External 
network	


Disk 
arrays	
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What services are needed? 
What interfaces should we provide? 



Looking Forward 

§  Experimental	  and	  
observa:onal	  data	  brings	  
new	  challenges	  

§  HPC	  has	  a	  role,	  SSIO	  also	  
has	  a	  role…	  
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