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Preface 

 

More	   than	   four	   years	  have	  passed	   since	   the	  RIKEN	  AICS	  was	  established.	   It	   is	  my	  pleasure	   to	  

report	  our	  research	  and	  development	  activities	  of	  AICS	  during	  the	  period	  of	  April	  2013	  to	  March	  

2014.	  This	   report	   focuses	  on	   the	  activities	  of	  Research	  Division	  as	  well	   as	   those	  of	  Operations	  

and	  Computer	  Technologies	  Division.	  

	  

As	   of	   March	   2014,	   the	   numbers	   of	   research	   teams	   and	   units	   of	   the	   Research	   Division	   have	  

amounted	  to	  16	  and	  3,	  respectively.	  The	  total	  number	  of	  researchers	  in	  the	  division	  has	  grown	  

to	   more	   than	   100	   to	   date.	   The	   research	   division	   has	   been	   designed	   to	   cover	   both	   various	  

computational	   sciences	   and	   some	   aspects	   of	   computer	   science,	   and	   collaborations	   and	  

co-‐design	  of	  computational	  sciences	  and	  computer	  science	  have	  been	  very	  much	  encouraged	  at	  

its	  inception.	  

	  

The	   main	   mission	   of	   the	   Operations	   and	   Computer	   Technologies	   Division	   is	   to	   operate	   and	  

manage	   the	   K	   computer	   to	   serve	   it	   to	   HPC	   users	   smoothly	   and	   efficiently.	   Among	   the	   four	  

teams	  in	  the	  division,	  this	  report	  focuses	  on	  System	  Operations	  and	  Development	  Team	  (SODT)	  

and	   Software	   Development	   Team	   (SDT).	   Analyzing	   the	   operational	   statistics	   collected	   during	  

the	   use	   of	   the	   K	   computer,	   SODT	   improves	   the	   system	   functions	   such	   as	   job	   scheduling,	   file	  

systems,	   and	   users’	   environments.	   The	   main	   activities	   of	   SDT	   are	   three-‐fold:	   analysis	   and	  

optimization	   of	   real	   applications,	   user	   supports,	   and	   performance	   evaluation	   of	   middleware	  

systems	  used	  or	  to	  be	  used	  for	  the	  K	  computer.	   	  

	  

July	  2014	  

Akinori	  Yonezawa	  

Director,	   Research	   Division	  

RIKEN	   Advanced	   Institute	   for	   Computational	   Science	   (AICS)	  
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Mission and Overview 

 

Japan’s	  Third	  Science	  and	  Technology	  Basic	  Plan	  (a	  Cabinet	  resolution	  adopted	   in	  March	  2006)	  

designated	   next-‐generation	   supercomputing	   as	   a	   key	   technology	   of	   national	   importance	   that	  

should	   be	   the	   focus	   of	   investments	   in	   gestation	   periods	   for	   large-‐scale	   national	   projects.	   As	   a	  

result,	   RIKEN	   along	   with	   the	   Ministry	   of	   Education,	   Culture,	   Sports,	   Science	   and	   Technology	  

(MEXT)	  are	  putting	  full	  efforts	  into	  the	  development	  and	  advancement	  of	  such	  technology.	 	  
Under	  the	  guidance	  of	  MEXT	  and	  on	  the	  basis	  of	  the	  “Law	  on	  Joint	  Use	  Promotion	  of	  Large-‐Scale	  

Advanced	  Research	  Facilities”	  (effective	  July	  2006),	  RIKEN	  has	  been	  managing	  the	  construction	  

of	   the	  Next-‐Generation	   Supercomputer,	   the	   “K	   computer.”	   The	   K	   computer	   is	   to	   be	   a	   shared	  

resource	  based	  on	  the	  above	  law	  and,	  with	  its	  wide	  accessibility,	  is	  expected	  to	  be	  put	  to	  a	  broad	  

range	  of	  uses—from	  diverse	   fields	  of	  basic	   science	  and	   technology	   research	   to	   applications	   in	  

industry.	   It	   was	   with	   this	   in	   mind	   that	   RIKEN	   established	   the	   Advanced	   Institute	   for	  

Computational	  Science	  (AICS)	  on	  July	  1,	  2010.	  Through	  the	  use	  of	  its	  world-‐class	  supercomputer	  

boasting	  10	  petaflops	  of	  computational	  power,	  and	  through	  collaboration	  and	  integration	  of	  the	  

fields	   of	   computational	   science	   and	   computer	   science,	   AICS	   strives	   to	   create	   an	   international	  

center	  of	  excellence	  dedicated	  to	  generating	  world-‐leading	  results.	  AICS’s	  missions	  are:	  

	  

1. Operating	  the	  K	  computer	  efficiently	  for	  users	  of	  wide	  research	  areas	  as	  well	  as	  of	  

industries,	  

2. Carrying	  out	  the	  leading	  edge	  research	  of	  computational	  science	  and	  technology,	  and	  

establishing	  itself	  as	  the	  COE	  of	  computational	  sciences	  in	  Japan.	  

3. Proposing	  the	  future	  directions	  of	  HPC	  in	  Japan.	  

And	  also,	  AICS’s	  missions	  include:	  

� Promoting	  strong	  collaborations	  (or	  co-‐development)	  between	  computational	  and	  

computer	  scientists,	  working	  with	  the	  core-‐organizations	  of	  the	  strategic	  areas	  identified	  by	  

the	  Strategic	  Programs	  for	  Innovative	  Research	  (SPIRE),	  

� Raising	  and	  promoting	  young	  scientists	  who	  are	  strong	  in	  both	  computational	  and	  

computer	  sciences,	  and	  

� Pursuing	  new	  concepts	  for	  the	  future	  HPC	  beyond	  the	  petascale	  (including	  exascale).	  

	  

The	  research	  teams	  of	  AICS	  are	  carrying	  out	  the	  leading	  edge	  research	  of	  computational	  science	  

and	  technology,	  and	  also	  expected	  to	  provide	  useful	  software	  to	  the	  users	  of	  the	  K	  computer.	  
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Today's	   supercomputers	   including	   the	   K	   computer	   employ	   hundreds	   of	   thousands	   of	   cores	  

which	  work	  simultaneously	  and	  in	  parallel	  to	  rapidly	  calculate	  and	  process	  enormous	  volumes	  of	  

data.	   Getting	   a	   supercomputer	   to	   work	   at	   its	   full	   potential,	   however,	   requires	   extremely	  

sophisticated	  technology.	  

Achieving	   this	   kind	   of	   technology	   is	   impossible	   without	   close	   collaboration	   between	  

computational	   and	   computer	   science.	   Computational	   science	   involves	   the	   application	   of	   new	  

methodologies	   of	   large-‐scale	   numerical	   simulation	   for	   research	   and	   development	   in	   physics,	  

chemistry,	   biology,	   medical	   science,	   and	   engineering.	   Computer	   science,	   on	   the	   other	   hand,	  

focuses	   on	   computer	   systems	   architecture,	   the	   algorithms	   that	   lay	   out	   the	   methods	   and	  

procedures	   for	   problem-‐solving,	   management	   of	   computational	   and	   memory	   resources,	  

systems	   software	   that	   allows	   communication	   among	   different	   computers,	   and	   application	  

programs.	   	  

The	   AICS	   Research	   Division	   brings	   together	   researchers	   specializing	   in	   computational	   and	  

computer	   science	   to	   merge	   and	   develop	   the	   two	   fields	   into	   what	   may	   eventually	   become	   a	  

whole	  new	   field	  of	   interdisciplinary	   computational	   science	   that	  will	  maximize	   the	  potential	  of	  

the	  supercomputer	  for	  major	  breakthroughs	  in	  science	  and	  technology.	  

The	   Operations	   and	   Computer	   Technologies	   Division	   of	   AICS	   is	   engaged	   in	   research	   and	  

development	  of	  advanced	  operation	  technologies	  of	  the	  K	  computer	  as	  well	  as	   its	  surrounding	  

facilities	   and	   advanced	   system	   software	   of	   the	   K	   computer	   to	  make	  more	   effective	   use	   of	   its	  

computing	  resources.	  
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Organization 

 

The	  organization	  of	  AICS	  (as	  of	  March	  2014)	  is	  schematically	  shown	  below.	  The	  research	  teams	  

in	   computer	   science	   and	   computational	   sciences	   are	   closely	   integrated	   into	   the	   Research	  

Division.	  Operations	  of	  the	  K	  computer	  and	  researches	  on	  its	  advanced	  utilization	  technologies	  

are	  conducted	  in	  the	  Operations	  and	  Computer	  Technologies	  Division.	  

	  

Associate Director, AICS

Director, AICS

AICS Strategic Planning Section

AICS Policy AICS Collaborations Section
Planning Division

Deputy Director, AICS

Senior Advisor

AICS Research AICS General Affairs Section
Support Division

AICS Office for AICS Finance Section
Research Communication

Computational Molecular Science Research Team

AICS User Service Section

AICS Safety Center

Facility Operations and Development Team

System Operations and Development Team
Operations and Computer Technologies

Division Software Development Team

Data Assimilation Research Team

HPCI System Development Team

System Software Research Team

Programming Environment Research Team

R
e
se
ar
c
h
	 D
iv
is
io
n

Processor Research Team

Large-scale Parallel Numerical Computing Technology Research Team

HPC Usability Research Team

Field Theory Research Team

Discrete Event Simulation Research Team

Computational Chemistry Research Unit

Computational Materials Science Research Team

Computational Biophysics Research Team

Particle Simulator Research Team

Computational Disaster Mitigation and Reduction Research Unit

Computational Structural Biology Research Unit

Computational Climate Science Research Team

Complex Phenomena Unified Simulation Research Team

HPC Programming Framework Research Team

Advanced Visualization Research Team
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System Software Research Team	  

 

1.	  Team	  members 
Yutaka	  Ishikawa	  (Team	  Leader)	  

Atsushi	  Hori	  (Senior	  Scientist)	  

Keiji	  Yamamoto	  (Postdoctoral	  Researcher)	  

Akio	  Shimada	  (Research	  Associate)	  

Yoshiyuki	  Ohno	  (Research	  Associate)	  

Masayuki	  Hatanaka	  (Research	  Associate)	  

Toyohisa	  Kameyama	  (Technical	  Staff)	  

	  

2.	  Research	  Activities	  
The	   system	  software	   team	   focuses	  on	   the	   research	  and	  development	  of	   an	  advanced	   system	  

software	  stack	  not	  only	  for	  the	  "K"	  computer	  but	  also	  for	  towards	  exascale	  computing.	   	   There	  

are	   several	   issues	   in	   carrying	   out	   future	   computing.	   Two	   research	   categories	   are	   taken	   into	  

account:	   i)	   scalable	   high	   performance	   libraries/middleware,	   such	   as	   file	   I/O	   and	   low-‐latency	  

communication,	  and	  ii)	  a	  scalable	  cache-‐aware,	  power-‐aware,	  and	  fault-‐aware	  operating	  system	  

for	  next-‐generation	  supercomputers	  based	  on	  many	  core	  architectures.	  

	  

Parallel	  file	  I/O	  is	  one	  of	  the	  scalability	  issues	  in	  modern	  supercomputers.	  One	  of	  the	  reasons	  is	  

due	  to	  heavy	  metadata	  accesses.	  If	  all	  processes	  create	  and	  write	  different	  files,	  the	  metadata	  

server	   receives	   so	   many	   requests	   by	   all	   processes	   not	   only	   at	   the	   creation	   time	   but	   also	   at	  

writing	   data	   to	   each	   file.	   Three	   approaches	   have	   been	   conducted	   to	  mitigate	   this	   issue.	   One	  

approach	  is	  to	   introduce	  a	  file	  composition	  technique	  that	  gathers	  multiple	  data	  generated	  by	  

an	  application	  and	  stores	   these	  data	   into	  one	  or	  a	   few	  files	   in	  order	   to	   reduce	   the	  number	  of	  

files	  accessed	  by	  processes.	  Another	  approach	  is	  to	  provide	  multiple	  metadata	  server	  in	  which	  

the	  requests	  for	  metadata	  are	  sent	  to	  a	  metadata	  server	  resolved	  using	  hash	  function.	  The	  third	  

approach	  is	  to	  provide	  a	  smart	  MPI-‐IO	  implementation	  for	  applications	  using	  MPI-‐IO	  functions.	  

