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Complexity and Scale 
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Complexity and Scale of Hardware Deployments 

Data	  volumes	  and	  rates	  are	  resulGng	  in	  storage	  systems	  that	  must	  serve	  
unprecedented	  numbers	  of	  clients	  and	  incorporate	  massive	  numbers	  of	  
devices	  with	  very	  different	  performance,	  capacity,	  and	  reliability	  traits.	  	  

§  Trajectory	  of	  disk	  access	  
rate	  improvements	  has	  led	  
to	  more	  disks	  at	  each	  HPC	  
system	  generaGon	  

§  ProjecGons	  indicate	  disk-‐
only	  storage	  for	  exascale	  
would	  require	  ~175K	  disks	  
and	  cost	  ~$200M	  

§  NVRAM	  helps,	  but	  exisGng	  
soZware	  not	  well	  suited	  to	  
heterogeneous	  components	  

§  No	  good	  archive	  story…	  
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Thanks	  to	  Richard	  Freitas	  of	  IBM	  Almaden	  Research	  for	  providing	  historical	  drive	  data.	  



Dataset Complexity 
 

§  Complexity	  as	  an	  arGfact	  of	  
science	  problems	  and	  codes:	  
–  Coupled	  mulG-‐scale	  simulaGons	  

generate	  mulG-‐component	  
dataset.	  

–  AtomisGc	  data	  representaGons	  for	  
plasma,	  red	  blood	  cells,	  and	  
platelets	  from	  MD	  simulaGon.	  

–  Field	  data	  for	  ensemble	  average	  
soluGon	  generated	  by	  spectral	  
element	  method	  hydrodynamics	  
code	  [Grinberg	  2011,	  Insley	  2011]	  
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Thanks	  to	  M.	  Hereld	  (ANL)	  for	  this	  slide.	  



Complexity in Analysis 
 

Analysis	   techniques	   can	   transform	   from	  
one	   representaGon	   to	   a	   more	  meaningful	  
one.	   	   A	   Morse-‐Smale	   complex	   is	   a	   graph	  
representaGon	  of	  features	  in	   	  the	  gradient	  
field	  in	  the	  dataset.	  

Jet	  mixture	  fracGon	  from	  combusGon	  data	  transformed	  from	  its	  
tradiGonal	  representaGon	  to	  extract	  its	  salient	  features	  via	  the	  
Morse-‐Smale	  Complex.	  Gyulassy	  et	  al.	  Characterizing	  the	  Parallel	  ComputaGon	  of	  Morse-‐Smale	  
Complexes.	  Submifed	  to	  IPDPS'12,	  Shanghai,	  China,	  2012.	  
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The Need for Revolution in Data Storage 

§  Assumes	  that	  faults	  (transient	  and	  persistent)	  will	  be	  rare	  
–  Algorithms/approaches	  for	  managing	  faults	  are	  not	  scalable	  (e.g.,	  heartbeat)	  
–  Service	  degradaGon	  is	  not	  graceful	  
–  Many	  faults	  must	  be	  handled	  by	  (expensive)	  hardware	  

§  Makes	  poor	  use	  of	  available	  and	  upcoming	  storage	  technologies	  
–  Assumes	  uniform	  performance	  from	  devices	  
–  Unaware	  of	  underlying	  resource	  locaGons	  

§  Presents	  a	  cumbersome	  model	  for	  building	  scienGfic	  storage	  
–  Data	  layout	  is	  obfuscated,	  making	  locality	  difficult	  to	  exploit	  
–  Limited	  ability	  to	  describe	  relaGonships	  between	  datasets	  (i.e.,	  directory	  tree)	  	  
–  Concurrency	  control	  (e.g.,	  block/page	  locking)	  unrelated	  to	  user	  constructs	  

§  Interfaces	  between	  storage	  soZware	  layers	  limit	  knowledge	  of	  behavior	  
–  Prevents	  many	  classes	  of	  opGmizaGon	  

