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  Parallel	  scripBng	  language	  for	  clusters,	  clouds	  &	  grids	  
–  For	  wriBng	  loosely-‐coupled	  scripts	  of	  applicaBon	  programs	  
and	  uBliBes	  linked	  by	  exchanging	  files	  

–  Can	  call	  scripts	  in	  shell,	  python,	  R,	  Octave,	  MATLAB,	  …	  

  Swi$	  does	  3	  important	  things	  for	  you:	  
–  Makes	  parallelism	  transparent	  –	  with	  funcBonal	  dataflow	  
–  Makes	  basic	  failure	  recovery	  transparent	  
–  Makes	  compu,ng	  loca,on	  transparent	  –	  can	  run	  your	  script	  
on	  mulBple	  distributed	  sites	  and	  diverse	  compuBng	  
resources	  (from	  desktop	  to	  petascale)	  
à	  this	  is	  what	  we’ll	  show	  today	  
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Example of when you need Swift:  
Process and analyze MODIS satellite land use datasets 

Swi$	  preprocessing	  &	  analysis	  script	  

  Input:	  hundreds	  of	  land	  cover	  Ble	  files	  (forest,	  ice,	  urban,	  etc)	  &	  ROI	  
  Output:	  regions	  with	  greatest	  concentraBon	  of	  specific	  land	  types	  
  Apps:	  image	  processing,	  staBsBcs,	  output	  rendering	  
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Largest	  zones	  of	  
forest	  land-‐cover	  
In	  analyzed	  region	  

300+	  
MODIS	  
Files	  
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Dataflow and applications of MODIS pipeline 

analyzeLandUse	  

colorMODIS	  

assemble	  

markMap	  landUse	  
x	  317	  

analyzeLandUse	  

colorMODIS	  
x	  317	  

getLandUse	  
x	  317	  

assemble	  

markMap	  

MODIS	  script	  is	  automaBcally	  run	  
in	  parallel:	  
	  
	  
	  
	  
	  
Each	  loop	  level	  
can	  process	  tens	  
to	  thousands	  of	  
image	  files.	  
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MODIS script  in Swift: main data flow 

foreach g,i in geos {!
    land[i] = getLandUse(g,1);!
}!
(topSelected, selectedTiles) =!
    analyzeLandUse(land, landType, nSelect);!
!
!

foreach g, i in geos {!
  colorImage[i] = colorMODIS(g);!
}!
gridMap = markMap(topSelected);!
montage =!
   assemble(selectedTiles,colorImage,webDir);!
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Submit host (login node, laptop, Linux server) 

Data server 

Swift 
script 

Swi$	  runBme	  system	  has	  drivers	  and	  algorithms	  to	  efficiently	  
support	  and	  aggregate	  vastly	  diverse	  runBme	  environments	  

Swift runs applications on distributed parallel 
systems 

Clouds:	  
Amazon	  EC2,	  
XSEDE	  Wispy,	  
Future	  Grid	  …	  

Application 
Programs 
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User first tests a new script on a local login host 
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Swi$	  script	  is	  locaBon-‐independent	  –	  
debug	  locally	  then	  run	  distributed	  



MODIS script excerpt used in this demo 
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$	  cat	  modis.swi$	  
	  
type	  imagefile;	  
type	  landuse;	  
type	  perlscript;	  
	  
perlscript	  getlanduse_pl	  <"getlanduse.pl">;	  
	  
app	  (landuse	  output)	  getLandUse	  (imagefile	  input,	  perlscript	  ps)	  
{	  
	  	  perl	  @ps	  @filename(input)	  stdout=@filename(output);	  
}	  
	  
#	  Constants	  and	  command	  line	  arguments	  
string	  MODISdir	  	  =	  @arg("modisdir",	  "../data/modis/2002");	  
	  
#	  Input	  Dataset	  
imagefile	  geos[]	  <filesys_mapper;	  locaBon=MODISdir,	  suffix=".rgb">;	  
	  
#	  Compute	  the	  land	  use	  summary	  of	  each	  MODIS	  Ble	  
landuse	  land[]	  <structured_regexp_mapper;	  source=geos,	  match="(h..v..)",	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  transform=@strcat("landuse/\\1.landuse.byfreq")>;	  
	  
foreach	  g,i	  in	  geos	  {	  
	  	  	  	  land[i]	  =	  getLandUse(g,	  getlanduse_pl);	  
}	  