Increasing	  number	  of	  cores	  and	  nodes	  enforces	  strong	  scaling	  on	  parallel	  applications.	  Because	  

the	   ratio	   of	   communication	   time	   against	   local	   computation	   time	   increases,	   a	   facility	   of	  

low-‐latency	  and	  true	  overlapping	  communication	  and	  computation	  communication	  is	  desired.	  A	  

communication	   library,	   integrated	   to	   the	  MPI	   library	   implementation	   in	  K	  computer,	  has	  been	  

designed	  and	  implemented,	  that	  utilizes	  DMA	  engines	  of	  K	  computer.	  Each	  compute	  node	  of	  K	  

computer	   has	   four	   DMA	   engines	   to	   transfer	   data	   to	   other	   nodes.	   If	   a	   communication	   library	  

knows	  communication	  patterns	  in	  advanced,	  it	  may	  utilize	  the	  DMA	  engines.	  Indeed,	  the	  feature	  

of	  MPI	  persistent	  communication	  allows	  the	  runtime	  library	  to	  optimize	  data	  transfers	  involved	  
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in	  the	  persistent	  communication	  using	  the	  DMA	  engines.	  

	  

System	   software	   stack	   developed	   by	   our	   team	   is	   designed	   not	   only	   for	   special	   dedicated	  

supercomputers,	  but	  also	   for	   commodity-‐based	  cluster	   systems	  used	   in	   research	   laboratories.	   	  

The	   system	   will	   be	   expected	   to	   be	   used	   as	   a	   research	   vehicle	   for	   developing	   an	   exascale	  

supercomputer	  system.	  

 

3.	  Research	  Results	  and	  Achievements	    
3.1.	    PRDMA	  (Persistent	  Remote	  Direct	  Memory	  Access)	  

The	   goal	   of	   this	   research	   is	   to	   design	   and	   evaluate	   an	   efficient	   MPI	   implementation	   for	  

neighborhood	  communication	  by	  taking	  advantage	  of	  the	  Tofu	  interconnect,	  which	  has	  multiple	  

RDMA	   (Remote	   Direct	   Memory	   Access)	   engines	   and	   network	   links	   per	   MPI	   process.	   The	  

neighbor	  communication	  pattern	   is	   commonly	  used	   in	   the	  ghost	   (or	  halo)	  cell	  exchanges.	  For	  

example,	   the	   SCALE-‐LES3	   includes	   the	  multiple	   stencil	   computations	   for	  weather	   and	   climate	  

models.	  So,	  the	  neighborhood	  communication	  is	  a	  dominant	  communication	  pattern	  within	  the	  

SCALE-‐LES3.	   Specifically,	   it	   is	   the	   two	   dimensional	   8-‐neighbors	   ghost	   cell	   exchanges	   with	  

periodic	   boundary	   conditions.	   Also,	   it	   occupies	   about	   ten	   percent	   of	   the	   execution	   time.	  

Nowadays,	  supercomputers	  using	  three-‐or-‐higher	  dimensional	  torus	  have	  been	  deployed,	  such	  

as	   the	   Blue	   Gene	   /	   Q	   and	   the	   K	   computer.	   For	   instance,	   the	   Torus	   Fusion	   (called	   Tofu)	  

interconnect	   employed	   by	   the	   K	   computer	   has	   6	   dimensional	   torus	   and	   mesh	   as	   a	   physical	  

topology	  and	  its	  node	  controller	  has	  4	  RDMA	  engines	  and	  10	  network	  links.	  These	  networks	  are	  

possible	   to	   improve	   the	   neighborhood	   communication	   performance	   when	   MPI	   ranks	   are	  

properly	  mapped	  on	  the	  network	  topology	  and	  the	  transfer	  requests	  are	  properly	  scheduled	  on	  

the	  multiple	  RDMA	  engines.	  Unfortunately,	  the	  transfer-‐scheduling	  algorithm	  in	  the	  default	  MPI	  

implementation	  provided	  on	  the	  K	  computer	  uses	  a	  simple	  round-‐robin	  method	  to	  distribute	  the	  

transfer	  requests	  among	  the	  multiple	  RDMA	  engines.	  For	  neighborhood	  communication	  on	  the	  

Tofu	   interconnect,	   there	  are	  major	   two	  scheduling	   issues;	   (1)	   load	   imbalance	  and	   (2)	  network	  

resource	  contentions.	  In	  the	  former	  case,	  the	  loads	  between	  RDMA	  engines	  may	  be	  imbalance	  if	  

the	  transfer	  requests	  are	  distributed	  to	  RDMA	  engines	  in	  round-‐robin	  fashion.	  In	  the	  latter	  case,	  

the	   network	   link	   is	   congested	   if	   a	   network	   link	   is	   shared	   by	   some	   outgoing	  messages	   at	   the	  

same	  time.	  Also,	  Contention	  of	  the	  RDMA	  engine	   in	  the	  receiver	  side	  occurs	   if	  some	   incoming	  

messages	  try	  to	  request	  the	  same	  RDMA	  engine	  of	  the	  receiver	  side	  at	  the	  same	  time.	  Especially,	  

the	  sender	  must	  specify	  the	  receiver-‐side	  RDMA	  engine	  explicitly	  in	  the	  RDMA	  transfer	  request	  

of	   the	   Tofu	   interconnect.	   However,	   it	   is	   not	   clear	   how	   to	   distribute	   the	   receiver-‐side	   RDMA	  

engines	  among	  senders.	  
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Proposed	  Scheduling	  Algorithm	  

One	   of	   the	   straightforward	   ways	   to	   solve	   these	   scheduling	   issues	   is	   to	   model	   as	   a	  

two-‐dimensional	  strip-‐packing	  problem.	  For	  simplicity	  and	  speed,	  we	  selected	  the	  Bottom-‐Left	  

heuristic	   algorithm	   to	   solve	   this	   packing	   problem.	   The	   Bottom-‐Left	   algorithm	   sorts	   the	   input	  

RDMA	  commands	  (transfer	  requests),	  and	  packs	  them	  at	  the	  open	  bottom-‐most	  and	  left-‐most	  

position	   in	   the	   scheduling	   table,	   such	   as	   (a),	   (b),	   and	   (c)	   in	   Figure	   1.	   In	   addition,	  we	   added	   a	  

constraint	  to	  avoid	  the	  network	  resource	  contentions	  into	  the	  basic	  Bottom-‐Left	  algorithm.	  This	  

constraint	   assures	   that	   two	   or	   more	   RDMA	   commands	   using	   a	   same	   network	   link	   are	   not	  

scheduled	  at	   the	  same	  time.	  So,	   in	   the	  Figure	   1	   (d),	  a	   rectangle	   indicates	  an	  RDMA	  command,	  

and	  the	  rectangles	  with	  the	  same	  color	   indicates	  that	  these	  commands	  use	  the	  same	  network	  

link.	  The	  command	  #4	  is	  scheduled	  on	  the	  RDMA	  engine	  #2	  because	  the	  contention	  happens	  if	  it	  

is	  scheduled	  on	  the	  RDMA	  engine	  #3. 
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Figure	  1.	  Scheduling	  by	  proposed	  Modified	  Bottom-‐Left	  algorithm.	  

 

Implementation	  and	  Evaluation	  

The	   proposed	   scheduler	   has	   been	   implemented	   and	   integrated	   into	   the	   persistent	  

communication	   primitives	   in	   Open	   MPI	   on	   the	   K	   computer.	   This	   implementation	   is	   called	  

PRDMA	  (Persistent	  Remote	  Direct	  Memory	  Access).	  

	  

We	   measured	   three	   implementations	   in	   ghost	   cell	   exchange	   of	   SCALE-‐LES3:	   Original	   PC,	  

Round-‐Robin,	   and	   Modified	   Bottom-‐Left.	   The	   first	   two	   implementations	   were	   measured	   to	  

compare	  to	  proposed	  Modified	  Bottom-‐Left	  implementation.	  The	  first	  one,	  called	  Original	  PC,	  is	  

the	  default	  Open	  MPI	  based	  implementation	  provided	  on	  the	  K	  computer.	  And	  the	  second	  one,	  
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called	  Round-‐Robin,	   is	   the	   same	   as	  Modified	  Bottom-‐Left	   except	   the	   scheduler	   uses	   a	   simple	  

Round-‐Robin	   algorithm	   similar	   to	   Original	   PC.	   In	   Figure	   2,	   the	   horizontal	   axis	   shows	   the	  

aggregate	  transfer	  size	   in	  a	  ghost	  cell	  exchange	  corresponding	  to	  the	  grid	  size	   in	  SCALE-‐LES3.	  

The	   vertical	   left	   axis	   shows	   the	   elapsed	   communication	   time	   for	   the	   forty	   one	   thousands	  

exchanges,	   and	   vertical	   right	   axis	   shows	   the	   percentage	   change	   against	   the	   first	   two	  

implementations.	  The	  Round-‐Robin	  is	  20	  to	  70	  %	  better	  than	  Original	  PC	  in	  communication	  time.	  

The	  Modified	  Bottom-‐Left	   is	   up	   to	   32	   %	   better	   than	  Round-‐Robin	   and	   about	   50	   %	   better	   than	  

Original	  PC. 
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Figure	  2.	  Evaluation	  of	  Three	  Scheduler	  implementations	  in	  Ghost	  Exchange.	  

 

3.2.	    New	  Process	  /	  Thread	  Model	  

Partitioned	  Virtual	  Address	  Space	  

From	  FY2012,	  we	  have	  been	  developing	  a	  new	  process	   /	   thread	  model	   that	   is	   suitable	   for	   the	  

many-‐core	   architectures.	   The	   many-‐core	   architectures	   are	   gathering	   attention	   towards	   next	  

generation	  supercomputing.	  Many-‐core	  architectures	  have	  a	  large	  number	  of	  low	  performance	  

cores,	   and	   then	   the	   number	   of	   parallel	   processes	   within	   a	   single	   node	   becomes	   larger	   on	  

many-‐core	  environments.	  Therefore	  the	  performance	  of	  inter-‐process	  communication	  between	  

the	  parallel	  processes	  within	  the	  same	  node	  can	  be	  an	  important	  issue	  for	  parallel	  applications.	  

Partitioned	  Virtual	  Address	  Space	  (PVAS)	   is	  a	  new	  process	  model	  to	  achieve	  high-‐performance	  

inter-‐process	  communication	  on	  the	  many-‐core	  environments.	  On	  PVAS,	  multiple	  processes	  run	  

in	   the	   same	   virtual	   address	   space	   as	   described	   in	   Figure	   3	   to	   eliminate	   the	   communication	  

overhead	   due	   to	   the	   process	   boundaries	   that	   the	   current	   modern	   OSes	   introduce	   for	  

inter-‐process	  protection.	  In	  PVAS,	  the	  data	  owned	  by	  the	  other	  process	  can	  be	  accessed	  by	  the	  
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normal	  load	  and	  store	  machine	  instructions,	  just	  like	  the	  same	  way	  accessing	  the	  data	  owned	  by	  

itself.	  Then,	  high-‐performance	  inter-‐process	  communication	  is	  achieved.	   	  

	  

We	   implemented	   the	  prototype	  of	   the	  PVAS	  process	  model	   in	   the	  Linux	  kernel	   in	  FY2012.	  We	  

improved	  its	  quality	  and	  published	  it	  as	  open	  source	  software	  in	  FY	  2013. 

 

 

Figure	  3.	  Semantics	  view	  of	  the	  conventional	  process	  model	  and	  PVAS.	  

 

User-‐level	  Process	  

Process	   oversubscription,	   which	   invokes	   a	   larger	   number	   of	   parallel	   processes	   within	   a	  

computing	   node	   than	   the	   number	   of	   available	   CPU	   cores,	   results	   in	   better	   load-‐balance	   and	  

latency	  hiding,	  and	  then	  it	  may	  improve	  the	  performance	  of	  multi-‐process	  programs.	  In	  this	  case,	  

parallel	   processes	   within	   a	   computing	   node	   must	   be	   scheduled	   by	   the	   OS	   kernel.	   However,	  

lightweight	   OS	   kernels	   that	   are	   developed	   for	   exascale	   systems	  may	   no	   longer	   support	   task	  

scheduling,	   because	   it	   is	   one	   of	   the	   most	   resource	   consuming	   and	   noisy	   operation.	   In	   this	  

situation,	  only	  one	  parallel	  process	  per	  CPU	  core	  is	  allowed,	  and	  then	  process	  oversubscription	  

is	   impossible.	   To	   solve	   this	   problem,	  we	   developed	   user-‐level	   process.	  User-‐level	   process	   is	   a	  

“process”	  that	  can	  be	  scheduled	  in	  user-‐space,	  then	  multiple	  user-‐level	  processes	  per	  CPU	  core	  

can	   be	   allowed	   without	   help	   of	   OS	   task	   scheduler	   as	   described	   in	   Figure	   4.	   Multi-‐process	  

programs	  running	  on	  the	  lightweight	  OS	  kernels	  for	  exascale	  systems	  will	  be	  able	  to	  do	  process	  

oversubscription	   by	   binding	   one	   parallel	   process	   to	   one	   user-‐	   level	   process	   even	   if	   those	   OS	  

kernel	  does	  not	  support	  task	  scheduling.	   	  
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Figure	  4.	  Semantic	  view	  of	  the	  User-‐level	  Process.	  