The	  HPC	  data	  storage	  infrastructure	  developed	  over	  the	  past	  two	  
decades	  needs	  to	  be	  replaced.	  
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R&D Activities in Anticipation of Exascale  

§  The	  “exascale	  picture”	  is	  sGll	  fuzzy	  
–  Hardware	  opGons	  for	  data	  storage	  are	  rapidly	  changing	  
–  Failure	  characterisGcs	  of	  systems	  are	  unclear	  
–  ApplicaGon	  drivers	  could	  change	  

§  Storage	  systems	  take	  many	  years	  to	  develop	  and	  mature,	  so	  we	  must	  
begin	  making	  progress	  now	  

§  Three	  acGviGes	  we	  can	  engage	  in	  today	  (and	  are	  engaged	  in):	  
–  Befer	  understanding	  and	  tracking	  applicaGon	  I/O	  behavior	  
–  Developing	  tools	  to	  explore	  the	  storage	  system	  design	  space	  (architecture)	  
–  Building	  befer	  support	  for	  computaGonal	  science	  data	  models	  (abstracGon)	  
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Understanding I/O Behavior 
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I/O Benchmarks on ALCF Blue Gene/P 
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See	  [Lang	  2009]	  for	  more	  details.	  



Characterizing Application I/O 

How	  are	  are	  applica>ons	  using	  the	  I/O	  system,	  and	  how	  successful	  are	  they	  
at	  aDaining	  high	  performance?	  
	  
Darshan	  (Sanskrit	  for	  “sight”)	  is	  a	  tool	  we	  developed	  for	  I/O	  characterizaGon	  at	  
extreme	  scale	  [Carns	  2009]:	  
§  No	  code	  changes,	  small	  and	  tunable	  memory	  footprint	  (~2MB	  default)	  
§  Captures:	  

–  Counters	  for	  POSIX	  and	  MPI-‐IO	  operaGons	  
–  Counters	  for	  unaligned,	  sequenGal,	  consecuGve,	  and	  strided	  access	  
–  Timing	  of	  opens,	  closes,	  first	  and	  last	  reads	  and	  writes	  
–  CumulaGve	  data	  read	  and	  wrifen	  
–  Histograms	  of	  access,	  stride,	  datatype,	  and	  extent	  sizes	  

§  Aggregated	  and	  compressed	  output	  
–  32K	  processes	  wriGng	  a	  shared	  file	  leads	  to	  203	  bytes	  of	  output	  
–  32K	  processes	  wriGng	  a	  total	  of	  262,144	  files	  leads	  to	  13.3MB	  of	  output	  
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Two Months of Application I/O on ALCF Blue Gene/P 

§  AZer	  addiGonal	  tesGng	  and	  
hardening,	  Darshan	  installed	  on	  
Intrepid	  

§  By	  default,	  all	  applicaGons	  compiling	  
with	  MPI	  compilers	  are	  instrumented	  

§  Data	  captured	  from	  late	  January	  
through	  late	  March	  of	  2010	  
[Carns	  2011]	  

§  Darshan	  captured	  data	  on	  6,480	  jobs	  
(27%)	  from	  39	  projects	  (59%)	  

§  Simultaneously	  captured	  data	  on	  
servers	  related	  to	  storage	  uGlizaGon	  
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Top	  10	  data	  producers	  and/or	  
consumers	  shown.	  Surprisingly,	  most	  
“big	  I/O”	  users	  read	  more	  data	  during	  
simulaGons	  than	  they	  wrote.	  	  
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Number of files generated by applications 
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Results	  from	  Darshan	  study	  of	  ALCF	  BG/P	  system,	  looking	  at	  trends	  in	  terms	  of	  shared	  
vs.	  independent	  file	  use	  across	  top	  data	  producer/consumers.	  
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Real Application I/O on ALCF Blue Gene/P 

