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Data Scale and Requirements 

HACC	
  Cosmology	
  Simula2on	
  
– 14	
  Pflops	
  sustained	
  performance	
  on	
  1.6	
  Million	
  cores	
  
– 20	
  PB	
  and	
  coun2ng	
  on	
  Mira	
  
– Checkpoints	
  files	
  are	
  400TB,	
  and	
  analysis	
  outputs	
  are	
  10s	
  TB	
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Dataset Complexity 
 

§  Complexity	
  as	
  an	
  ar2fact	
  of	
  
science	
  problems	
  and	
  codes:	
  
–  Coupled	
  mul2-­‐scale	
  simula2ons	
  

generate	
  mul2-­‐component	
  
dataset.	
  

–  Atomis2c	
  data	
  representa2ons	
  for	
  
plasma,	
  red	
  blood	
  cells,	
  and	
  
platelets	
  from	
  MD	
  simula2on.	
  

–  Field	
  data	
  for	
  ensemble	
  average	
  
solu2on	
  generated	
  by	
  spectral	
  
element	
  method	
  hydrodynamics	
  
code	
  

Aneurysm 

Right Interior 
Carotid Artery 

Platelet 
Aggregation SC	
  2011	
  Gordon	
  Bell	
  Winner	
  



Scale and Complexity of Systems 

7	
  

System	
   Blue	
  Gene/Q	
   K	
  Computer	
   Tianhe-­‐1A	
  

Peak	
  Perf	
  
	
  #	
  of	
  Racks	
  

20	
  PF	
  	
  
96	
  

11.3	
  PF	
  	
  
864	
  

4.7	
  PF	
  	
  
112	
  

#	
  of	
  cores	
   1,572,864	
   705,024	
   202,752	
  

Processor	
   PowerPC	
   SPARC	
  64	
   Xeon	
  X5670	
   NVIDIA	
  M2050	
  

Mem	
  per	
  core	
  
(Flops/byte)	
  

1	
  GB	
  
4.9	
  

8	
  GB	
  
1	
  

1	
  GB	
  
0.75	
  

0.21	
  GB	
  
3	
  

Interconnect	
   5D	
  Torus	
   6D	
  Torus	
   Fat	
  Tree	
  

Power	
   6	
  MW	
  
	
  

12.7	
  MW	
  
	
  

4.04	
  MW	
  

Gflop/waM	
   3.4	
   0.19	
   1.2	
  



Storage vs Computation Trends 
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ASC	
  Sequoia	
  
20	
  PF/s	
  Compute	
  
500GB/s	
  Storage	
  

ASCI	
  Red	
  



FLASH Astrophysics I/O performance  
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System	
  Peak	
   65	
  GiB/s	
  

IOR	
  benchmark	
   35	
  GiB/s	
  

FLASH	
  Checkpoint	
   	
  1	
  GiB/s	
  

FLASH	
  Plot	
  files	
   0.2	
  GiB/s	
  

During	
  large-­‐scale	
  capability	
  runs,	
  up	
  to	
  30%	
  of	
  2me	
  spent	
  in	
  I/O	
  



Approaches to Address Data Challenges 

– Developing	
  novel	
  infrastructures	
  via	
  data	
  staging	
  
and	
  simula2on-­‐2me	
  analysis	
  

– Leveraging	
  applica2on	
  data	
  models	
  

– Scalable	
  algorithms	
  using	
  reduced	
  synchroniza2on	
  

seman2cs	
  and	
  topology-­‐aware	
  data	
  movement	
  

– Exploi2ng	
  data	
  layouts	
  	
  

– Scalable	
  analysis	
  and	
  visualiza2on	
  algorithms	
  

– Work	
  with	
  applica2ons	
  and	
  demonstrate	
  at	
  scale	
  



Data Staging to improve I/O performance 

Staging	
  enables	
  the	
  applica2on	
  I/O	
  to	
  be	
  wri\en	
  out	
  
asynchronously	
  while	
  enabling	
  the	
  simula2on	
  to	
  proceed	
  
ahead,	
  and	
  helps	
  sink	
  bursty	
  I/O	
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40K	
  Nodes	
  