 

The	   use	   of	   user-‐level	   process	   also	   provides	   favorable	   side	   effects	   to	   the	   process	  

oversubscription.	   When	   doing	   process	   oversubscription,	   the	   performance	   of	   context	   switch	  

between	  parallel	  processes	  affects	  the	  overall	  performance	  of	  the	  program,	  because	  so	  much	  

number	   of	   parallel	   processes	   may	   be	   invoked	   within	   a	   computing	   node.	   The	   context	   switch	  

between	  user-‐level	  processes	   is	   faster	  than	  the	  context	  switch	  between	  traditional	  processes,	  

because	   it	   is	   operated	   in	   user-‐space.	   As	   shown	   in	   Figure	   5,	   the	   preliminary	   evaluation	   results	  

show	   that	   the	   context	   switch	   between	   user-‐level	   processes	   is	   approximately	   2.6	   times	   faster	  

than	  the	  context	  switch	  between	  traditional	  processes	  in	  the	  best	  case.	  

 

 
Figure	  5.	  Elapsed	  time	  for	  operating	  1000	  times	  context	  switches.	  



13	  

 

3.3.	    Scalable	  MPI-‐IO	  Using	  Multithreaded	  Scheme	  

A	   commonly	   used	   MPI-‐IO	   library	   named	   ROMIO	   has	   the	   two-‐phase	   I/O	   (TP-‐IO)	   scheme	   to	  

improve	   collective	   I/O	   for	   non-‐contiguous	   accesses.	   This	   research	   is	   addressing	   to	   have	   a	  

multithreaded	  scheme	  in	  the	  TP-‐IO	  in	  order	  to	  achieve	  higher	  performance	  than	  the	  original	  one	  

in	  collective	  I/O	  for	  non-‐contiguous	  accesses.	  

	  

In	   the	   FY2013,	   ROMIO	   in	   the	  MPICH2	   library	  was	   arranged	   to	   have	  multithreaded	   operations	  

using	  Pthreads.	   Figure	  6	   shows	  multithreaded	   the	   TP-‐IO	  operation	   scheme	   in	  parallel	  with	   its	  

original	  scheme.	  

 

 

(a) Original	  TP-‐IO	  scheme	  

 

(b) Multithreaded	  TP-‐IO	  scheme	  

Figure	  6.	  Original	  and	  multithreaded	  TP-‐IO	  in	  collective	  write	  operations.	  

 

Here	   “H.C.”	   and	   “Exch.”	   stand	   for	   hole	   check	   and	   data	   exchange	   phases,	   respectively,	  while	  

“Read”	   and	   “Write”	   denote	   file	   read	   and	  write	   operations,	   respectively.	   Since	   every	   phase	   is	  

processed	  independently	  in	  terms	  of	  access	  regions	  (described	  such	  as	  (1),	  (2)	  under	  each	  phase	  

name),	  we	   can	   overlap	   read	   and	  write	   phases	  with	   hole	   check	   and	   data	   exchange	   phases	   as	  

shown	  in	  Figure	  6(b)	  using	  multithreaded	  way.	  

	  

Figure	  7	  shows	  a	   functional	  diagram	  of	   the	  multithreaded	   implementation.	  Every	  MPI	  process	  

invokes	  an	   I/O	  thread	  which	  plays	  file	   I/O	  using	  the	  pthread_create	  function.	   In	  processing	   I/O	  

requests	  from	  user’s	  MPI	  programs,	  I/O	  requests	  generated	  on	  every	  main	  thread	  are	  enqueued	  

in	   the	   read	   queue	   in	   the	   hole	   check	   phase,	   followed	   by	   read	   operations	   on	   an	   I/O	   thread	   by	  

dequeueing	  I/O	  requests	  from	  the	  read	  queue,	  and	  so	  on.	  Finally	  in	  the	  write	  phase,	  I/O	  requests	  

are	  enqueued	   into	   the	  hole	  queue,	   then	   it	  will	   initiates	   the	  next	  hole	   check	  phase	  and	   so	  on.	  

These	   operations	   are	   repeated	   until	   all	   the	   target	   regions	   are	   accessed.	  With	   the	   help	   of	   the	  
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multithreaded	   way,	   ideally	   we	   can	   achieve	   at	   most	   twice	   the	   original	   TP-‐IO	   throughput.	   For	  

further	   performance	   improvements,	   the	   multithreaded	   scheme	   introduced	   multiple	   request	  

slots	  in	  queues.	  The	  number	  of	  slots	  can	  be	  managed	  by	  a	  key-‐value	  pair	  in	  an	  MPI_Info	  object	  

using	  the	  MPI_Info_set	  function	  as	  well	  as	  the	  size	  of	  collective	  buffer	  size.	  

 

 
Figure	  7.	  Functional	  diagram	  of	  multithreaded	  TP-‐IO.	  

 

Performance	   evaluation	   was	   carried	   out	   on	   a	   PC	   cluster	   system	   at	   the	   University	   of	   Tokyo,	  

which	   is	  named	  as	  T2K.	  We	  used	  64	  PC	  nodes,	  which	  have	  4	  AMD	  Opteron	  2.3GHz	  processors	  

with	   32	   GiB	   memory	   using	   Linux	   kernel	   2.6.18.	   Interconnections	   between	   PC	   nodes	   are	  

Myrinet10G	  for	  MPI	  communications	  and	  the	  Lustre	  file	  system	  and	  Gigabit	  Ethernet	  for	  control.	  

I/O	  operations	  were	  carried	  out	  on	  its	  Lustre	  filesystem	  version	  1.8.9,	  which	  has	  30	  OSTs	  in	  total.	  

In	  this	  evaluation,	  all	  the	  OSTs	  were	  utilized.	  We	  used	  HPIO	  benchmark,	  which	  supports	  unique	  

derived	   data	   type	   generations	   required	   for	   non-‐contiguous	   I/O.	   ROMIO	   in	   MPICH2	   version	  

1.4.1p1	   with	   our	   multithreaded	   extension	   was	   evaluated.	   Figure	   8	   shows	   normalized	   write	  

throughput	  relative	  to	  the	  original	  TP-‐IO	  with	  64,	  128,	  and	  256	  MPI	  processes.	  

 

 
(a) 64	  MPI	  processes	   	   	   	   	   	   	   	   (b)	   	   128	  MPI	  processes	   	   	   	   	   	   (c)	   	   256	  MPI	  processes	  

Figure	  8.	  Normalized	  write	  throughput	  of	  multithreaded	  TP-‐IO	  relative	  to	  the	  original	  one.	  

 

In	  every	  case,	  data	  block	  was	  configured	  with	  256B	  data	  blank	   in	  each	  488B	  data	   region,	  and	  

absolutely	  1	  GiB	  data	  by	  multiple	  data	  blocks	  were	  generated	  at	  every	  MPI	  process.	  File	  system	  
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cache	  was	  disabled	  by	   remounting	  Lustre	   file	  system	  prior	   to	  every	  MPI-‐IO	  operation	   run.	  We	  

also	  changed	  the	  number	  of	  slots	  in	  queues	  as	  2,	  4,	  and	  8,	  which	  are	  indicated	  as	  ior-‐2,	  ior-‐4,	  and	  

ior-‐8,	   respectively	   in	   this	   figure.	  Horizontal	   axis	   of	   this	   figure	   stands	   for	   the	   number	   of	   TP-‐IO	  

cycles,	  thus	   lower	  value	  means	  the	   larger	  collective	  buffer,	  while	  the	   larger	  value	  corresponds	  

to	  smaller	  collective	  buffer	  size.	  Through	  this	  evaluation	  the	  multithreaded	  TP-‐IO	  achieved	  up	  to	  

60%	  improvements	  relative	  to	  the	  original	  one.	  Higher	  number	  of	  slots	   in	  queues	   led	  to	  higher	  

performance	   gain,	   however	   it	   utilized	   larger	   memory	   resources.	   However,	   we	   can	   minimize	  

utilized	   memory	   resources	   using	   this	   multithreaded	   scheme	   because	   this	   evaluation	   shows	  

higher	   gains	  when	  we	  had	   around	   from	  64	   to	   128	   TP-‐IO	   cycles.	   It	   is	   also	   noticed	   that	   smaller	  

number	  of	  TP-‐IO	  cycles	  led	  to	  smaller	  performance	  gain	  or	  performance	  degradation.	  This	  was	  

due	   to	   imperfect	   overlap	  due	   to	   larger	   collective	  buffer	   size.	   Thus	   the	  multithreaded	   scheme	  

was	   not	   effective	   in	   such	   case.	   However,	   such	   case	   needs	   larger	   memory	   resources,	   so	   the	  

multithreaded	  scheme	  can	  have	  higher	  throughput	  gains	  without	  increasing	  memory	  utilization	  

for	  collective	  buffer.	  

	  

3.4.	    Big	  data	  processing	  on	  the	  K	  computer	  

This	   research	   is	   conducted	   by	   collaboration	   between	   the	   Data	   Acquisition	   team	   of	   RIKEN	  

Spring-‐8	  Center	  and	  the	  System	  Software	  Research	  team	  of	  RIKEN	  AICS.	  The	  goal	  of	  this	  project	  

is	  to	  establish	  the	  path	  to	  discover	  the	  3D	  structure	  of	  a	  molecule	  from	  a	  number	  of	  XFEL	  (X-‐ray	  

Free	  Electron	  Laser)	  snapshots.	  The	  K	  computer	   is	  used	  to	  analyze	   the	  huge	  data	   transmitted	  

from	  RIKEN	  Harima	  where	  SACLA	  XFEL	  facility	  is	  located.	  Figure	  9	  and	  Figure	  10	  show	  an	  outline	  

indicating	  how	  a	  molecule	  3D	  structure	  can	  be	  reproduced	  from	  images	  obtained	  by	  XFEL.	  Each	  

image	  size	  is	  around	  20	  Mbytes,	  but	  may	  vary	  depending	  on	  the	  resolution	  of	  image	  sensor.	  The	  

number	  of	  images	  required	  to	  develop	  a	  3D	  structure	  of	  a	  molecule	  can	  be	  millions,	  resulting	  20	  

PBytes	  of	  data	  size	   in	  total.	  Further,	  each	   image	   is	  classified	   into	  thousands	  of	   images	  to	  have	  

every	  possible	  snapshot	  orientations	  and	  to	  reduce	  the	  quantum	  noise.	  
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Single-‐particle	  coherent	  diffraction	  imaging	  (CDI)

• CDI	  is	  a	  “lens-‐less”	  technique	  	  for	  2D	  or	  3D	  imaging.
• Multiple	  measurements	  for	  unknown	  molecular	  orientation	  are	  required	  to	  construct	  a	  3D	  image.
• A	  2D	  coherent	  diffraction	  image	  is	  measured	  before	  fatal	  damage.	  	  (”Diffraction-‐Before-‐

Destruction”	  technique)
• Even	  when	  XFEL	  is	  used,	  	  diffraction	  is	  very	  weak	  because	  sample	  is	  just	  	  a	  single	  biomolecule.	  

R.Neutze et al.:Nature 406(2000)752

”Diffraction-‐Before-‐Destruction”	  
“Molecular	  beam	  
injection	  system”

(Unknown	  molecule	  orientation)

Diffraction	  is	  very	  weak
Intense	  X-‐ray	  laser	  

with	  ultra	  short	  pulse	  

“Taking	  a	  snapshot	  with	  short	  exposure	  time”	  

 
Figure	  9.	  How	  SACLA	  XFEL	  works.	  