Applica>on	   Mbytes/
sec/CN*	  

Cumula>ve	  
MD	  

Files/
Proc	  

Creates/
Proc	  

Seq.	  
	  I/O	  

Mbytes/
Proc	  

EarthScience	   0.69	   95%	   140.67	   98.87	   65%	   1779.48	  

NuclearPhysics	   1.53	   55%	   1.72	   0.63	   100%	   234.57	  

Energy1	   0.77	   31%	   0.26	   0.16	   87%	   66.35	  

Climate	   0.31	   82%	   3.17	   2.44	   97%	   1034.92	  

Energy2	   0.44	   3%	   0.02	   0.01	   86%	   24.49	  

Turbulence1	   0.54	   64%	   0.26	   0.13	   77%	   117.92	  

CombusGonPhysics	   1.34	   67%	   6.74	   2.73	   100%	   657.37	  

Chemistry	   0.86	   21%	   0.20	   0.18	   42%	   321.36	  

Turbulence2	   1.16	   81%	   0.53	   0.03	   67%	   37.36	  

Turbulence3	   0.58	   1%	   0.03	   0.01	   100%	   40.40	  

*	  SyntheGc	  I/O	  benchmarks	  (e.g.,	  IOR)	  afain	  3.93	  -‐	  5.75	  Mbytes/sec/CN	  for	  modest	  job	  sizes,	  
down	  to	  approximately	  1.59	  Mbytes/sec/CN	  for	  full-‐scale	  runs.	  
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A System-side View of I/O 

§  The	  I/O	  system	  is	  rarely	  idle	  at	  this	  granularity.	  
§  The	  I/O	  system	  is	  also	  rarely	  at	  more	  than	  33%	  of	  peak	  bandwidth.	  
§  One	  parGcularly	  poor	  performing	  applicaGon	  can	  dramaGcally	  impact	  the	  

system.	  
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Reflecting on application I/O behavior… 

§  Wide	  range	  of	  access	  paDerns	  are	  seen	  
–  No	  one	  of	  which	  is	  obviously	  the	  most	  successful	  
–  Speaks	  to	  need	  for	  different	  layouts	  for	  different	  purposes	  

§  High-‐level	  I/O	  libraries	  were	  rarely	  used	  in	  observed	  projects,	  but	  the	  
applicaGons	  don’t	  seem	  to	  have	  achieved	  higher	  performance	  by	  avoiding	  
them	  
–  ApplicaGons	  shouldn’t	  be	  tempted	  to	  opGmize	  I/O	  on	  their	  own	  
–  Points	  to	  a	  need	  for	  immediate-‐term	  work	  to	  improve	  performance	  (e.g.,	  

ADIOS,	  PnetCDF	  subfiling,	  PLFS)	  
–  Selling	  point	  of	  high-‐level	  I/O	  libraries	  should	  be	  producGvity,	  but	  need	  to	  

convince	  users	  they	  are	  high	  performance	  also	  
§  I/O	  system	  is	  extremely	  underu>lized	  

–  “Room”	  for	  more	  data	  movement	  if	  we	  can	  enable	  asynchronous	  I/O	  
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Storage System Designs 
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Vision: Adapting to Architectural Changes 

§  Highly	  adapGve	  system	  recognizes	  and	  responds	  to	  system	  perturbaGons	  
–  Low-‐overhead,	  scalable	  approach	  to	  informaGon	  disseminaGon	  (e.g.,	  gossip)	  
–  Ability	  to	  direct	  traffic	  to	  healthy	  targets,	  avoid	  overcommifed	  ones	  if	  possible	  
–  AllocaGon	  of	  bandwidth	  to	  simulaGons,	  analysis,	  and	  data	  replicaGon/

reconstrucGon	  based	  on	  policy	  

§  Incorporates	  new	  storage	  technologies	  
into	  a	  mulG-‐Ger	  system	  
–  Aware	  of	  properGes	  (e.g.,	  capacity,	  

performance,	  locaGon,	  resilience)	  
of	  storage	  targets	  

–  Integrates	  this	  informaGon	  into	  
service	  planning	  based	  on	  available	  
(incomplete)	  knowledge	  of	  system	  state	  

–  Can	  leverage	  inexpensive,	  commodity	  
storage	  devices	  to	  lower	  system	  cost	  
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Figure 4:  Performance implication of IB network overhead 
for Metadata operations.  Note significantly higher metadata 
throughput when off-node communication is not involved. 