160K	
  Cores	
  
557	
  TFlops	
  

640	
  
	
  I/O	
  

Nodes	
  

Myrinet	
  
Switch	
  
Complex	
  
900+	
  
ports	
  

3.2	
  TB	
  Memory	
  
200	
  GPUs	
  

128	
  File	
  
Servers	
  

6.4	
  	
  
Tb/s	
  4.3	
  Tb/s	
  

1	
  Tb/s	
  

1.3	
  Tb/s	
  

0.5	
  Tb/s	
  

Intrepid	
  BG/P	
  Compute	
  Resource	
  
Eureka	
  Analysis	
  Cluster	
  

Storage	
  System	
  



Data Staging on I/O Forwarding Nodes (SC’10) 
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As	
  we	
  move	
  towards	
  exascale	
  systems	
  consis2ng	
  of	
  1000s	
  of	
  
low-­‐power	
  cores,	
  effec2ve	
  I/O	
  scheduling	
  and	
  data	
  staging	
  
mechanisms	
  will	
  be	
  of	
  cri2cal	
  importance	
  (SC’10)	
  

83%	
  efficiency	
  

95%	
  efficiency	
  



Applica2on	
  

I/O	
  Library	
  
(hdf5,	
  pnetcdf)	
  

I/O	
  Network	
  

File	
  server	
  

Applica2on	
  

I/O	
  Library	
  
(hdf5,	
  pnetcdf)	
  

I/O	
  Network	
  

File	
  server	
  

GLEAN	
  

GLEAN	
  

Analysis/Staging	
  Nodes	
  

Tradi2onal	
  Mode	
   Mode	
  with	
  GLEAN	
  

Compute	
  
Resource	
  

Analysis/Staging/Transforma2on	
  



MPI Collective I/O on BG/P 

MPI	
  collec2ve	
  I/O	
  has	
  3	
  phases:	
  
•  Exchange	
  of	
  offsets	
  and	
  sizes	
  using	
  
MPI_Alltoallv	
  over	
  the	
  collec2ve	
  network	
  

•  Exchange	
  of	
  data	
  to	
  the	
  aggregators	
  
•  Write	
  the	
  data	
  out	
  over	
  the	
  collec2ve	
  network	
  

Designated	
  aggregator	
  node	
  could	
  be	
  in	
  a	
  different	
  pset	
  -­‐	
  
several	
  hops	
  away	
  
	
  

Aggregators	
  in	
  
a	
  pset	
  



Exploiting Topology for I/O Acceleration 

•  Aggregator	
  groups	
  formed	
  by	
  
exploi2ng	
  the	
  BG/P	
  
personality	
  informa2on	
  

•  Restrict	
  aggrega2on	
  traffic	
  to	
  
a	
  pset	
  	
  

•  Exploit	
  both	
  3D	
  torus	
  and	
  
tree	
  network	
  for	
  data	
  
movement	
  

•  Dynamic	
  #	
  of	
  aggregators	
  
based	
  on	
  message	
  size	
  

	
  



Strong scaling performance to write 1GiB 

Strong	
  scaling	
  is	
  cri2cal	
  as	
  we	
  move	
  towards	
  future	
  
systems	
  with	
  lower	
  memory	
  per	
  core	
  (SC’11)	
  

	
  



End-to-end data movement performance 
scaling to 131,052 Intrepid cores (32 racks) 

GLEAN	
  sustains	
  54	
  GiBps	
  of	
  aggregate	
  throughput	
  at	
  131,052	
  cores	
  
(80%	
  of	
  the	
  en2re	
  system)	
  with	
  96	
  Eureka	
  nodes	
  



Performance for FLASH checkpoints 

•  For	
  weak	
  scaling	
  at	
  32,768	
  cores,	
  GLEAN	
  sustains	
  31	
  GBps	
  and	
  
achieves	
  an	
  observed	
  speedup	
  of	
  10-­‐fold	
  over	
  pnetcdf	
  and	
  hdf5	
  

•  For	
  strong	
  scaling	
  at	
  32,768	
  cores,	
  GLEAN	
  sustains	
  27	
  GBps	
  and	
  
achieves	
  an	
  observed	
  speedup	
  of	
  15-­‐fold	
  over	
  pnetcdf	
  and	
  hdf5	
  

•  16.3	
  GBps	
  to	
  Storage	
  at	
  32K	
  cores.	
  