 

Step1: 
Classification/ 

Averaging 

A scheme for 3D structure determination 
A basic concept was suggested.  
： Huldt, G., Szoeke, A., & Hajdu, J. J. Str. Biol. 144, 219-227 (2003) 

Electron density map (real-space) 3D diffraction intensity (k-space) 

Observed diffraction images (Low  S/N ratio)  Diffraction images improved S/N ratio  

Step3: 
3D phase 
retrieval 

HIO method 

Original algorithm 
Tokuhisa A., Taka J., 

Kono H. and Go N., Acta 
Cryst , A68, 366-381 

(2012) 

Step2: 
Alignment 

The images are classified according to similarity 

Averaged in a group  
in order to improve S/N ratio 

3D diffraction intensity is constructed 
by alignment in the k-space. 

The phase is retrieved by applying HIO method 
adopted to 3D diffraction intensity. 

 

Figure	  10.	  Obtaining	  electron	  density	  map	  from	  XFEL	  snapshots.	  

 

The	   developed	   software	   consists	   of	   two	   parts.	   One	   is	   to	   select	   representative	   images	   and	  

another	  is	  to	  classify	  images	  using	  selected	  representative	  images	  as	  shown	  in.	  The	  classification	  
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is	   conducted	   by	   several	   FFT	   operations	   on	   each	   image	   to	   have	   correlation.	   The	   order	   of	   the	  

number	  of	  this	  FFT	  operation	  to	  select	  thousands	  classification	  images	  is	  O(M2),	  followed	  by	  the	  

classification	   of	   the	   rest	   of	   the	   images	   of	  O(N*M)	   FFT	   operations,	  where	  M	   is	   the	   number	   of	  

classification	   and	  N	   is	   the	  number	  of	   images.	   SACLA	  XFEL	   is	   going	   to	  produce	   30	   images	   in	   a	  

second	  and	  the	  time	  to	  take	  one	  million	  images	  takes	  approximately	  9	  hours.	  There	  can	  be	  the	  

cases	  where	  the	  snapshots	  are	  not	  well	  enough	  quality	  to	  analyze.	  In	  this	  case,	  the	  experiment	  

must	   be	   stopped	   and	   tuned	   to	   obtain	   good	   quality	   images.	   Thus	   the	   image	   analysis	  must	   be	  

done	   as	   soon	   as	   possible.	   This	   heavy	   computation,	   one	  million	   images	   should	   be	   analyzed	   as	  

soon	  as	  possible,	   requires	   the	  power	  of	   the	  K	  computer.	  The	  Data	  Acquisition	   team	  at	  SCALA	  

has	   been	   developing	   a	   classification	   algorithm,	  while	   the	   System	   Software	   Research	   team	   at	  

AICS	  has	  been	  in	  charge	  of	  parallelization,	  performance	  tuning,	  and	  I/O.	   	  

 

(1)$Selec)on$of$
representa)ve$images�

N$images�

(2)$Classifica)on$of$
images�

M$representa)ve$
images�

Classified$images�

Millions$of$images$
sent$from$the$

SACLA$XFEL$facility�

ACer$this,$quantum$noise$
is$reduced$and$final$
electron$density$of$a$
molecule$is$derived.�

SACLA$XFEL$
facility$at$Harima�

 
Figure	  11.	  Block	  diagram	  of	  the	  procedure	  running	  on	  the	  K	  computer.	  

 

In	  FY2013,	  we	  optimized	  classification	  software	  developed	  in	  FY2012.	  In	  order	  to	  realize	  effective	  

parallelization,	  our	  software	  keeps	  load	  balance	  between	  processes	  and	  reduces	  file	  input	  time	  

by	  minimizing	  total	  size	  of	  the	  input	  from	  storage.	   	  

	  

Figure	  12	  shows	  the	  workflow	  for	  classification	  of	  images.	  The	  software	  reads	  the	  image	  file	  only	  

once	   and	   read	   images	   are	   passed	   to	   neighbors	   in	   background	   at	   every	   calculation	   step.	   The	  

orange	   squares	   in	   Figure	   12	   are	   images	  which	   read	   from	   storage,	   and	   the	   greens	   are	   passed	  

from	  neighbor	  process.	  The	  calculation	  is	  finished	  at	  Np	  step,	  where	  Np	  is	  number	  of	  processes.	  

In	   addition,	   the	   software	   can	   utilize	   rank	   directory	   of	   K	   computer	   to	   reduce	   read	   time	   and	  

increase	   the	   scalability	   (as	   shown	   in	   Figure	   13).	   By	   using	   the	   software,	   classification	   for	   one	  

million	  images	  can	  be	  finished	  in	  an	  hour	  on	  K	  computer.	  

 



18	  

Proc.	  #1 	   Proc.	  #2 	   Proc.	  #3 	  Proc.	  #0 	  

1 	   2 	   3 	   4 	   5 	   6 	   7 	   8 	   9 	   10 	   11 	  12 	  13 	  14 	  15 	   16 	  17 	  18 	  19 	  20 	  

i	  
ii 	  
iii 	  

iv 	  
v 	  
vi 	  

v ii 	  
viii 	  
ix 	  

x 	  
xi 	  
xii 	  

    
Proc.	  #2 	   Proc.	  #3 	  Proc.	  #1 	  Proc.	  #0 	  

1 	   2 	   3 	   4 	   5 	   6 	   7 	   8 	   9 	   10 	   11 	  12 	  13 	  14 	  15 	   16 	  17 	  18 	  19 	  20 	  

i	  
ii 	  
iii 	  

iv 	  
v 	  
vi 	  

v ii 	  
viii 	  
ix 	  

x 	  
xi 	  
xii 	  

i 	  
ii 	  
iii 	  

iv 	  
v 	  
vi 	  

v ii 	  
viii 	  
ix 	  

x 	  
xi 	  
xii 	  

 

 

Proc.	  #1 	   Proc.	  #2 	   Proc.	  #3 	  Proc.	  #0 	  

1 	   2 	   3 	   4 	   5 	   6 	   7 	   8 	   9 	   10 	   11 	  12 	  13 	  14 	  15 	   16 	  17 	  18 	  19 	  20 	  

i	  
ii 	  
iii 	  

iv 	  
v 	  
vi 	  

v ii 	  
viii 	  
ix 	  

x 	  
xi 	  
xii 	  

i 	  
ii 	  
iii 	  

iv 	  
v 	  
vi 	  

v ii 	  
viii 	  
ix 	  

x 	  
xi 	  
xii 	  

i 	  
ii 	  
iii 	  

iv 	  
v 	  
vi 	  

x 	  
xi 	  
xii 	  

v ii 	  
viii 	  
ix 	  

     
Proc.	  #1 	   Proc.	  #2 	   Proc.	  #3 	  Proc.	  #0 	  

1 	   2 	   3 	   4 	   5 	   6 	   7 	   8 	   9 	   10 	   11 	  12 	  13 	  14 	  15 	   16 	  17 	  18 	  19 	  20 	  

i	  
ii 	  
iii 	  

iv 	  
v 	  
vi 	  

v ii 	  
viii 	  
ix 	  

x 	  
xi 	  
xii 	  

i 	  
ii 	  
iii 	  

iv 	  
v 	  
vi 	  

v ii 	  
viii 	  
ix 	  

x 	  
xi 	  
xii 	  

i 	  
ii 	  
iii 	  

iv 	  
v 	  
vi 	  

x 	  
xi 	  
xii 	  

v ii 	  
viii 	  
ix 	  

i 	  
ii 	  
iii 	  

iv 	  
v 	  
vi 	  

x 	  
xi 	  
xii 	  

v ii 	  
viii 	  
ix 	  

 

 

Figure	  12.	  Calculation	  workflow	  for	  classification	  of	  images.	  

 

 
Figure	  13.	  Read	  time	  of	  one	  image	  on	  the	  K	  computer.	  

 

3.5.	    File	  Composition	  Library	  

I/O	  system	  resources	  such	  as	  Meta-‐Data	  Server	  (MDS),	  Object	  Storage	  Server	  (OSS)	  and	  Object	  

STorage	  (OST)	  are	  shared	  across	  the	  processes	  of	  a	  single	  parallel	  job.	  As	  HPC	  systems	  become	  

large,	  the	  amount	  of	  I/O	  requests	  to	  each	  I/O	  system	  resource	  becomes	  larger,	  and	  load	  of	  them	  

becomes	  heavier.	  The	  heavy	  loads	  on	  I/O	  system	  resources	  cause	  I/O	  performance	  degradation,	  

and	  application	  performance	  degradation.	   It	   is	  one	  of	   the	   scalability	   issues	  of	   leadership-‐class	  

high	  performance	  computing	  systems.	  We	  targeted	  the	  case	   that	  each	  process	  of	   the	  parallel	  

job	   creates	   its	   own	   file	   and	  writes	   the	   file.	  Many	   parallel	   applications	   adopt	   this	   I/O	   pattern.	  

Figure	   14	  shows	  the	   I/O	  performance	  of	   the	  K	  computer	  over	   the	  number	  of	  client	  processes,	  

varying	   the	   striping	   counts	   and	   striping	   sizes	   (for	   example,	   “C1_S16m”	   indicates	   the	   striping	  

Initial State Step 1 

Step 2 Last Step (Step Np, Np is # of procs) 
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count	   is	  set	  to	  one	  and	  striping	  size	   is	  set	  to	  16MiB).	  As	   in	  this	  figure,	  the	  bandwidth	  tends	  to	  

decrease	   when	   the	   number	   of	   client	   processes	   increases.	   Thus,	   the	   idea	   of	   proposed	   “File	  

Coordination	  Library”	   is	   to	   limit	   the	  number	  of	  client	  processes	  accessing	  a	  parallel	   file	  server	  

simultaneously. 

 

Figure	  14.	  Write	  Performance	  over	  the	  number	  of	  client	  threads.	  

 

Figure	   15	   shows	   the	   I/O	   performance	   of	   the	   K	   computer	  with	   the	   proposed	   file	   coordination	  

library	   (right	   graph)	   and	   without	   it	   (left	   graph).	   As	   shown	   in	   this	   figure,	   the	   average	  

performance	  with	  the	  file	  coordination	  technique	  exhibits	  about	  20%	  better.	   	  

 

Figure	  15.	  Write	  throughput	  of	  FClib.	  

4.	  Schedule	  and	  Future	  Plan	  
l Communication	  Library	  

PRDMA	  (Persistent	  Remote	  Direct	  Memory	  Access)	  will	  be	  enhanced	  with	  a	  sophisticated	  

data	   transfer	   scheduling	   algorithm,	   and	   it	   will	   be	   evaluated.	   MPICH3,	   an	   MPI	  
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implementation	  for	  the	  MPI-‐3	  standard,	  will	  be	  continued	  to	  be	  ported	  to	  the	  K	  computer.	  

l File	  I/O	  

The	  classification	  software,	  developed	  in	  FY2013,	  processes	  huge	  image	  files	  generated	  by	  

SACLA	  XFEL.	  It	  will	  be	  open	  to	  the	  users	  of	  SACLA.	  Based	  on	  the	  experience	  on	  the	  design	  

of	  the	  classification	  software,	  general	  file	  I/O	  functions	  for	  other	  classification	  applications	  

will	  be	  designed.	  The	  scalable	  MPI-‐IO	  will	  be	  adapted	  to	  the	  FEFS	  file	  system	  used	  in	  the	  K	  

computer.	  

l New	  process/thread	  Model	  

A	   new	   process/thread	   model,	   PVAS	   and	   its	   user-‐level	   thread,	   has	   been	   designed	   and	  

implemented	   in	   FY2013.	   In	   FY2014,	   an	   MPI	   runtime	   environment	   on	   PVAS	   will	   be	  

implemented	  and	  evaluated.	  
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2.	  Research	  Activities	  
The	  K	  computer	  system	  is	  a	  massively	  parallel	  system	  which	  has	  a	  huge	  number	  of	  processors	  

connected	   by	   the	   high-‐speed	   network.	   In	   order	   to	   exploit	   full	   potential	   computing	   power	   to	  

carry	   out	   advanced	   computational	   science,	   efficient	   parallel	   programming	   is	   required	   to	  

coordinate	   these	   processors	   to	   perform	   scientific	   computing.	   We	   conducts	   researches	   and	  

developments	   on	   parallel	   programming	   models	   and	   language	   to	   exploit	   full	   potentials	   of	  

large-‐scale	  parallelism	  in	  the	  K	  computer	  and	  increase	  productivity	  of	  parallel	  programming.	   	  