Theoretically, with the given hardware resources we could 
launch hundreds or thousands of MPI jobs to emulate the 
behavior of a medium size supercomputing resource but the 
overloading of local resources could result in much lower than 
expected performance if the clients are used as non-shared 
resources as in large-scale supercomputing systems.  Figure 5 
shows scaling of metadata operations with the number of MPI 
processes that are launched on available clients (for ~300K file 
and directory operations).  With our existing setup, experiments 
with 64 MPI tasks yield the optimal client side IOPS rate, 
therefore in the subsequent sections all results are presented with 
64 client tasks.  In addition, experiments with 1024 and 2048 
files are conducted on the production Cray XT5 system and 
results are presented in the next section to demonstrate the effect 
of the metadata wall in our target file systems. 

Data in figure 4 and 5 are shown for Lustre setup with Virident 
cards.  With every new hardware setup for both file systems, 
Lustre and GPFS, we repeat the same sets of experiments to 
train benchmarks and do not observe significant variations.  
Network latency impact, in the case of GPFS with distributed 
metadata servers, is not as significant as in the case of Lustre.   

 
Figure 5:  Impact of number of clients on scaling results for 
the Metadata experiments 

The main difference between GPFS and Lustre benchmarking is 
in tuning benchmark parameters for achieving optimal IOPS.  
Typically, in scientific applications, when a large number of 
files are being generated e.g. check-pointing and restart files, 
there are 100s of files per directory.  For Lustre experiments, 
this configuration yielded a high fraction of the peak while for 
GPFS, fewer files per directory resulted in a higher fraction of 
peak.  The two benchmarks, mdtest and metarates together, 

enabled us to identify GPFS tuning potential through a series of 
experiments.  The results presented in the subsequent sections 
are tuned for better IOPS performance, and thus the input 
parameters are not consistent between Lustre and GPFS 
experiments.  This is also evidence that with the same hardware, 
two different parallel file systems with a given file metadata 
behavior can yield significantly different performance profiles. 

3.2 Lustre Metadata Measurements 
Figure 6 shows results for experiments using 64 MPI processes 
and involving a total of 300K files and directories targeting the 
three different MDTs, PCIe connected Virident, Pikes Peak with 
FC connection and SATA. Performance for disk based systems, 
except for the stat operations, are less by a factor of two or more 
compared to the SSD targets. The two SSD devices have similar 
performance despite major differences in their technical 
specification and connection speeds.  We do not observe the 
advantage that the Virident devices offer in terms of IOPS 
performance from the experimental results.  Performance of the 
stat operation could be attributed to software caching effects. 

 
Figure 6: Lustre metadata results on Virident (SSD), Pikes 
Peak (SSD) and SATA disks as MDT for 64 MPI processors 
and a total of 300K files and directories. 

3.3 GPFS Metadata Measurements 
As indicated earlier, GPFS experiments showed significant 
performance variations for different mdtest input parameters. 
We measured a very low fraction of the peak performance, 
significantly lower than Lustre, when using an identical set of 
parameters as was used in the Lustre experiments (with large 
number ~100 files per directory).  Moreover, our other target 
benchmark, metarates, consistently showed higher 
operations/second rates for metadata operations as compared to 
the mdtest.  Therefore, we tuned mdtest to bridge the 
performance gap.  The performance measurements for both un-
optimized and tuned versions are shown in figure 7 along with 
the NetApp Pikes peak (tuned) results.  Unlike Lustre, there is 
noticeable (10-20%) gain for Virident and this could be 
attributed to the use of multiple metadata servers (two for 
Virident and one for Pikes peak). 
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Assessing Extreme-Scale Storage via Simulation 