	
  

	
  



Scalable I/O at 768K cores with GLEAN 
•  Joint	
  work	
  with	
  HACC	
  team	
  
•  Scaled	
  to	
  the	
  en2re	
  768K	
  cores	
  of	
  Mira	
  BG/Q	
  system	
  
•  Integrated	
  with	
  HACC	
  Cosmology	
  produc2on	
  simula2on	
  runs	
  and	
  
enabled	
  the	
  Gordon	
  Bell	
  runs	
  
•  Used	
  in	
  produc2on	
  on	
  BG/Q	
  (Mira)	
  	
  and	
  Cray	
  (Hopper)	
  
•  Achieved	
  ~180	
  GB/s	
  for	
  HACC	
  I/O	
  and	
  up	
  to	
  ~16X	
  improvement	
  
over	
  the	
  previous	
  I/O	
  mechanism	
  on	
  Mira	
  
• Wri\en	
  and	
  read	
  ~20	
  PB	
  of	
  data	
  on	
  Mira	
  (and	
  coun2ng)	
  
•  Used	
  for	
  all	
  HACC	
  inputs	
  and	
  outputs	
  of	
  produc2on	
  runs	
  
including	
  par2cle,	
  cosmo,	
  and	
  halo	
  data	
  
•  Parallel	
  lossless	
  data	
  compression	
  with	
  custom	
  pre-­‐condi2oner,	
  
and	
  parallel	
  checksums	
  (fletcher64	
  and	
  crc64)	
  

SC	
  2013	
  Gordon	
  Bell	
  Finalist	
  



Scalable I/O using GLEAN for HACC simulations 
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Write bandwidth in HACC simulations at scale
            File/ION + aggregation + compression

File/ION + aggregation
File/ION

Shared file

•  Mul2-­‐fold	
  improvement	
  for	
  wri2ng	
  out	
  HACC	
  analysis	
  outputs	
  
•  Subfiling,	
  topology-­‐aware	
  data	
  movement,	
  and	
  compression	
  

are	
  key	
  for	
  I/O	
  performance	
  at	
  scale	
  (PDP’2014)	
  
	
   H.	
  Bui,	
  V.	
  Vishwanath,	
  H.	
  Finkel,	
  K.	
  Harms,	
  J.	
  Leigh,	
  S.	
  Habib,	
  K.	
  Heitmann,	
  M.	
  E.	
  Papka.	
  “Scalable	
  parallel	
  I/O	
  on	
  the	
  Blue	
  Gene/Q	
  
supercomputer	
  using	
  compression,	
  topology-­‐aware	
  data	
  aggrega2on,	
  and	
  subfiling,”	
  In	
  the	
  Proceedings	
  of	
  the	
  22nd	
  Euromicro	
  
Interna2onal	
  Conference	
  on	
  Parallel,	
  Distributed,	
  and	
  Network-­‐Based	
  Processing	
  (PDP	
  2014),	
  Turin,	
  Italy,	
  February,	
  2014.	
  	
  



Using	
  Regression	
  Models	
  for	
  I/O	
  Tuning	
  (SC’13)	
  

Parallel	
  I/O	
   I/O	
  Phases	
   Characteriza2on	
   Performance	
  Modeling	
  

	
  	
  	
  Hopper	
  

	
  
I/O	
  is	
  a	
  challenging	
  
problem	
  with	
  several	
  
parameters	
  needed	
  to	
  
be	
  tuned	
  for	
  
performance.	
  Our	
  
approach	
  helps	
  iden2fy	
  
these	
  to	
  mi2gate	
  I/O	
  
bo\lenecks.	
  