In	  2013FY,	  in	  order	  to	  archive	  these	  objectives	  above,	  we	  carried	  out	  the	  following	  researches:	  

1) We	  continued	  the	  development	  of	  XcalableMP(XMP)	  programming	  languages.	  XcalableMP	  

is	  a	  directive-‐based	  language	  extension	  which	  allows	  users	  to	  develop	  parallel	  programs	  for	  

distributed	  memory	   systems	   easily	   and	   to	   tune	   the	   performance	   by	   having	  minimal	   and	  

simple	  notations.	  The	  specification	  has	  been	  designed	  by	  XcalableMP	  Specification	  Working	  

Group	   (XMP	   Spec	  WG)	   which	   consists	   of	   members	   from	   academia	   and	   research	   labs	   to	  

industries	  in	  Japan.	  We	  have	  been	  working	  with	  XMP	  Spec	  WG	  to	  improve	  the	  specification.	  

In	   this	   year,	   we	   studied	   the	   optimization	   of	   reflect	   communication,	   and	   one-‐sided	  

communication,	   and	   applications	   of	   climate	   applications	   using	   the	   XcalableMP.	   As	   an	  

extension	   to	   exascale	   computing,	   we	   are	   designing	   a	   new	   programming	   model	   and	  

developing	   its	   compiler	   for	   emerging	   accelerator	   clusters,	   by	   combining	   XcalableMP	   and	  
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OpenACC.	  W	  have	   released	   the	  version	  0.7.0	   in	  November	  2013,	  and	  deployed	   it	   to	   the	  K	  

computer.	  We	  submitted	  the	  results	  to	  SC13	  HPCC	  class	  2	  competition,	  and	  awarded	  "HPCC	  

Class2	  Award".	  

2) We	  have	  working	   for	   Japan-‐France	  project	  FP3C,	   "Framework	  and	  Programming	   for	  Post	  

Petascale	  Computing",	   from	  2012,	  and	  have	  been	  developed	  the	   integrated	  programming	  

environment,	  called	  FP2C,	  of	  XcalableMP	  and	  YML	  which	  is	  developed	  by	  the	  French	  team.	  

In	   this	   year,	   we	   carried	   out	   performance	   evaluation	   of	   FP2C	   programming	   using	   the	   K	  

computer.	  

3) For	  large-‐scale	  parallel	  applications,	  we	  investigate	  a	  new	  parallel	  communication	  library	  to	  

support	   the	   communication	   between	   a	   set	   of	   multiple	   processes	   in	   Multiple	   processes	  

Multiple	  Data	  (MIMD)	  

4) For	  the	  research	  for	  performance	  tuning	  tools	  for	  large-‐scale	  scientific	  applications	  running	  

on	  the	  K	  computer,	  we	  are	  supporting	  the	  Scalasca	  performance	  turning	  and	  analysis	  tool	  

developed	  by	  JSC,	  Germany,	  on	  the	  K	  computer.	  We	  have	  deployed	  it	  on	  the	  K	  computer	  as	  

our	  AICS-‐supported	  software.	  

5) Aiming	   to	   explore	   runtime	   technologies	   of	   post-‐petascale	   computing,	   we	   studied	   the	  

performance	  of	  work-‐stealing	  on	  the	  K	  computer	  for	  dynamic	  distributed	  load	  balancing.	  In	  

this	  year,	  we	  designed	  a	  new	  load	  balancing	  efficiency	  metric	  to	  evaluate	  the	  performance	  

of	  work-‐stealing.	   	  

6) We	  conducted	  several	  collaborations	  on	  the	  performance	  evaluation	  with	  JSC,	  University	  of	  

Tsukuba	  and	  other	  groups.	  

	  

In	   addition	   to	   the	   research	   activities,	   we	   conduct	   promotion	   activities	   to	   disseminate	   our	  

software.	   To	   promote	   XcalableMP	   as	   a	   means	   for	   parallelization	   of	   programs,	   we	   made	   the	  

XcalableMP	  workshop,	  seminars	  or	  lectures	  as	  follows.	  

	  

� XcalableMP	  workshop	  (Nov.	  1)	  

� FOCUS	  seminar	  (July	  16,	  Sep.	  18,	  Dec.	  18)	  

� Earth	  Simulator	  user	  meeting	  (Oct.	  17)	  

	  

The	  seminar	  or	  lecture	  consists	  of	  both	  classroom	  and	  hands-‐on	  learning	  

 

3.	  Research	  Results	  and	  Achievements	  
3.1.	  Development	  of	  XcalableMP	  compiler	  

We	   are	   developing	   Omni	   XcalableMP	   that	   is	   an	   open-‐source	   XcalableMP	   compiler,	   in	  

cooperation	  with	  Tsukuba	  University,	  and	  released	  the	  version	  0.7.0	  in	  November	  2013.	  
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3.1.1	  Optimization	  of	  Reflect	  communication	  in	  stencil	  computation	  

The	   key	   changes	   in	   this	   version	   are	   the	   improvements	   of	   stencil	   communications	   in	  

performance	   and	   conformance	   to	   the	   language	   specification,	   which	   is	   related	   with	   XMP’s	  

shadow	  and	  reflect	  directives	  [1].	  First,	  three	  methods	  of	  data	  transfer	  in	  stencil	  communication	  

were	  implemented:	  

� Based	   on	   the	  MPI’s	   derived	   datatype:	   Array	   elements	   on	   distribution	   boundary	   are	  

transferred	   in	   a	   batch	   as	   a	   derived	   datatype.	   The	   performance	   depends	   on	   the	  

implementation	  of	  MPI,	  but	  it	  is	  an	  advantage	  that	  it	  can	  be	  applied	  in	  any	  environment.	  

� Based	  on	  parallel	   packing/unpacking:	  Data	   is	   packed	   to	   a	  buffer	  with	  multithreading	  

before	   communication	   and	   unpacked	   from	   a	   buffer.	   This	   can	   be	   effective	   in	  multicore	  

environments.	  

� Based	  on	  RDMA	  of	  the	  K	  compute:	  Using	  the	  extended	  interface	  of	  RDMA	  available	  on	  

the	  K	  computer,	  stencil	  communications	  can	  be	  implemented	  more	  efficiently	  than	  using	  

MPI.	  Each	  contiguous	  block	  of	  array	  elements	  is	  put	  to	  the	  corresponding	  location	  in	  the	  

stencil	  area	  on	  the	  neighbor	  node.	  

Users	  can	  select	  with	  an	  environment	  variables	  which	  method	  is	  to	  be	  used	  in	  their	  XcalableMP	  

program.	   	  

	  

Secondly,	   functions	   of	   the	   reflect	   directives	   are	   fully	   implemented	   for	   XMP/Fortran.	   The	  

function	  includes:	  

� the	  width	  clause	  

� the	  periodic	  modifier	  

� the	  async	  clause	  

	  

3.1.2	  Evaluation	  of	  productivity	  and	  performance	  of	  XcalableMP:	  HPCC	  Class2	   	  

In	  order	   to	  evaluate	  productivity	  and	  performance	  of	  XcalableMP,	  we	  have	   implemented	  HPC	  

Challenge	   (HPCC)	   benchmarks.	   The	   HPCC	   benchmarks	   are	   a	   set	   of	   benchmarks	   to	   evaluate	  

multiple	   attributes	   of	   an	   HPC	   system.	   The	   HPCC	   benchmarks	   consist	   of	   RandomAccess,	   Fast	  

Fourier	  Transform	  (FFT),	  High	  Performance	  Linpack	  (HPL),	  and	  STREAM.	  We	  have	  implemented	  

them	  by	  using	  XcalableMP.	  In	  addition,	  we	  have	  implemented	  the	  Himeno	  Benchmark,	  which	  is	  

a	   typical	   stencil	   application.	   Table	   1	   shows	   the	   source	   lines	   of	   code	   (SLOC)	   of	   our	  

implementations.	   The	   SLOCs	   of	   XcalableMP	   are	   smaller	   than	   those	   of	   the	   reference	  

implementations	  by	  using	  MPI.	  
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Table	  1:	  Source	  lines	  of	  code	  of	  HPCC	  and	  HIMENO	  benchmarks.	  

 

All	   benchmarks	   were	   compiled	   by	   using	   the	   Omni	   XMP	   compiler	   0.7.0-‐alpha.	   In	   order	   to	  

evaluate	  the	  performances	  of	  these	  benchmarks,	  we	  used	  all	  compute	  nodes	  at	  a	  maximum	  on	  

the	  K	  computer.	  For	  comparison,	  we	  also	  evaluated	  the	  some	  reference	   implementations.	  For	  

HPL,	   we	   compared	   our	   performance	   with	   the	   theoretical	   performance.	   Fig.	   1	   shows	   the	  

performance	  results.	  The	  performances	  of	  XcalableMP	  implementations	  are	  almost	  the	  same	  as	  

those	  of	  the	  reference	  implementations.	  

	  

Through	   these	   implementations	   and	   performance	   evaluations,	   we	   have	   revealed	   that	  

XcalableMP	  has	  good	  productivity	  and	  performance.	  We	  have	  submitted	  the	  results	  to	  the	  SC13	  

HPC	  Challenge	  Benchmark	  Class2	  Competition,	  and	  we	  have	  awarded	  the	  HPC	  Challenge	  Class	  2	  

Award.	   	  
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Fig	  1.	  Performance	  results	  of	  HPCC	  benchmarks	  and	  HIMENO	  benchmark.	  

 
3.1.3	  Evaluation	  of	  climate	  applications	  on	  the	  K	  computer	  

Exascale	   computing	   will	   enable	   us	   to	   predict	   a	   high-‐precision	   climate	   change	   by	   using	   very	  

high-‐resolution	  model.	   In	  this	  study,	  we	  have	  ported	  following	  existing	  climate	  applications	  to	  

the	  K	  computer	  and	  evaluated	  their	  performance.	   	  

� CGPOP	  Miniapp	  (CGPOP)	  :	  Mini	  application	  of	  global	  ocean	  modeling.	  

� NICAM	  :	  Global	  cloud	  resolving	  model.	  

� CICE	  :	  Sea	  ice	  model.	  

In	  order	  to	  improve	  productivity,	  we	  have	  used	  coarray	  syntax	  provided	  by	  XcalableMP	  for	  the	  

porting.	  This	  study	  is	  a	  part	  of	  “G8	  ESC	  -‐	  Enabling	  Climate	  Simulations	  at	  Extreme	  Scale,”	  project	  

with	  partners	  of	  US,	  France,	  Germany,	  Spain,	  and	  Canada.	  

	  

The	  CGPOP	  needs	  a	   reduction	  operation	  by	  all	   compute	  nodes.	  We	  have	   implemented	   to	  use	  
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hardware	   support	   of	   the	   reduction	   operation	   provided	   by	   the	   K	   computer.	   Next,	   the	   all	  

applications	  need	  a	  sleeve	  exchange	  operation.	  We	  have	  implemented	  the	  exchange	  operation	  

by	  using	  RDMA	  API	  provided	  by	  the	  K	  computer.	  This	  operation	  is	  supposed	  to	  use	  the	  coarray	  

syntax.	  Finally,	  we	  have	  added	  OpenMP	  directives	   in	  CGPOP	  to	  perform	  thread-‐parallelization.	  

Fig.	  2	  shows	  the	  performance	  results.	  We	  achieve	  84%	  speed	  up	  in	  CGPOP,	  and	  7%	  speed	  up	  in	  

NICAM,	  and	  15%	  speed	  up	   in	  CICE.	   In	  addition,	  by	  using	  coarray	  syntax,	   the	  codes	  of	   them	  are	  

simpler	  than	  those	  of	  original	  ones.	  

 

 
Fig	  2.	  Performance	  results	  of	  Climate	  applications.	  

 

3.1.2	  Extensions	  for	  Tightly	  Coupled	  Accelerators	  

We	   are	   designing	   a	   new	   programming	   model	   and	   developing	   its	   compiler	   for	   emerging	  

accelerator	   clusters.	   Specifically,	   out	   target	   is	   accelerator	   clusters	   that	   are	   capable	   of	   direct	  

communication	   between	   two	   accelerator	   devices	   on	   different	   nodes,	   called	   Tightly	   Coupled	  

Accelerators	  (TCA).	  TCA	  is	  a	  next-‐generation	  device	  for	  communication	  between	  accelerators.	  In	  

order	  to	  improve	  productivity	  of	  applications	  using	  TCA	  and	  accelerators,	  we	  have	  developed	  a	  

new	  programming	  model	  as	  an	  extension	  of	  XcalableMP.	   	  