§  SimulaGon	  is	  a	  criGcal	  tool	  for	  assessing	  future	  system	  designs	  
§  Need	  scalable	  simulaGon	  capabiliGes	  so	  we	  can	  capture	  needed	  fidelity	  
§  Working	  with	  C.	  Carothers,	  N.	  Liu	  (RPI)	  and	  A.	  Crume,	  C.	  Maltzhan	  (UCSC)	  

to	  develop	  a	  simulaGon	  framework	  (CODES)	  
§  Rensselaer	  OpGmisGc	  SimulaGon	  System	  (ROSS)	  as	  infrastructure	  

–  Parallel	  discrete-‐event	  simulator	  
–  Has	  been	  run	  on	  full	  BG/P	  system	  (as	  part	  of	  another	  project)	  

§  Early	  work	  has	  focused	  on	  building	  a	  simulaGon	  of	  the	  Argonne	  BG/P	  
system,	  so	  we	  can	  validate	  the	  approach	  and	  model	  [Liu	  2011]	  
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Simulating Storage: Components and Protocols 
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Fig. 2: CODES models for the ALCF computing environment. The models in-
clude networks (top labels), hardware components (middle labels), and software
protocols (bottom labels).

We abstracted the common features of each Blue Gene/P hardware compo-
nent into CN, ION, file server, and DDN models. These models are the logical
processes (LPs) in our end-to-end storage system model, which are the most
basic physical units of our parallel discrete-event model. The various BG/P net-
works are modeled as the links connecting each LP. Each LP is composed of
three buffers. The incoming buffer is used to model the queuing effects from
multiple LPs trying to send messages to the same LP. The outgoing buffer is
used to model queuing effects when an LP tries to send multiple messages to
different LPs. The processing buffer is used to model queuing effects caused by
a processing unit, such as CPU, DMA engine, storage controller, or router pro-
cessors. The units process incoming messages in FIFO order. Each LP also has a
local hash table for recording the connections between LPs. The hash table can
be viewed as a routing table from the perspective of network modeling.

The BG/P tree network is modeled by the network links that connect each
CN LP with its parent and child network nodes. The root CN LP in the tree net-
work connects to the ION LP. Network connection between two LPs are modeled
as messages transmitted between the two LPs, where each LP’s incoming buffer
is connected to the other LP’s outgoing buffer. Furthermore, the commodity
networks (Ethernet and Myrinet networks) are modeled by the links connecting
the IONs with the storage servers. If we increase the fidelity of our models in
the future, additional network components, such as routers and switches, can be
modeled as LPs.

The hardware models consist of several configurations parameters. We model
the throughput and latency of the network links interconnecting distributed
hardware models using Equation 1.

T = TL

DP

DP +DO

(1)

5

Equation 1 computes the perceived throughput of a network operation (T ) based
on the size of the data payload (DP ), the maximum link throughput (TL),
and the size of non-payload data associated with the transfer (DO). The data
throughput and access latency of the DDN storage devices are modeled as a
simple, constant function. Parameters for both models were obtained by using
micro-benchmarks that measured the observed throughput between the various
devices in the ALCF computing environment.

Multiple software layers are involved in Intrepid’s I/O path. Our software
models approximate the interfaces, protocols, and interactions of the software
components deployed in the ALCF computing environment. The software models
and interfaces sit on top of the hardware LPs and trigger hardware events for
I/O operations. At the application layer, our models provide a POSIX-like I/O
interface. Our application-level models translate application I/O requests into
CIOD client requests using a series of CN and ION events. These CN and ION
events reflect the interaction between the CIOD clients and servers. The CIOD
server receives the CIOD client requests and generates a series of ION and storage
server hardware requests that approximate the interaction of the CIOD server
and the PVFS file system. The PVFS file system then generates a series of
storage server and DDN events that approximate the interactions between the
storage server and the DDN storage devices. The number and types of events
generated by our models depend upon the complexity of the I/O system software
protocol for a specific I/O layer.