	
  



We	
  Compare	
  Performance	
  of	
  Different	
  
Models	
  On	
  Intrepid	
  and	
  Choose	
  the	
  Best	
  	
  

Parallel	
  I/O	
   I/O	
  Phases	
   Characteriza2on	
   Performance	
  Modeling	
  

Model	
   Error	
  (in	
  %)	
   Model	
   Error	
  (in	
  %)	
  

Linear	
  Reg	
   19.6	
   SVM	
  Reg	
  (Lin)	
   21.2	
  

Ridge	
  Reg	
   20.2	
   Decision	
  Trees	
   9	
  

Lasso	
   18.9	
   SVM	
  Reg	
  (Poly)	
   16	
  

Lars	
   20.34	
   Gaussian	
  Processes	
   13	
  

Elas2c	
  Net	
   21.68	
   Random	
  Forests	
   8.2	
  

SGD	
   16.7	
   GBDT	
   8.1	
  

Tree	
  based	
  Models	
  exhibits	
  least	
  error	
  
	
  

•  Tree-­‐based	
  models	
  are	
  simple	
  and	
  intui2ve	
  to	
  understand	
  	
  

•  The	
  decision	
  at	
  each	
  step	
  (node	
  of	
  the	
  tree)	
  is	
  based	
  on	
  a	
  single	
  parameter	
  of	
  the	
  dataset,	
  
which	
  involves	
  a	
  quick	
  look-­‐up	
  opera2on	
  along	
  the	
  depth	
  of	
  the	
  tree.	
  	
  

•  Other	
  models	
  solve	
  a	
  complex	
  op2miza2on	
  problem,	
  making	
  it	
  difficult	
  to	
  judge	
  the	
  rela2ve	
  
usefulness	
  of	
  specific	
  dataset	
  a\ributes.	
  



Simulation-time Analysis Opportunities on 
the Argonne Leadership Computing Facility  

We	
  need	
  to	
  perform	
  the	
  right	
  computaaon	
  
at	
  the	
  right	
  place	
  and	
  ame	
  taking	
  into	
  
account	
  the	
  characteris2cs	
  of	
  the	
  simula2on,	
  
resources	
  and	
  analysis	
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40K	
  Nodes	
  
160K	
  Cores	
  
557	
  TFlops	
  

640	
  
	
  I/O	
  

Nodes	
  

Myrinet	
  
Switch	
  
Complex	
  
900+	
  
ports	
  

100	
  Nodes	
  
200	
  GPUs	
  
110	
  TFlops	
  

128	
  File	
  
Servers	
  

6.4	
  	
  
Tb/s	
  4.3	
  Tb/s	
  

1	
  Tb/s	
  

1.3	
  Tb/s	
  

0.5	
  Tb/s	
  

Intrepid	
  BG/P	
  Compute	
  Resource	
  
Eureka	
  Analysis	
  Cluster	
  

Storage	
  System	
  

1	
  
2	
  

3	
  

4	
  



Simulation-time analysis of PHASTA 
on 160K Intrepid BG/P cores 

	
  Isosurface	
  of	
  ver2cal	
  velocity	
  colored	
  by	
  velocity	
  and	
  cut	
  plane	
  through	
  the	
  
synthe2c	
  jet	
  (both	
  on	
  3.3	
  Billion	
  element	
  mesh).	
  Image	
  Courtesy:	
  Ken	
  Jansen	
  	
  

•  Visualiza2on	
  of	
  a	
  PHASTA	
  simula2on	
  running	
  on	
  160K	
  cores	
  of	
  
Intrepid	
  using	
  ParaView	
  on	
  100	
  Eureka	
  nodes	
  enabled	
  by	
  GLEAN	
  
	
  

•  GLEAN	
  achieves	
  48	
  GiBps	
  sustained	
  throughput	
  for	
  data	
  
movement	
  enabling	
  simula2on-­‐2me	
  analysis	
  



Database Indexing to Accelerate Queries in HPC 

The Scalable Data Management, Analysis, and Visualization Institute   http://sdav-scidac.org

Parallel In-situ Data Reduction, Indexing and Layout for Scalable Query-driven Analytics
NCSU: David Boyuka, Zhenhuan Gong, Steven Harenburg, John Jenkins, Sriram Lakshminarasimhan, Saurabh Pendse, Terry Rogers, 

Nagiza F. Samatova, Eric Schendel, Rob Seay, Neil Shah, Houjun Tang, Xiaocheng Zou
Collaborators: Choong-Seock Chang, Jackie Chen, Stephane Ethier, Scott Klasky, Hemanth Kolla, Seung-Hoe Ku, Qing Liu, Xiaosong Ma, 

Michael Papka, Norbert Podhorszki, Rob Ross, Venkatram Vishwanath

In Situ Data Transformation for ADIOS
Motivation
�Current I/O middleware lacks native support for 
data  “transforms”  (e.g.,  performing  operations  such  
as compression and indexing on data prior to I/O) .
�Such support is critical, and current manual 
implementation tend to: 

Be time-consuming, error-prone, and ad hoc; 
Destroy high-level data semantics; 
Requires code editing and recompilation.