User’s	  Perl	  app	  is	  
passed	  as	  data	  

Input	  dataset	  is	  a	  
script	  parameter	  

IteraBon	  over	  the	  
dataset	  is	  

implicitly	  parallel	  

Output	  filenames	  
are	  based	  on	  inputs	  



Cluster 
Compute 
Nodes 

Single-‐node	  script	  scales	  easily	  to	  local	  cluster	  

User runs on a campus or department cluster 
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Cluster 
Compute 
Nodes 

User runs on a campus cluster: what’s inside 
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MulBple	  data	  streams	  of	  data	  moved	  from	  client	  to	  worker	  local	  FS	  



Cray XE 
“Beagle” 
18K cores 

Campus or XSEDE supercomputer access is same 
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Same	  script	  runs	  unchanged	  between	  campus	  research	  cluster	  and	  Cray	  XE	  systems	  

Cluster node 
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$	  swi$	  -‐sites.file	  sites.xml	  -‐tc.file	  tc.data	  -‐config	  beagle-‐ssh.cf	  modis02.swi$	  \	  
	  	  	  	  	  	  	  	  	  	  	  	  	  -‐modisdir=/home/wilde/osgdemo/modis/svn/data/modis/2002/	  
	  
Swi$	  trunk	  swi$-‐r6362	  cog-‐r3637	  (cog	  modified	  locally)	  
	  
RunID:	  20130311-‐0159-‐qayhuq86	  
Progress:	  	  Bme:	  Mon,	  11	  Mar	  2013	  01:59:55	  +0000	  
Progress:	  	  Bme:	  Mon,	  11	  Mar	  2013	  02:00:07	  +0000	  	  SelecBng	  site:269	  	  Submiyng:47	  	  Submized:1	  
Progress:	  	  Bme:	  Mon,	  11	  Mar	  2013	  02:00:14	  +0000	  	  SelecBng	  site:269	  	  Stage	  in:1	  	  Submized:47	  
Progress:	  	  Bme:	  Mon,	  11	  Mar	  2013	  02:00:15	  +0000	  	  SelecBng	  site:269	  	  Stage	  in:25	  	  Submized:23	  
Progress:	  	  Bme:	  Mon,	  11	  Mar	  2013	  02:00:18	  +0000	  	  SelecBng	  site:269	  	  Stage	  in:47	  	  AcBve:1	  
Progress:	  	  Bme:	  Mon,	  11	  Mar	  2013	  02:00:19	  +0000	  	  SelecBng	  site:269	  	  Stage	  in:29	  	  AcBve:15	  	  Stage	  out:4	  
Progress:	  	  Bme:	  Mon,	  11	  Mar	  2013	  02:00:20	  +0000	  	  SelecBng	  site:239	  	  Stage	  in:24	  	  Submiyng:6	  	  Stage	  out:17	  	  Finished	  successfully:31	  
Progress:	  	  Bme:	  Mon,	  11	  Mar	  2013	  02:00:21	  +0000	  	  SelecBng	  site:221	  	  Stage	  in:36	  	  Submiyng:11	  	  Stage	  out:1	  	  Finished	  successfully:48	  
Progress:	  	  Bme:	  Mon,	  11	  Mar	  2013	  02:00:22	  +0000	  	  SelecBng	  site:221	  	  Stage	  in:44	  	  AcBve:1	  	  Stage	  out:2	  	  Finished	  successfully:49	  
Progress:	  	  Bme:	  Mon,	  11	  Mar	  2013	  02:00:23	  +0000	  	  SelecBng	  site:218	  	  Stage	  in:43	  	  Submiyng:3	  	  Stage	  out:2	  	  Finished	  successfully:51	  
…	  
Progress:	  	  Bme:	  Mon,	  11	  Mar	  2013	  02:00:43	  +0000	  	  SelecBng	  site:30	  	  Stage	  in:41	  	  Submized:3	  	  AcBve:3	  	  Finished	  successfully:240	  
Progress:	  	  Bme:	  Mon,	  11	  Mar	  2013	  02:00:44	  +0000	  	  SelecBng	  site:29	  	  Stage	  in:36	  	  Submiyng:1	  	  AcBve:4	  	  Stage	  out:7	  	  Finished	  successfully:240	  
Progress:	  	  Bme:	  Mon,	  11	  Mar	  2013	  02:00:45	  +0000	  	  SelecBng	  site:23	  	  Stage	  in:28	  	  Submiyng:6	  	  AcBve:1	  	  Stage	  out:12	  	  Finished	  successfully:247	  
Progress:	  	  Bme:	  Mon,	  11	  Mar	  2013	  02:00:46	  +0000	  	  SelecBng	  site:9	  	  Stage	  in:39	  	  Submiyng:7	  	  AcBve:1	  	  Stage	  out:1	  	  Finished	  successfully:260	  
Progress:	  	  Bme:	  Mon,	  11	  Mar	  2013	  02:00:47	  +0000	  	  SelecBng	  site:7	  	  Stage	  in:21	  	  Submiyng:2	  	  AcBve:5	  	  Stage	  out:20	  	  Finished	  successfully:262	  
Progress:	  	  Bme:	  Mon,	  11	  Mar	  2013	  02:00:48	  +0000	  	  Stage	  in:28	  	  Submized:1	  	  Stage	  out:1	  	  Finished	  successfully:287	  
Progress:	  	  Bme:	  Mon,	  11	  Mar	  2013	  02:00:49	  +0000	  	  Stage	  in:15	  	  AcBve:4	  	  Stage	  out:7	  	  Finished	  successfully:291	  
Final	  status:	  Mon,	  11	  Mar	  2013	  02:00:50	  +0000	  	  Finished	  successfully:317	  
	  