Several parameters are associated with the software models. The most im-
portant parameters are the CIOD transfer size and the PVFS stripe size. CIOD
limits the amount of data that can be transferred in a single I/O operation (4
MiB default value on Intrepid). CIOD requires multiple operations to transfer
requests larger than 4 MiB. The PVFS stripe size dictates the block size dis-
tributed to the PVFS file servers (4 MiB default value on Intrepid) and file
alignment. Requests that are not aligned on a 4 MiB boundary or exceed a 4
MiB capacity require access to multiple PVFS servers per I/O operation.
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Fig. 3: CODES file write request model for Intrepid.

The CODES storage system simulator implements the necessary protocols to
provide application-level file open, close, read, and write using the ALCF hard-
ware and software models. Figure 3 depicts the PDES model used for application



Early Results from Simulation of BG/P I/O System 

§  AfempGng	  to	  match	  results	  from	  SC09	  paper	  detailing	  Intrepid	  I/O	  system	  
§  Close!	  
§  Unaligned	  performance	  is	  off	  (especially	  in	  read	  workload)	  

–  Network	  contenGon	  isn’t	  accounted	  for	  
§  Beginning	  to	  look	  at	  more	  complex	  I/O	  paferns	  now	  
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Fig. 4: Comparison of simulated and observed IOR performance. Figure 4a illus-
trates results using IOR write workloads. Figure 4b illustrates results using IOR
read workloads.

store its data into a unique file that was inaccessible by other processes. The
file-per-process tests required the file system to perform additional metadata
operations, such as file creations, that are not required in the shared file tests.
The stripe-aligned tests used 4 MiB (4×220 bytes) accesses for a total of 64 MiB
per process. Stripe-aligned accesses caused each processes file requests to align
with the stripe of the file. This allowed 4 MiB accesses to be made directly to
the DDN LUN. The stripe-unaligned tests used 4 MB (4× 106 bytes) accesses
for a total of 64 MB per process. The stripe-unaligned accesses spanned multiple
file stripes and required most requests to processed by more than one file server.

The results of our IOR write validation experiments closely follows the re-
sults observed during our previous study. The results for these experiments are
illustrated in Figure 4a. The overall file system performance trend for write re-
quests is correctly captured by our simulator. Like the results reported in our
previous study, the simulator performance for write requests levels off at 64K
processes and remains constant at larger scales. Our simulated results capture
the performance variations from 2K to 128K client processes at roughly a 10%
error rate. Specifically, the model is able to capture the extra overhead for both
the stripe-unaligned experiments and file-per-process experiments. In the prior
study, we observed network contention within the storage system network that
caused file system performance degradation. We believe that we can capture
this behavior within our models by artificially limiting the message rate per re-
source destination. We believe this adjustment may improve the error rate of
the stripe-unaligned tests.

Figure 4b illustrates the IOR benchmark throughput for observed and simu-
lated read operations. Like the write experiments, the stripe-aligned and stripe-
unaligned accesses were investigated using 4 MiB and 4 MB PVFS stripe sizes.
Our results show that the stripe-aligned read throughput closely follows the ob-
served performance of Intrepid’s PVFS storage systems. Our model is able to
capture most of the performance variations for stripe-aligned read and file-per-
process read experiments. It yields more error in stripe-unaligned read tests. The

Write	
 Read	




Data Models and Storage Abstractions 
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Vision: Storage Abstractions for 
Computational Science 
 §  Storage	  system	  exposes	  a	  data	  model	  meant	  for	  
supporGng	  many	  types	  of	  data	  
–  Containers	  with	  persistent	  references	  
–  Flexibility	  in	  how	  consistency	  semanGcs	  are	  applied	  