Solution: ADIOS Transform Layer
�We integrate a data transform framework within 
ADIOS I/O library.
�Modular implementation similar to read and write 
transport methods, XML-based configuration.
�Compatible with read and write transports, paving 
the way for transforms over staging, etc. 
�Efficiently supports the ADIOS read API for data 
subset access.

Problem and Challenges
�Large amount of data 
generated, analytics and queries 
are difficult.
�Previous storage layout 
schemes address single access 
pattern. Often coarse-grained.
�Post-processing is expensive 
due to I/O bottlenecks.

PARLO: Runtime Data Layout Optimization
[ICPP’12]  [CCGrid’13]

DIRAQ: In-situ Query-optimized Data Encoding in GLEAN
(paper submitted)
Challenges 
�State-of-the-art compressed indexes yield 
heavy weight index: data+index require 
170% – 400% storage of actual data.
�Existing indexing is additionally compute 
bound, thereby delaying simulations with in 
situ application.
�Inefficient layout using local indexes result 
in slow query-processing times. ALACRITY Encoding with Index Compression

Weak scaling on encoding FLASH 
temp dataset on Intrepid at ANL

ISOBAR Hybrid Compression-I/O Interleaving for Parallel 
I/O Optimization  [HPDC’12]
Challenges 
�Utilize lossless compression to reduce I/O 
bottlenecks common with checkpointing large-
scale simulations.
�Alleviate the time penalty required for lossless 
compression.
�Provide an approach that supports in-situ 
processing with general compressors.

Hybrid compression-I/O method at 
compute or I/O node

Read/Write throughput improvement

APLOD: Analytics-driven Precision Level-of-Detail 
[SC’12]

Objectives and Approaches
�Provide a error-bounded level-of-detail methodology.
�Develop a light-weight, in-situ-capable data transformation.
�Ease-of-use in I/O software stack, e.g., ADIOS and MPI-IO.
Research Products
�Configurable data decomposition w/minimal modification to 
application communication, I/O patterns.
�600MB/s minimum transform speed for >1K buffers, finest-grain 
decomposition.- 3.5-4x data read speedup for varying cores, using 
1/4 original data.
�High-accuracy data analysis shown using <= 1/2 original data.

APLOD overview

Noncontiguous GPU Data Movement in MPI+GPU
[Cluster’12]
Challenges 
�No support for complex, noncontiguous data movement for buffers in GPU memory.
�High-latency, low bandwidth CPU-to-GPU communication (PCIe).

Challenges 
�Precision used in scientific computing apps often not 
necessary for accurate data analysis -> level-of-detail (e.g., 
wavelet MRA).-
�Lack of both full context data view and hard error bounds 
in existing level-of-detail, multi-resolution analysis methods.

Approaches and Research Products
�Design a fine-grained parallel data packing 
algorithm, able to handle any MPI derived datatype. 
�Low overhead packing compared to best-case 
CUDA DMA alternatives with specialized packing 
kernels.
�Many-fold speedup for packing sub-optimal data 
layouts for DMA.

Data shuffle performance

Layout Optimization
�MLOC: Multi-level Layout Optimization 
for Compressed scientific data.
�Hybrid and flexible layout optimization 
for heterogeneous access patterns. PARLO overview: based on MLOC and ADIOS

Runtime overhead measurement and 
comparison with post-processing

ALACRITY: Lossless Data Compression and Indexing
[DEXA’12]

Contact
�Nagiza F. Samatova < samatova@csc.ncsu.edu >
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CII II POSIX MPI-IO
Objectives and Approaches
�Enhanced ALACRITY encoding technique that is compute-, 
memory- and storage-lightweight .
�Aggressive compression that utilizes core-local spatio-
temporal characteristics in data.
�Scalable, in situ indexing with minimal communication and 
optimization for network-aggregation and I/O throughput.
Research Products
�In situ parallel non-intrusive indexing technique for handling 
large-scale data-intensive analytics.
�Full-precision encoding compressed data and indexing that 
results in storage footprint that is 55 – 90% of raw data.
�Efficient layout for large-scale indexes result in upto 25x 
reduction in query-response times.
�Integrated within the GLEAN framework for FLASH simulation.
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Challenges
�Traditional DBMS indexes heavy-weight.
�Query-driven analysis needs both range query and value retrieval.