	  

Our	   basic	   idea	   is	   combining	   XcalableMP	   and	   OpenACC.	   OpenACC	   is	   a	   directive-‐based	   API	   for	  

offloading	  programs	  written	   in	  C,	   C++	   and	  Fortran	  programs	   from	  a	  host	  CPU	   to	   an	   attached	  

accelerator	   device.	   In	   our	   approach,	   XcalableMP	   directives	   are	   used	   to	   specify	  

global-‐view-‐based	  parallel	  processing	  among	  nodes	  and	  OpenACC	  ones	   to	   control	   accelerator	  

devices.	   The	   function	   of	   direct	   communication	   between	   accelerators	   is	   also	   provided	   as	   an	  

extension	  to	  XcalableMP.	  This	  new	  programming	  model	  can	  significantly	  improve	  productivity	  in	  

writing	   programs	   for	   accelerator	   clusters.	   Fig.	   3	   shows	   an	   example	   of	   the	   proposed	  

programming	   model.	   Programmer	   only	   adds	   XcalableMP	   directives	   and	   OpenACC	   directives,	  

and	  programmer	  can	  develop	  applications	  using	  TCA	  and	  accelerators.	  
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Fig	  3.	  Example	  of	  the	  proposed	  programming	  model	  for	  TCA.	  

 

We	  have	  evaluated	  its	  performance	  on	  HA-‐PACS/TCA	  cluster,	  which	  is	  the	  demonstration	  system	  

with	  TCA.	  As	  a	  result,	  the	  performance	  of	  the	  proposed	  programming	  model	  is	  almost	  the	  same	  

as	  that	  of	  the	  application	  that	  directly	  uses	  native	  APIs	  of	  TCA.	  

This	  research	  is	  supported	  by	  CREST,	  JST.	  

	  

3.2	  FP3C	  Project	  &	  FP2C	  Software	  

FP3C	   (Framework	   and	   Programming	   for	   Post	   Petascale	   Computing)	   project	   is	   a	  

French-‐Japanese	   collaborative	   research	  project	   involving	   INRIA,	   CNRS,	   CEA,	   and	  Maison	  de	   la	  

Simulation	  (in	  France)	  and	  University	  of	  Tsukuba,	  University	  of	  Tokyo,	  Institute	  of	  Technology	  of	  

Tokyo,	  the	  University	  of	  Kyoto	  and	  RIKEN	  AICS	  (in	  Japan).	   	   The	  project	  started	  on	  September	  

1st,	  2010,	  and	  continued	  until	  March	  31th,	  2014.	  The	  aim	  of	  the	  project	  was	  to	  establish	  software	  

technologies,	  to	  propose	  languages	  and	  programming	  models	  to	  explore	  extreme	  performance	  

computing	  beyond	  petascale	  computing.	  

	  

It	  is	  expected	  that	  post-‐petascale	  systems	  will	  be	  a	  huge,	  heterogeneous	  and	  highly	  hierarchical	  

architecture	   with	   nodes	   of	   general	   processing	   cores	   and	   accelerator	   cores.	   For	   the	  

programming	   models	   currently	   considered,	   for	   example	   the	   hybrid	   programming	   model	   of	  

MPI+OpenMP,	   it	  would	  be	  sometimes	  difficult	   to	  exploit	   such	  systems	  efficiently.	   It	  would	  be	  

essential	   to	   use	   multiple	   programming	   methodologies	   across	   multiple	   architectural	   levels.	  

Based	   on	   this	   new	   programming	   model,	   we	   have	   developed	   the	   FP2C	   (Framework	   for	  

Post-‐Petascale	  Computing)	  software	  to	  develop	  and	  execute	  applications	  on	  large,	  hierarchical	  

and	  heterogeneous	  systems.	   	  
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Fig	  4.	  Overview	  of	  FP2C	  software.	  

	  

Fig.	  4	  shows	  the	  overview	  of	  FP2C,	  which	  consists	  of	  workflow	  (supported	  by	  YML),	  distributed	  

parallel	   programming	   model	   (supported	   by	   XMP)	   and	   shared	   memory/GPPGU	   programming	  

model	   (supported	  by	  XMP-‐dev/StarPU).	  Within	  a	  group	  of	   tightly	   connected	  nodes,	  we	  adopt	  

distributed	  programming	  model,	  and	  within	  a	  node	  composed	  of	  processing/accelerator	  cores,	  

we	   adopt	   shared-‐memory/GPGPU	   programming	   model.	   These	   hybrid	   distributed	   parallel	  

programs	  are	   considered	   to	  be	   tasks	  of	  a	  workflow.	  Therefore,	  between	   the	  groups	  of	  node,	  

there	  is	  a	  workflow	  programing	  model,	  to	  manage	  and	  control	  these	  tasks.	  In	  order	  to	  develop	  

FP2C	  software	  to	  realize	  the	  hierarchical	  programming	  model,	  we	  combine	  many	  Japanese	  and	  

French	  techniques	  described	  above	  during	  this	  collaborative	  project.	   	  

	  

One	  advantage	  of	  FP2C	  over	  the	  traditional	  workflow	  is	  that	  we	  can	  extend	  tasks	  by	  introducing	  

distribute	   parallel	   programming	   model	   into	   its	   tasks	   to	   speed-‐up	   the	   tasks	   and	   overall	  

application.	   Another	   advantage	  of	   FP2C	  over	   the	   traditional	   distributed	  parallel	   programming	  

model	   is	   that	  we	   can	   divide	   a	   large	   parallel	   program	   into	   several	  moderate	   sub-‐programs	   to	  

avoid	   the	   communication	   cost	   in	   the	   large	   program.	   Additionally,	   we	   can	   construct	   a	  

complicated	  program	  easily	  by	  combining	  existing	  parallel	  programs	  and	  parallel	  libraries	  (such	  

as	  Scalapack)	  based	  on	  the	  workflow	  paradigm.	   	  

	  

We	  have	  performed	  experiments	  on	  the	  K-‐computer	  with	  Block-‐Gauss-‐Jordan	  problem	  in	  order	  

to	   investigate	   the	   different	   levels	   of	   hierarchical	   parallelisms.	   Therefore,	   in	   our	   experiments,	  

while	   the	  matrix	   size	   is	   fixed,	   the	  number	  of	  blocks	   is	   varied.	  Also,	  while	   the	   total	  number	  of	  

processors	  for	  a	  workflow	  application	  is	  fixed,	  the	  number	  of	  processers	  for	  each	  task	  is	  varied.	  

As	   shown	   in	   the	   Fig.	   5,	   the	   best	   result	   has	   been	   obtained	   from	   the	   mixture	   of	   different	  

programming	  paradigms	  which	  realized	  based	  on	  our	  framework.	  
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#	  of	  procs/task

sec
Block	  Gauss	  Jordan	  on	  K-‐computer.	  32768x32768	  
Matrix	  is	  divided	  into	  1x1,	  2x2,	  4x4,	  8x8,	  16x16	  blocks

 
Fig	  5.	  Performance	  of	  Block	  Gauss	  Jordan	  Method	  using	  FP2C	  on	  the	  K	  computer.	  

	  

We	  have	  also	   implemented	  multiple	   implicitly	   restarted	  Arnoldi	  methods	   (MIRAM)	  with	  FP2C.	  

The	  MIRAM	  is	  an	  eigen-‐solvers	  investigated	  by	  another	  group	  of	  the	  FP3C	  project.	   	   The	  MIRAM,	  

which	  invokes	  two	  or	  more	  interacting	  restarted	  Arnoldi	  solvers,	  was	  particularly	  designed	  to	  be	  

suited	  for	  environments	  that	  combine	  different	  parallel	  programming	  paradigms,	  i.e.	  coarse	  and	  

fine	   grain	   parallelisms.	   Inside	   each	   solver,	   fine	   grain	   parallelism	   such	   as	   distributed	   parallel	  

model	   is	   realized	  by	  XMP	  or	  MPI.	  The	  solvers	  communicate	  each	  other	  based	  on	  coarse	  grain	  

parallelism	  realized	  by	  YML.	  The	  MIRAM	  for	  dense	  and	  sparse	  matrices	  are	   implemented	  with	  

YML,	  XMP,	  MPI,	  and	  external	  libraries	  such	  as	  Petsc,	  Slepc,	  and	  PARPACK.	   	  
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Fig	  6.	  Performance	  of	  MIRAM	  using	  FP2C	  on	  the	  K	  computer.	  
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Fig.	  6	  shows	  the	  experimental	  result	  of	  MIRAM	  for	  the	  sparse	  matrix	  called	  “Schenk/nlpkkt240”	  

(Rows	   x	   Colmns	   =	   27,993,600	   x	   27,993,600,	   760,648,352	   non-‐zero	   elements)	   provided	   by	   UF	  

Sparse	  Matrix	  Collection.	  According	   to	   the	  evaluation	  on	   the	  K	  computer,	   2	  different	  kinds	  of	  

speedup	  based	  on	  2	  different	  parallel	  models	  have	  been	  observed:	   	  

� Speedup	  convergence	  by	  the	  interactions	  of	  multiple	  solvers	  based	  on	  the	  cause	  grain	  

parallelism	  

� Speedup	  each	  iteration	  based	  on	  the	  fine	  grain	  parallelism.	  

	  

3.3	  Communication	  Library	  between	  Multiple	  Sets	  of	  MPI	  Processes	  for	  MPMD	  model	  

An	   MPMD	   programming	   model	   is	   widely	   used	   as	   a	   master-‐worker	   program	   or	   a	   coupling	  

program	   for	   multiple	   physical	   models.	   Recent	   high-‐end	   parallel	   computers	   have	   more	   than	  

several	   thousand	   nodes.	   In	   order	   to	   utilize	   the	   parallel	   computers	   for	   an	   MPMD	   model,	   we	  

proposed	  the	  communication	  library	  MPMPI	  between	  different	  multiple	  sets	  of	  MPI	  processes	  

for	  the	  MPMD	  model.	   	  

	  

We	  designed	  the	  basic	  MPMPI	  function	  MPMPI_Send	  and	  MPMPI_Recv.	  In	  order	  to	  effectively	  

develop	  the	   interface	  specification	  of	  MPMPI_Send/Recv,	  we	  referred	  to	  the	  concept	  of	  some	  

basic	  MPI	  functions.	  One	  of	  the	  features	  of	  the	  MPMPI	  functions	  is	  the	  exchange	  of	  distributed	  

data	  between	  sets	  of	  processes	  having	  different	  shapes	  or	  different	  distribution	  methods.	  We	  

also	   designed	   the	   MPMPI	   interfaces	   for	   the	   XcalableMP	   PGAS	   language.	   MPMPI_Send	   and	  

MPMPI_Recv	  have	  been	  currently	  implemented	  in	  C	  language	  and	  the	  MPI_Send/Recv	  functions.	  

They	  currently	  support	  one	  and	  two	  dimensional	  block	  distribution	  methods.	  

	  

Fig.	   7	   shows	   the	   performances	   of	   the	   master-‐worker	   program	   with	   the	   Block	   Gauss	   Jordan	  

algorithm	   using	   our	   library.	   We	   programs	   are	   implemented	   in	   XcalableMP/C	   (XMP/C).	   An	  

experimental	   environment	   is	   the	   K	   computer	   system.	   Fig.7	   shows	   the	   basic	   performance	   of	  

MPMPI_Send/Recv.	  We	   assume	   that	   a	  whole	  matrix	   is	   stored	   in	  multiple	  main	  memories.	   For	  

matrix	  products	  on	  each	  process	  of	  worker	  programs	  in	  the	  BGJ	  program,	  we	  utilized	  the	  thread	  

parallelized	  LAPACK	  and	  the	  BLAS	  library	  provided	  by	  the	  K	  computer	  system.	  The	  sizes	  (n	  ×	  n)	  

of	  the	  input	  matrix	  A	  in	  the	  BGJ	  program	  are	  16384	  ×	  16384,	  32768	  ×	  32768	  and	  65536	  ×	  65536.	  

They	  are	  distributed	  onto	  32	  ×	  32	  nodes	  in	  the	  master	  program.	  The	  numbers	  of	  nodes	  that	  one	  

MPMPI	  communication	  uses	  are	  2×2,	  4×4,	  8×8,	  16×16	  nodes.	  
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Fig	  7.	  Performance	  of	  the	  master-‐worker	  program	  with	  Block	  Gauss	  Jordan	  algorithm	  using	  

MPMPI	  

	  

We	   found	   that	   the	   elapsed	   times	  of	   the	  master-‐worker	   program	  decrease	   as	   the	   numbers	   of	  

nodes	   that	   one	   MPMPI	   communication	   uses	   increases.	   The	   percentages	   of	   the	   MPMPI	  

communications	  are	  less	  than	  10%	  for	  all	  cases.	  