(and	  a	  more	  sensible	  default)	  
–  Tunable	  resiliency	  that	  provides	  performance/safety/

space	  trade-‐offs	  
–  MulGple	  opGons	  for	  defining	  name	  spaces	  

§  Interfaces	  that	  provide	  rich	  descripGve	  capabiliGes	  
in	  terms	  of	  concurrency,	  data	  movement,	  and	  future	  
use	  
–  Capability	  to	  describe	  relaGonships	  and	  aggregate	  

where	  possible,	  with	  minimal	  synchronizaGon	  
–  Allowing	  the	  system	  to	  adapt	  in	  anGcipaGon	  of	  future	  

acGons	  (e.g.,	  migraGon)	  
–  	  Co-‐designed	  with	  applicaGons	  (i.e.,	  no	  shoehorning	  

via	  ioctl())	  
23	  

The	  object	  storage	  model	  
is	  one	  step	  in	  the	  right	  
direcGon	  in	  terms	  of	  
storage	  abstracGons	  for	  
computaGonal	  science.	  



Vision: Supporting Computational Science Data Models 
§  Must	  cover	  the	  variety	  of	  models	  present	  in	  computaGonal	  science	  codes	  

–  Improves	  producGvity	  of	  scienGsts	  
–  Captures	  regularity	  where	  it	  is	  present,	  with	  the	  flexibility	  to	  describe	  

unstructured	  datasets	  as	  well	  
–  Retains	  all	  relevant	  semanGcs	  during	  “flafening”	  to	  storage	  

Mo>f	   Data	  Model/Structure	   Examples	  

Dense	  Linear	  Algebra	   MulGdimensional	  Arrays	   ScaLAPACK,	  S3D	  

Sparse	  Linear	  Algebra	   Sparse	  Matrix	   OSKI,	  SuperLU	  

Spectral	  Methods	   MulGdimensional	  Arrays	   Nek5000	  

N-‐Body	  Methods	   Trees,	  Unstructured	  Meshes	   Molecular	  Dynamics	  

Structured	  Grids	  (+	  AMR)	   MulGdimensional	  Arrays	   FLASH,	  Chombo-‐based	  

Unstructured	  Grids	  (+AMR)	   Unstructured	  Meshes	   UNIC,	  Phasta	  

Graph	  Traversal	   Sparse	  Matrix,	  DAG	   Decision	  Trees	  (e.g.,	  C4.5)	  

Geodesic	  grid	  used	  in	  global	  
climate	  resolving	  model.	  
From	  B.	  Palmer,	  A.	  Koontz,	  
and	  K.	  Schuchardt,	  "An	  IO	  
API	  for	  a	  Global	  Cloud	  
Resolving	  Model".	  	  
Environmental	  Modelling	  &	  
SoZware	  (submifed).	  

List	  of	  computaGonal	  moGfs	  and	  associated	  data	  models,	  	  derived	  from	  Berkeley	  
Seven	  Dwarfs,	  modificaGons	  and	  addiGons	  by	  A.	  Choudhary,	  N.	  Samatova,	  Q.	  Koziol,	  
T.	  Tautges,	  R.	  Latham,	  W.	  Liao,	  and	  R.	  Ross.	  
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Next-Generation Data Models 

§  Damsel	  project:	  supporGng	  the	  complex	  	  
models	  in	  computaGonal	  science	  
–  A.	  Choudhary	  (NWU)	  is	  project	  PI	  
–  Support	  for	  structured	  and	  unstructured,	  	  

regular	  and	  adapGve	  data	  models	  

§  Storage	  and	  data	  movement	  
–  Mapping	  from	  science	  data	  models	  into	  novel	  	  

storage	  data	  models	  [Gao	  2009]	  
–  SupporGng	  (many	  different)	  access	  paferns	  

associated	  with	  model	  
–  OpGmizing	  Gme	  to	  write	  in	  bandwidth	  limited	  	  

environments	  [Kimpe	  2007]	  
§  Exploring	  the	  role	  of	  data	  models	  in	  analysis	  	  