Research Products
�Novel in situ compression-I/O framework and 
performance model for improving end-to-end throughput 
with large-scale scientific staging environments.
�S3D, FLASH, GTS datasets with gains from 12 to 46%
�Hides  cost  of  these  “hard-to-compress”  datasets
�Framework library has been implemented for both C 
and Fortran integration

Objectives and Approaches
�Data compression used effectively within an HPC I/O 
staging environment by hiding compression costs.
�Flexibility for the compression process to be at either 
the compute or staging nodes.
�Maximizes system resource utilization by using 
compute power and I/O bandwidth together.

Approaches and Research Products
�Provide a fused compressed data and index format, amenable 
for range query processing.
�Develop a light-weight compression+indexing methodology.
�Data+index storage no larger than 125%, often much lower.
�Compression+indexing throughput of 133-223 MB/s -
Comparable to FastBit for range queries, many-fold faster for 
range queries with value retrieval.
�Compression-only target performs comparable-or-better than 
state-of-art scientific data compressors.
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PARLO Post-processingRuntime Approach
�PARLO: PArallel Runtime Layout 
Optimization framework.
�Integrated with ADIOS to achieve high-
performance, parallel runtime layout 
optimization.
�Optimized runtime performance. Low 
overhead and memory footprint.
�User-transparent integration, no need to 
re-compile application code. Easy XML–
based configuration.

User Application

ADIOS Transforms
Framework

Variable A Variable B

I/O Transport Method

Read API

Transform 
Plug-in

Write API

Regular var. Transformed var.

BP file, DataSpaces, etc.

Research Products
�Currently, implemented the transform plug-ins for several general-purpose compression algorithms 
(zlib, bzip2, szip) and ISOBAR lossless compression.
�ALACRITY in-situ indexing and PARLO hierarchical storage layout optimization, with an APLOD
byte-columnar layout plug-in under development.
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•  Data	
  Indexing	
  and	
  Reorganizing	
  for	
  Analy2cs-­‐induced	
  Query	
  processing	
  

•  Scaled	
  to	
  BG/P	
  and	
  Cray	
  XE-­‐6	
  system	
  

•  Demonstrated	
  with	
  FLASH	
  and	
  S3D	
  via	
  GLEAN	
  

(	
  Best	
  paper	
  award	
  at	
  HPDC’13)	
  

•  Indexing	
  is	
  commonly	
  
used	
  to	
  in	
  databases	
  
accelerate	
  search	
  queries.	
  
	
  

•  In	
  Data-­‐centric	
  HPC,	
  with	
  
indices,	
  a	
  scien2st	
  can	
  
interac2vely	
  explore	
  the	
  
dataset.	
  The	
  challenge	
  is	
  
in	
  dealing	
  with	
  index	
  
genera2on	
  and	
  index	
  sizes	
  

	
  



Other Relevant Threads 

•  SKOPE	
  -­‐	
  Language	
  for	
  performance	
  modeling	
  	
  
• Heterogeneous	
  mul2-­‐site	
  workflow	
  scheduling	
  	
  
• Modeling	
  end-­‐to-­‐end	
  parallel	
  storage	
  transfers	
  
• HPDF	
  Project	
  –	
  Programmable	
  parallel	
  network	
  and	
  
storage	
  infrastructure	
  for	
  improved	
  performance	
  
• ExaHDF5	
  Project	
  &	
  Concerted	
  Flows	
  Project	
  	
  	
  	
  
•  I/O	
  Op2miza2on	
  on	
  Cray	
  systems	
  
•  Scheduling	
  
•  Scalable	
  Visualiza2on	
  and	
  Analy2cs	
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