	  

3.4	  Performance	  Study	  and	  Optimization	  of	  Distributed	  Load	  Balancing	  on	  the	  K	  computer	  

Distributing	   computations,	   in	   particular	   irregular	   ones,	   at	   such	   scale	   requires	   increasingly	  

complex	  and	  dynamic	   load	  balancing	  systems.	  Work	  stealing	   is	  a	  provably	  efficient	  scheduling	  

algorithm	  for	  such	  distributed,	  dynamic	  load	  balancing	  requirements.	  It	  is	  becoming	  increasingly	  

popular,	   both	   for	   shared	   memory	   systems	   (intra-‐node	   load	   balancing)	   and	   in	   distributed	  

settings	   (inter-‐node	   load	   balancing).	   We	   studied	   the	   performance	   of	   work-‐stealing	   on	   the	   K	  

Computer	  in	  regards	  to	  a	  previously	  overlooked	  issue	  in	  High	  Performance	  Computing	  settings:	  

the	   impact	  of	   large	   scale	   latencies.	  Using	   the	  publicly	   available,	  MPI-‐based	   implementation	  of	  

the	  Unbalanced	  Tree	  Search	  (UTS)	  benchmark,	  we	  evaluated	  the	  performance	  of	  work	  stealing	  

at	  the	  scale	  of	  several	  thousands	  compute	  nodes.	   	  

	  

This	   implementation	   of	   UTS	   follows	   the	   general	   structure	   of	   any	   work	   stealing	   application.	  

When	  work	  is	  available,	  a	  process	  retrieves	  a	  node	  from	  its	  stack.	  This	  node’s	  data	  is	  then	  used	  

to	  compute	  its	  children,	  which	  are	  pushed	  into	  the	  stack.	  If	  no	  work	  is	  available,	  a	  victim	  process	  

is	  selected,	  and	  work	  is	  fetched	  from	  its	  stack.	  This	  process	  continues	  until	  all	  work	  is	  exhausted.	  

Such	  condition	  is	  detected	  by	  a	  token-‐ring	  distributed	  termination	  algorithm.	  Fig.	  8	  presents	  the	  

speedup	   of	   this	   same	   benchmark	   between	   1024	   and	   8192	   MPI	   Processes,	   for	   3	   process	  

allocations	   (1	   rank	  per	  node,	  8	   ranks	  per	  node	   in	   round	   robin,	  8	   consecutive	   ranks	  per	  node).	  

This	   figure	   demonstrates	   that	   this	   UTS	   implementation	   does	   not	   scale	   past	   2048	   nodes.	  

Additionally,	   it	   appears	   that	   the	   benchmark	   performance	   is	   severely	   impacted	   by	   the	  way	   in	  
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which	   processes	   are	   distributed	   among	   compute	   nodes.	   In	   particular,	   allocating	   successive	  

ranks	  to	  different	  compute	  nodes	  results	  in	  the	  worse	  performance	  observed.  

 

 
Fig	  8.	  Speedup	  of	  the	  reference	  MPI	  work	  stealing	  implementation	  in	  the	  K	  computer.	  

	  

To	   explain	   those	   results,	   we	   designed	   a	   new	   load	   balancing	   efficiency	   metric.	   The	   role	   of	   a	  

dynamic	   load	   balancing	   scheme	   is	   to	  maximize	   the	   amount	   of	   processes	   having	  work	   at	   any	  

given	  time.	  Thus,	   if	  a	  problem	   is	  comprised	  of	  enough	  work	   items,	   the	  state	  of	  an	  application	  

should	  roughly	  be	  separated	  in	  three	  phases:	  the	  starting	  phase	  where	  work	  is	  distributed	  to	  all	  

processes,	   the	   finishing	   phase	   during	  which	  work	   becomes	   scarce	   and	   the	   number	   of	   active	  

processes	   decreases	   and	   the	  middle	   phase	   for	  which	  most	   processes	   are	   processing	  work.	   If	  

work	  generation	  is	  irregular,	  as	  with	  UTS,	  balancing	  is	  also	  needed	  during	  the	  middle	  phase,	  but	  

an	  efficient	  framework	  should	  be	  able	  to	  maintain	  a	  reasonable	  amount	  of	  processes	  busy.	  This	  

intuition	  drives	  the	  definition	  of	  our	  performance	  metric.	  If	  one	  was	  to	  trace	  the	  active	  and	  idle	  

phases	  of	  each	  process	  participating	  in	  the	  computation,	  it	  should	  be	  possible	  post-‐mortem	  to	  

determine	  the	  number	  of	  active	  processes	  at	  any	  time	  during	  execution	  of	  the	  application.	   	  

	  

We	  define	  here	  active	  phases	  as	  periods	  of	  time	  during	  which	  a	  process’s	  stack	  contains	  work.	  

Thus,	  in	  the	  chosen	  UTS	  implementation,	  all	  the	  time	  where	  a	  process	  is	  generating	  new	  nodes	  

or	   handling	  MPI	   operations	   in	   between,	   (responding	   to	   steal	   requests	   for	   example)	   count	   as	  

active.	   Similarly,	   a	  process	   is	   inactive	   if	   it	   does	  not	  have	  work	   locally.	   It	   should	  be	  noted	   that	  

with	  such	  definition,	  most	  types	  of	   load	  balancing	  operations	  can	  be	  counted	  in	  either	  type	  of	  

phase.	  Assuming	  there	  exists	  a	  trace	  of	  all	  processes	  indicating	  the	  time	  of	  each	  transition	  from	  

one	  type	  of	  phase	  to	  the	  other,	  with	  the	  starting	  time	  of	  the	  application	  as	  t	  =	  0,	  we	  now	  define	  

the	  following	  metrics.	  

	  

First,	  let	  workers(t)	  be	  the	  number	  of	  processes	  in	  an	  active	  phase	  at	  time	  t.	  From	  this	  number	  
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we	  derive	  the	  maximum	  number	  of	  workers	  at	  any	  given	  time	  during	  execution	  Wmax	  and	  an	  

occupancy	  ratio	  O(t)	  =	  workers(t)/N,	  N	  being	  the	  number	  of	  processes	  executing	  the	  application.	  

Second,	   let	   the	  starting	   latency	  be	  SL(x)	  =	  min(t,O(t)=x)	   /T,	  with	  T	  the	  total	  execution	  time	  of	  

the	   application.	   This	   measure	   computes,	   for	   a	   given	   occupancy	   ratio,	   the	   first	   time	   it	   was	  

exceeded	  during	  execution	  and	  represent	  it	  as	  a	  ratio	  of	  the	  total	  execution.	  Similarly,	  we	  define	  

the	  ending	  latency	  as	  EL(x)	  =	  (T	  −max(t,O(t)=x))/T	  .	  Intuitively,	  the	  starting	  latency	  gives	  us	  the	  

speed,	  relative	  to	  the	  total	  execution	  time	  of	  the	  application,	  at	  which	  a	  number	  of	  processes	  

becomes	  active.	  The	  ending	   latency	   reflects	  a	   similar	   idea:	  how	   far	  away	   in	   the	  execution	   the	  

framework	  is	  able	  to	  maintain	  a	  number	  of	  processes	  active.	  Fig.	  9	  shows	  the	  results	  of	  starting	  

and	  ending	  latencies	  for	  an	  execution	  of	  the	  reference	  implementation	  with	  8192	  MPI	  processes,	  

1	  process	  per	  node	  in	  the	  K	  computer.	  Data	  is	  limited	  to	  latencies	  lower	  than	  10%.	  

	  

 
Fig	  9.	  Starting	  and	  Ending	  latencies	  in	  the	  K	  computer.	  

	  

On	  the	  K	  computer,	  latencies	  between	  nodes	  in	  the	  same	  blade	  are	  lower	  than	  inside	  the	  cube	  

or	  across	  racks.	  Furthermore,	  the	  number	  of	  compute	  nodes	  inside	  a	  rack	  (only	  96)	  means	  that	  

an	   allocation	   of	   8192	   nodes	   can	   easily	   span	   across	   more	   than	   80	   racks,	   and	   in	   practice	   we	  

observed	  that	  a	  communication	  between	  two	  processes	  can	  go	  through	  more	  than	  10	  hops.	  

	  

To	   reflect	   these	   variations	   in	   response	   times	   for	   a	   steal,	   we	   designed	   a	   random	   selection	  

strategy	   using	   a	   biased	   distribution.	   The	   idea	   is	   the	   following:	  while	   preserving	   the	   ability	   to	  

steal	   any	   process,	   weight	   the	   probability	   of	   one	   process	   stealing	   another	   by	   the	   distance	  

between	  those	  two.	  The	  farther	  a	  process	  is,	  the	  lower	  the	  probability	  of	  being	  chosen.	  As	  the	  

Fujitsu	  MPI	  implementation	  provide	  extensions	  to	  query	  the	  6D	  coordinates	  in	  the	  Tofu	  network	  

of	  any	  MPI	  rank,	  we	  used	  the	  Euclidean	  distance	  between	  nodes	  to	  weight	  the	  probability.	  Fig.	  

10	  shows	  the	  results	  improved	  by	  this	  approach,	  as	  indicated	  as	  "Tofu".	   	  
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Fig	  10.	  Speedup	  of	  the	  MPI	  work	  stealing	  implementations	  by	  using	  topology	  of	  Tofu	  network.	  

 

4.	  Schedule	  and	  Future	  Plan	  
One	  of	   important	  archivement	  of	   this	  year	  was	   that	  our	  XcalableMP	  submission	  was	  awarded	  

HPCC	   Class2	   Awards	   to	   be	   given	   for	   high	   productivity	   and	   performance.	   To	   extend	   this	  

acheivement,	   the	   important	   action	   is	   to	   disseminate	   our	   XcalableMP	   to	   applications	   users.	  

Actually,	  in	  this	  year,	  we	  organized	  several	  schools	  and	  hands-‐on,	  workshop	  with	  potential	  users.	  

We	   will	   continue	   these	   promotion	   activities	   for	   the	   next	   year	   while	   we	   will	   study	   more	  

optimization	   technique	   of	   XcalableMP	   compiler	   to	   improve	   the	   performance.	   As	   a	   research	  

agenda	   especially	   for	   the	   K	   computer,	   we	   will	   contribute	   the	   scalability	   of	   large-‐scale	  

applications	  for	  the	  K	  computer.	  

 

For	  the	  performance	  turning	  tools,	  we	  have	  been	  supporting	  Scalasca	  for	  the	  K	  computer.	  The	  

next	  step	  will	  be	  to	  integrate	  with	  XcalableMP	  to	  make	  the	  performance	  tuning	  process	  easily.	  

We	  have	  already	  done	  this	  partially	  for	  C,	  and	  will	  extend	  it	  to	  real	  large	  applications	  written	  in	  

Fortran	   for	   more	   integrated	   programming	   environment	   for	   larege-‐scale	   parallel	   computing.	  

Through	   these	   case	   studies,	   we	   will	   extend	   it	   for	   valuable	   performance	   analysis	   in	   the	   K	  

computer.	  

	  

The	  programming	  models	  for	  post-‐petascale	  will	  be	  investigated,	  including	  programming	  

models	  and	  runtime	  techniques	  to	  support	  dynamic	  load	  balancing	  in	  large-‐scale	  parallel	  

programs,	  and	  parallel	  programing	  supports	  for	  new	  communication	  devices,	  TCA,	  in	  advanced	  

GPU	  clusters.	  
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5.	  Publication,	  Presentation	  and	  Deliverables	  
(1)	   	   Conference	  Papers	  

[1]	   Hitoshi	  Murai,	  Mitsuhisa	   Sato.	   "An	   Efficient	   Implementation	   of	   Stencil	   Communication	   for	  

the	   XcalableMP	   PGAS	   Parallel	   Programming	   Language",	   7th	   International	   Conference	   on	  

PGAS	  Programming	  Models,	  Edinburgh	  UK,	  Oct.	  2013.	  

[2]	  Masahiro	  Nakao,	  Hitoshi	  Murai,	  Takenori	  Shimosaka,	  and	  Mitsuhisa	  Sato.	  “Productivity	  and	  

Performance	  of	  the	  HPC	  Challenge	  Benchmarks	  with	  the	  XcalableMP	  PGAS	  Language”,	  7th	  

International	  Conference	  on	  PGAS	  Programming	  Models,	  Edinburgh	  UK,	  Oct.	  2013.	  