–  Enabler	  for	  analysis	  at	  different	  locaGons	  in	  the	  data	  pipeline	  (GLEAN)	  
[Vishwanath	  2011]	  

–  EvaluaGng	  transformaGons	  for	  data	  analysis	  [Kumar	  2011]	  
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Figure 2: Cross-sections of the spectral element mesh used for LES of 217-pin configuration:

(a) z = 0, (b) close-up at z = 3D. The dark lines indicate the boundaries of the spectral

elements, each of which contains N3 cells (N2 in the plane).

ranging from 230 to 630 gpm. For a single wire-wrap pitch, the geometry comprises 438

subchannels of length H/Dh = 73.4, for a total channel length of approximately 32000

Dh (roughly 20000 times the length of a standard turbulent channel flow simulation). To

further reduce computational costs, we restrict our attention to a single pitch of the wire

wrap and use periodic boundary conditions at the axial planes z = 0 and z = H. Flow

is established through an axial forcing (corresponding to mean pressure gradient) that is

varied in time using a feedback loop to achieve a fixed flow rate. The simulations are

carried out in nondimensional units with D as the characteristic length scale and D/U as

the time scale, where U is the mean velocity. The viscosity is set to ν = 1/ReD, with

ReD := DU/ν = 15000.

2.2 Discretization

The spatial discretization in Nek5000 is based on the spectral element method (SEM), in

which the solution, geometry, and data are expressed as Nth-order tensor-product poly-

nomials on hexahedral (curvilinear brick) elements. The polynomial basis functions are

Lagrange interpolants based on Gauss-Lobatto-Legendre quadrature points. The discrete

equations are derived from standard weighted residual (Galerkin) procedures, resulting in

a large system of nonlinear ordinary differential equations for the basis coefficients. The

current simulations are based on the the consistent velocity-pressure formulation in which

the pressure is represented as piecewise discontinuous polynomials of order N − 2 [?]. For

a collection of E elements in three dimensions, the number of gridpoints is approximately

n = EN3 for velocity and np = E(N − 1)3 for pressure, with N =5–15 being typical.

Further details of the SEM are given in [?, ?, ?].

Nek5000 advances the Navier-Stokes equations using semi-implicit timestepping. The

advective terms for momentum and thermal transport are treated explicitly, giving rise to

6

Cross-‐secGon	  of	  spectral	  
element	  mesh	  used	  in	  large	  
eddy	  simulaGon	  of	  217-‐pin	  
reactor	  subassembly.	  	  
	  	  	  	  	  	  	  	  	  	  Image	  from	  P.	  Fischer	  (ANL).	  
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Concluding Remarks 

§  Ongoing	  acGviGes	  in	  three	  areas:	  
–  Understanding	  and	  tracking	  applicaGon	  I/O	  behavior	  
–  Exploring	  the	  storage	  system	  design	  space	  
–  Building	  befer	  support	  for	  computaGonal	  science	  data	  models	  

§  Need	  for	  strong	  connecGons	  with	  faciliGes	  
–  Deploying	  tools	  to	  understand	  I/O	  behavior	  
–  Gathering	  feedback	  on	  storage	  system	  designs	  
–  Building	  trust	  that	  revoluGonary	  soluGons	  are	  viable	  

§  From	  HPC	  data	  to	  data	  intensive	  compuGng	  
–  What	  lessons	  can	  be	  learned	  from	  Internet	  services,	  observaGonal	  and	  

experimental	  sciences	  fields?	  
–  What	  can	  we	  teach	  them	  [TanGsiriroj	  2011]	  ?	  

§  Many	  opportuniGes	  for	  collaboraGon…	  
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