real 	  0m57.478s	  
user 	  0m32.923s	  
sys 	  0m1.248s	  
$	  	  
	  
	  

Simple	  script	  runs	  
300+	  apps	  in	  

under	  a	  minute	  
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$	  cat	  beagle-‐ssh.cf	  
	  
wrapperlog.always.transfer=true	  
sitedir.keep=true	  
execuBon.retries=0	  
status.mode=provider	  
use.provider.staging=true	  
provider.staging.pin.swi$files=false	  
	  
#site	  beagle-‐ssh	  WALLTIME=00:55:00	  
#app	  perl=/usr/bin/perl	  
midway001$	  	  
$	  
	  
$	  cat	  sites.xml	  
<config>	  
	  	  <pool	  handle="beagle">	  
	  	  	  	  <execuBon	  provider="coaster"	  jobmanager="ssh-‐cl:pbs"	  url="login4.beagle.ci.uchicago.edu"/>	  
	  	  	  	  <profile	  namespace="globus"	  key="jobsPerNode">24</profile>	  
	  	  	  	  <profile	  namespace="globus"	  key="lowOverAllocaBon">100</profile>	  
	  	  	  	  <profile	  namespace="globus"	  key="highOverAllocaBon">100</profile>	  
	  	  	  	  <profile	  namespace="globus"	  key="providerAzributes">pbs.aprun;pbs.mpp;depth=24</profile>	  
	  	  	  	  <profile	  namespace="globus"	  key="maxBme">3600</profile>	  
	  	  	  	  <profile	  namespace="globus"	  key="maxWallBme">00:55:00</profile>	  
	  	  	  	  <profile	  namespace="globus"	  key="userHomeOverride">/lustre/beagle/{env.USER}/swi$work</profile>	  
	  	  	  	  <profile	  namespace="globus"	  key="slots">2</profile>	  
	  	  	  	  <profile	  namespace="globus"	  key="maxnodes">1</profile>	  
	  	  	  	  <profile	  namespace="globus"	  key="nodeGranularity">1</profile>	  
	  	  	  	  <profile	  namespace="karajan"	  key="jobThrozle">.47</profile>	  
	  	  	  	  <profile	  namespace="karajan"	  key="iniBalScore">10000</profile>	  
	  	  	  	  <filesystem	  provider="local"/>	  
	  	  	  	  <workdirectory>/tmp/{env.USER}/swi$work</workdirectory>	  
	  	  </pool>	  
</config>	  
$	  
	  
	  

…and	  passes	  
Cray-‐specific	  PBS	  

parameters	  

…but	  most	  of	  the	  
site	  spec	  is	  the	  
same	  as	  for	  the	  
campus	  cluster	  

Swi$	  moves	  user’s	  
dataset	  from	  campus	  
server	  direct	  to	  Cray	  
compute	  nodes	  
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midway001$	  ls	  landuse	  	  
h00v08.landuse.byfreq	  	  h11v10.landuse.byfreq	  	  h17v06.landuse.byfreq	  	  h21v10.landuse.byfreq	  	  h27v10.landuse.byfreq	  
h00v09.landuse.byfreq	  	  h11v11.landuse.byfreq	  	  h17v07.landuse.byfreq	  	  h21v11.landuse.byfreq	  	  h27v11.landuse.byfreq	  
…	  
h11v06.landuse.byfreq	  	  h17v02.landuse.byfreq	  	  h21v06.landuse.byfreq	  	  h27v06.landuse.byfreq	  	  h35v10.landuse.byfreq	  
h11v07.landuse.byfreq	  	  h17v03.landuse.byfreq	  	  h21v07.landuse.byfreq	  	  h27v07.landuse.byfreq	  
h11v08.landuse.byfreq	  	  h17v04.landuse.byfreq	  	  h21v08.landuse.byfreq	  	  h27v08.landuse.byfreq	  
h11v09.landuse.byfreq	  	  h17v05.landuse.byfreq	  	  h21v09.landuse.byfreq	  	  h27v09.landuse.byfreq	  
midway001$	  	  
	  
midway001$	  cat	  landuse/h03v07.landuse.byfreq	  	  
211094	  0	  00	  
5348	  1	  01	  
4376	  2	  02	  
3236	  3	  03	  
3196	  4	  04	  
1242	  5	  05	  
731	  6	  06	  
405	  7	  07	  
292	  8	  08	  
225	  9	  09	  
83	  10	  0a	  
61	  11	  0b	  
43	  12	  0c	  
39	  13	  0d	  
25	  14	  0e	  
4	  15	  0f	  
midway001$	  	  
	  
	  
	  
	  
	  

Input	  is	  MODIS	  
satellite	  raster	  
image	  dataset	  

Output	  is	  
histogram	  of	  land	  

use	  codes	  



UChicago 
UC3 

Campus 
Computing 
Collective 

UChicago campus “collective” adds OSG resources 
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UC3	  architecture	  abstracts	  all	  the	  Condor	  resource	  flocking	  issues;	  
Swi$	  accesses	  local,	  MWT2,	  and	  OSG	  	  as	  a	  unified	  Condor	  facility	  using	  campus	  user	  idenBty	  
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midway001$	  pwd	  
/home/wilde/osgdemo/modis/svn/run051	  
midway001$	  cat	  sites.xml	  
<config>	  
	  	  <pool	  handle="uc3">	  
	  	  	  	  <execuBon	  provider="coaster"	  url="uc3-‐sub.uchicago.edu"	  jobmanager="ssh-‐cl:condor"/>	  
	  	  	  	  <profile	  namespace="karajan"	  key="jobThrozle">3.99</profile>	  
	  	  	  	  <profile	  namespace="karajan"	  key="iniBalScore">10000</profile>	  
	  	  	  	  <profile	  namespace="globus"	  	  key="jobsPerNode">1</profile>	  
	  	  	  	  <profile	  namespace="globus"	  	  key="maxWallBme">3600</profile>	  
	  	  	  	  <profile	  namespace="globus"	  	  key="highOverAllocaBon">100</profile>	  
	  	  	  	  <profile	  namespace="globus"	  	  key="lowOverAllocaBon">100</profile>	  
	  	  	  	  <profile	  namespace="globus"	  	  key="slots">400</profile>	  
	  	  	  	  <profile	  namespace="globus"	  	  key="maxNodes">1</profile>	  
	  	  	  	  <profile	  namespace="globus"	  	  key="nodeGranularity">1</profile>	  
	  	  	  	  <profile	  namespace="globus"	  	  key="condor.+AccounBngGroup">"group_friends.{env.USER}"</profile>	  
	  	  	  	  <profile	  namespace="globus"	  	  key="jobType">nonshared</profile>	  
	  	  	  	  <filesystem	  provider="local"	  url="none"	  />	  
	  	  	  	  <workdirectory>.</workdirectory>	  
	  	  </pool>	  
	  
</config>	  
midway001$	  	  
	  
#	  Example	  of	  running	  1,000	  MODIS	  jobs	  on	  just	  the	  UC3	  collecGve:	  	  local	  UC3	  resources	  full	  but	  work	  routed	  to	  Midwest	  Tier	  2	  and	  OSG	  
	  
$	  showsites	  	  
	  
midway	  	  	  0	  
beagle	  	  	  0	  
uc3	  	  	  	  	  	  0	  
mwt2	  	  	  	  	  256	  
OSG	  	  	  	  	  	  744	  
Total	  	  	  	  1000	  
	  
	  
	  

Swi$	  forwards	  
Condor	  parameters	  

When	  local	  UC3	  “seeder”	  
resource	  full,	  UC3	  flocks	  
to	  other	  resources	  



Same	  script	  runs	  on	  broad	  range	  of	  resources;	  separate	  throzles	  can	  be	  set	  for	  each	  site.	  

Now user runs on multiple resources: 
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<config>	  
	  
	  	  <pool	  handle="uc3">	  
	  	  	  	  <execuBon	  provider="coaster"	  url="uc3-‐sub.uchicago.edu"	  jobmanager="ssh-‐cl:condor"/>	  
	  	  	  	  <profile	  namespace="karajan"	  key="jobThrozle">10.00</profile>	  
	  	  	  	  <profile	  namespace="karajan"	  key="iniBalScore">10000</profile>	  
	  	  	  	  <profile	  namespace="globus"	  	  key="jobsPerNode">1</profile>	  
	  	  	  	  …	  
	  	  	  	  <profile	  namespace="globus"	  	  key="jobType">nonshared</profile>	  
	  	  	  	  <!-‐-‐	  <profile	  namespace="globus"	  	  key="condor.+Requirements">isUndefined(GLIDECLIENT_Name)	  ==	  FALSE</profile>	  -‐-‐>	  
	  	  	  	  <workdirectory>.</workdirectory>	  
	  	  </pool>	  
	  
	  	  <pool	  handle="beagle">	  
	  	  	  	  <execuBon	  provider="coaster"	  jobmanager="ssh-‐cl:pbs"	  url="login4.beagle.ci.uchicago.edu"/>	  
	  	  	  	  <profile	  namespace="globus"	  key="jobsPerNode">24</profile>	  
	  	  	  	  <profile	  namespace="globus"	  key="lowOverAllocaBon">100</profile>	  
	  	  	  	  <profile	  namespace="globus"	  key="highOverAllocaBon">100</profile>	  
	  	  	  	  <profile	  namespace="globus"	  key="providerAzributes">pbs.aprun;pbs.mpp;depth=24;pbs.resource_list=advres=wilde.1768</profile>	  
	  	  	  	  …	  
	  	  	  	  	  <workdirectory>/tmp/{env.USER}/swi$work</workdirectory>	  
	  	  </pool>	  
	  
	  	  <pool	  handle="sandyb">	  
	  	  	  	  <execuBon	  provider="coaster"	  jobmanager="local:slurm"/>	  
…	  
	  	  	  	  <workdirectory>/tmp/{env.USER}</workdirectory>	  
	  	  </pool>	  
	  
	  	  <pool	  handle="westmere">	  
	  	  	  	  <execuBon	  provider="coaster"	  jobmanager="local:slurm"/>	  
	  	  	  …	  
	  	  	  	  <workdirectory>/tmp/{env.USER}</workdirectory>	  
	  	  </pool>	  
	  
</config>	  

$	  cat	  tc	  
uc3	  	  	  	  	  	  	  	  	  	  	  	  perl	  	  	  	  	  /usr/bin/perl	  null	  null	  null	  
beagle	  	  	  	  	  	  	  perl	  /usr/bin/perl	  null	  null	  null	  
#sandyb	  	  	  	  perl	  /usr/bin/perl	  null	  null	  null	  
westmere	  perl	  /usr/bin/perl	  null	  null	  null	  
	  

MulBple	  site	  
definiBons,	  managed	  
by	  support	  staff	  

App	  list	  selects	  
where	  app()	  run	  

User	  can	  specify	  
custom	  parameters	  



Swift’s location-independent scripting  
lets the user focus on science  
  Example	  of	  running	  3,000	  jobs	  to	  3	  hosts	  including	  the	  UC3	  campus	  

collecBve:	  

  The	  user	  started	  on	  a	  basic	  login	  host	  processing	  10	  files	  and	  moved	  up	  to	  a	  
3,000	  file	  dataset,	  changing	  only	  the	  dataset	  name	  and	  a	  site-‐specificaBon	  
list	  to	  get	  to	  the	  resources	  above	  

  Expanded	  the	  scope	  of	  their	  computaBons	  from	  one	  node	  to	  hundreds	  or	  
thousands	  of	  cores	  

  User	  didn’t	  need	  to	  look	  at	  what	  sites	  were	  busy,	  or	  adjust	  arcane	  scripts,	  	  
to	  get	  to	  these	  resources.	  
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www.ci.uchicago.edu/swi$	  	  	  	  www.mcs.anl.gov/exm	  

$ ./showsites!
!
midway   289!
beagle   1070!
uc3      1011!
mwt2     295!
OSG      335!
Total    3000!



  Swi$	  is	  a	  parallel	  scripBng	  system	  for	  grids,	  clouds	  and	  clusters	  
–  for	  loosely-‐coupled	  applicaBons	  -‐	  applicaBon	  and	  uBlity	  programs	  linked	  by	  

exchanging	  files	  

  Swi$	  is	  easy	  to	  write:	  simple	  high-‐level	  C-‐like	  funcBonal	  language	  
–  Small	  Swi$	  scripts	  can	  do	  large-‐scale	  work	  

  Swi$	  is	  easy	  to	  run:	  contains	  all	  services	  for	  running	  Grid	  workflow	  -‐	  in	  one	  
Java	  applicaBon	  
–  Untar	  and	  run	  –	  acts	  as	  a	  self-‐contained	  Grid	  client	  

  Swi$	  is	  fast:	  uses	  efficient,	  scalable	  and	  flexible	  distributed	  	  execuBon	  
engine.	  
–  Scales	  to	  range	  of	  1M	  tasks	  per	  script	  run	  

  Swi$	  usage	  is	  growing:	  
–  applicaBons	  in	  earth	  systems	  sciences,	  neuroscience,	  proteomics,	  molecular	  

dynamics,	  biochemistry,	  economics,	  staBsBcs,	  and	  more.	  

  Try	  Swi$:	  	  www.ci.uchicago.edu/swi$	  

20	  
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a b s t r a c t

Scientists, engineers, and statisticians must execute domain-specific application programs
many times on large collections of file-based data. This activity requires complex orches-
tration and data management as data is passed to, from, and among application invoca-
tions. Distributed and parallel computing resources can accelerate such processing, but
their use further increases programming complexity. The Swift parallel scripting language
reduces these complexities by making file system structures accessible via language con-
structs and by allowing ordinary application programs to be composed into powerful par-
allel scripts that can efficiently utilize parallel and distributed resources. We present
Swift’s implicitly parallel and deterministic programming model, which applies external
applications to file collections using a functional style that abstracts and simplifies distrib-
uted parallel execution.

! 2011 Elsevier B.V. All rights reserved.

1. Introduction

Swift is a scripting language designed for composing applicationprograms into parallel applications that can be executedon
multicore processors, clusters, grids, clouds, and supercomputers. Unlike most other scripting languages, Swift focuses on the
issues that arise from the concurrent execution, composition, and coordination of many independent (and, typically, distrib-
uted) computational tasks. Swift scripts express the execution of programs that consume and produce file-resident datasets.
Swift uses a C-like syntax consisting of function definitions and expressions, with dataflow-driven semantics and implicit par-
allelism. To facilitate the writing of scripts that operate on files, Swift mapping constructs allow file system objects to be ac-
cessed via Swift variables.

Many parallel applications involve a single message-passing parallel program: a model supported well by the Message
Passing Interface (MPI). Others, however, require the coupling or orchestration of large numbers of application invocations:
either many invocations of the same program or many invocations of sequences and patterns of several programs. Scaling up
requires the distribution of such workloads among cores, processors, computers, or clusters and, hence, the use of parallel or
grid computing. Even if a single large parallel cluster suffices, users will not always have access to the same system (e.g., big
machines may be congested or temporarily unavailable because of maintenance). Thus, it is desirable to be able to use what-
ever resources happen to be available or economical at the moment when the user needs to compute—without the need to
continually reprogram or adjust execution scripts.

0167-8191/$ - see front matter ! 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.parco.2011.05.005
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