[3]	  Serge	  Petiton,	  Mitsuhisa	  Sato,	  Nahid	  Emad,	  Christophe	  Calvin,	  Miwako	  Tsuji	   and	  Makarem	  

Dandouna,	  Multi-‐level	   programming	   Paradigm	   for	   Extreme	   Computing,	   Joint	   International	  

Conference	   on	   Supercomputing	   in	   Nuclear	   Applications	   +	  Monte	   Carlo,2013.10.27-‐31,	   Paris	  

France.	  

[4]	   Miwako	   Tsuji,	   Mitsuhisa	   Sato,	   Maxime	   Hugues	   and	   Serge	   Petiton,	   Multiple-‐SPMD	  

Programming	  Environment	  based	  on	  PGAS	  and	  Workflow	  toward	  Post-‐Petascale	  Computing,	  

Proceedings	   of	   the	   2013	   International	   Conference	   on	   Parallel	   Processing	   (ICPP-‐2013),	  

480-‐-‐485,2013.10.01-‐04,	  Ecole	  Normale	  Superieure	  de	  Lyon	  Lyon	  France.	  

[5]	   Miwako	   Tsuji,	   Makarem	   Dandouna	   and	   Nahid	   Emad,Multi	   level	   parallelism	   of	   Multiple	  

implicitly/explicitly	  restarted	  Arnoldi	  methods	  for	  post-‐petascale	  computing,Proceedings	  of	  

the	   8th	   IEEE	   International	   Conference	   on	   P2P	   Parallel	   Grid	   Cloud	   and	   Internet	   Computing	  

(3PGCIC-‐2013),158-‐-‐165,2013.10.28-‐30,University	   of	   Technology	   of	   Compiegne	   Compiegne	  

France.	  

	  

[not	  refereed,	  in	  Japanese]	  

[6]	   Masahiro	   Nakao,	   Hitoshi	   Murai,	   Takenori	   Shimosaka,	   Akihiro	   Tabuchi,	   Yuetsu	   Kodama,	  

Taisuke	  Boku,	  Mitsuhisa	  Sato,	  “Extension	  of	  XcalableMP	  for	  Tightly	  Coupled	  Accelerators”,	  

IPSJ	  SIG	  Technical	  Report,	  Mar.	  2013	  (in	  Japanese).	  

[7]	  Masahiro	  Nakao,	  Mitsuhisa	  Sato,	  “Implementation	  of	  NICAM	  by	  using	  PGAS	  model	  language	  

on	  the	  K	  computer”,	  Vol.2013-‐HPC-‐140,	  pp.1-‐5	  Aug.	  2013	  (in	  Japanese).	  

[8]	  Masahiro	  Nakao,	  Mitsuhisa	  Sato,	  “Performance	  measurement	  of	  CGPOP	  Mini-‐application	  on	  

the	  K	  computer”,	  IPSJ	  SIG	  Technical	  Report,	  May	  2013	  (in	  Japanese).	  

[9]	  T.	  Shimosaka,	  M.	  Sato,	  T.	  Boku,	  W.	  Tang.	  Evaluation	  of	   the	  nuclear	   fusion	  simulation	  code	  

GTC-‐P	  on	  the	  K	  computer.	  IPSJ	  SIG	  Technical	  Report,	  May.	  2013	  (in	  Japanese).	  

	  

(2)	   	   Invited	  Talks	  

[10]	   Mitsuhisa	   Sato,	   Issues	   for	   Exascale	   Accelerated	   Computing	   -‐	   system	   architecture	   and	  

programming,	  7th	  Int'l.	  Conf.	  on	  PGAS	  Programming	  Models.	  
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(3)	   	   Posters	  and	  Presentations	  

[11]	   Masahiro	   Nakao,	   Hitoshi	   Murai	   Takenori	   Shimosaka	   Mitsuhisa	   Sato.	   “XcalableMP	   for	  

Productivity	  and	  Performance	  in	  HPC	  Challenge	  Award	  Competition	  Class	  2”,	  SC13	  The	  2013	  

HPC	  Challenge	  Awards	  BoF,	  Denver,	  Colorado,	  USA,	  Nov.,	  2013.	  

[12]	   Masahiro	   Nakao,	   “Performance	   and	   productivity	   of	   XcalableMP”,	   5th	   cross-‐disciplinary	  

symposium	  of	  computational	  science	  –	  development,	  assimilation,	  and	  construction	  of	  new	  

knowledge”,	  Nov.	  2013	  (in	  Japanese).	  

[13]	   Nahid	   Emad,	   Leroy	   Drummond,	   Miwako	   Tsuji	   and	   Makarem	   Dandouna,	   Tuning	  

Asynchronous	  Co-‐Methods	  for	  Large-‐scale	  Eigenvalue	  Calculations	  16th	  SIAM	  Conference	  on	  

Parallel	   Processing	   for	   Scientific	   Computing,	   2014.02.18-‐-‐21,	   Portland	   Marriott	   Downtown	  

Waterfront	  Portland	  OR	  USA,	  2014.	  

[14]	  T.	  Shimosaka,	  H.	  Murai	  and	  M.	  Sato,	  A	  communication	  library	  between	  multiple	  sets	  of	  MPI	  

processes	  for	  a	  MPMD	  model,	  pp.	  147–148(poster),	  EuroMPI2013,	  2013.	  

[15]	   Swann	   Perarnau,	   Mitsuhisa	   Sato,	   Weighted	   Distribution	   for	   Random	   Victim	   Selection	   in	  

Distributed	  Work	  Stealing,	  HPC	  in	  Asia	  Workshop,	  International	  Supercomputing	  Conference	  

(ISC),	  Leipzig	  Germany,	  June	  2013.	  

	  

(4)	   	   Patents	  and	  Deliverables	  

[16]	   Omni	   XcalableMP	   compiler	   ver.	   0.7for	   the	   K	   computer	   (registered	   as	   AICS-‐supported	  

software)	  

[17]	   Scalasca	   performance	   analysis	   tool	   for	   the	   K	   computer	   (registered	   as	   AICS-‐supported	  

software)	  
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Processor Research Team 

 

1.	  Team	  Members	  
Makoto	  Taiji	  (Team	  Leader)	  

Yousuke	  Ohno	  (Senior	  Research	  Scientist)	  

Noriaki	  Okimoto	  (Senior	  Research	  Scientist)	  

Gentaro	  Morimoto	  (Research	  Scientist)	  

Takao	  Otsuka	  (Research	  Scientist)	  

Yoshinori	  Hirano	  (Research	  Scientist)	  

Tomoki	  Kobori	  (Postdoctoral	  Researcher)	  

Yohei	  Koyama	  (Postdoctoral	  Researcher)	  

Aki	  Hasegawa	  (Research	  Associate)	  

Yumie	  Ohyama	  (Assistant)	  

 

2.	  Research	  Activities 
The	   aim	   of	   the	   processor	   research	   team	   is	   to	   create	   a	   future	   basis	   of	   high-‐performance	  

processors	  for	  scientific	  simulations,	  as	  well	  as	  to	  explore	  the	  processor	  performance	  of	  the	  K	  

computer.	  

	  

In	   future	   high	   performance	   computing,	   we	   have	   to	   tackle	   with	   millions	   or	   more	   parallel	  

operation	   units	   to	   extend	   the	   performance.	  However,	  many	   applications	   require	   acceleration	  

while	  keeping	  the	  problem	  size,	  i.	  e.	  the	  strong	  scaling,	  and	  they	  can	  often	  be	  parallelized	  up	  to	  

thousands	  of	   core,	  not	   to	  millions.	  To	  achieve	  better	   strong	  scaling,	  we	  have	   to	  decrease	   the	  

cost	   of	   parallelization	   by	   improving	   the	   latency	   in	   everywhere	   –	   network,	  main	  memory,	   and	  

processors.	   For	   this,	   we	   will	   try	   to	   develop	   the	   platform	   of	   System-‐on-‐Chip	   (SoC)	   based	  

accelerators.	   It	   consists	   of	   general-‐purpose	   processor	   cores,	   memories,	   network	   units	   and	  

computing	  accelerators	  on	  the	  single	  chip.	  By	  such	   integration	  we	  aim	  to	  achieve	  the	  ultimate	  

performance	  for	  selected	  applications.	  
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Fig.	  1.	  Diagram	  of	  platform	  for	  accelerators.	  

 

In	  addition	  to	  the	  researches	  on	  future	  computing	  platform,	  we	  will	  contribute	  to	  accelerate	  the	  

application	  performance	  on	  the	  K	  computer.	  The	  processor	  of	  K	  computer,	  SPARC64	  VIIIfx,	  has	  

several	   special	   features	   for	   high-‐performance	   computing	   called	   VISIMPACT	   and	  HPC-‐ACE.	  We	  

will	   explore	   to	   extract	   its	   power	   for	   several	   applications	   based	   on	   our	   experience	   on	   the	  

processor	  architecture.	  

 

3.	  Research	  Results	  and	  Achievements 
3.1.	  Platform	  of	  accelerators	  

In	   this	   year	   we	   evaluated	   the	   MDGRAPE-‐4	   SoC	   in	   RIKEN	   QBiC	   (Quantitative	   Biology	   Center)	  

using	  the	  test	  board	  of	  the	  MDGRAPE-‐4	  system.	  We	  have	  confirmed	  the	  basic	  operation	  of	  SoC.	  

We	  are	  porting	  GROMACS	  software	  for	  the	  MDGRAPE-‐4	  system	  with	  Prof.	  Lindahl,	  Stockholm	  

University.	   	  

	  

From	  the	  viewpoint	  of	   the	  platform	  of	  SoC	  based	  accelerator,	  we	  can	  use	  as	   the	  MDGRAPE-‐4	  

SoC	   as	   the	   basis.	   It	   has	   65	   general-‐purpose	   (GP)	   processor	   cores,	   64	   dedicated	   pipelines	   for	  

molecular	   dynamics	   force	   calculation,	   main	   memories,	   and	   network	   units	   for	   3-‐dimensional	  

torus	  network.	  By	   replacing	  the	  dedicated	  pipelines	  we	  can	  use	   the	  design	  as	   the	  platform	  of	  

accelerators.	  The	  operation	  frequencies	  of	  the	  dedicated	  pipelines	  and	  the	  GP	  cores	  are	  0.8	  GHz	  

and	   0.6	  GHz,	   respectively.	   For	   the	   inter-‐process	   synchronization,	   the	   queue	   system	   in	   the	  GP	  

core	  is	  used.	  The	  pipeline	  units,	  the	  GP	  cores,	  and	  the	  network	  units	  exchange	  message	  with	  the	  

control	   GP	   core,	   which	   takes	   control	   of	   a	   whole	   calculation.	   The	   SoC	   also	   contains	   a	   shared	  

memory	  unit	  of	  1.8MB.	  The	  size	  of	  SoC	  is	  15.6×15.6	  mm2,	  and	  is	  fabricated	  by	  the	  Hitachi	  HDL4S	  

40nm	   bulk	   CMOS	   technology.	   Its	   pipelines	   can	   evaluate	   51.2G	   interactions/sec,	   which	   is	  

equivalent	  to	  2.56	  Tflops	  performance	  when	  we	  count	  the	  calculation	  cost	  of	  a	  nonbond	  force	  

and	  a	  potential	  as	  50	  flop.	  
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Fig.	  2.	  Block	  diagram	  of	  MDGRAPE-‐4	  SoC. 

 

 
Fig.	  3.	  MDGRAPE-‐4	  system	  board.	  

 

3.2	  Application	  Optimization	  on	  K	  computer	  

For	  application	  optimization	  we	  have	  optimized	  the	  molecular	  dynamics	  core	  code.	  

	  

4.	  Schedule	  and	  Future	  Plan 
In	  the	  next	  year,	  we	  will	  finish	  the	  MDGRAPE-‐4	  System	  in	  RIKEN	  QBiC.	  In	  future,	  we	  will	  continue	  

to	   implement	   the	   part	   of	   the	  MDGRAPE-‐4	   SoC	   as	   the	   platform	   of	   accelerators.	   We	   will	   also	  
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develop	   network-‐on-‐chip	   architecture	   for	   specific	   purposes	   like	   machine	   learning/	   neural	  

network.	  We	  will	  continue	  the	  optimization	  of	  MD	  core	  and	  the	  other	  codes	  for	  the	  K	  computer.	  

We	  will	  also	  start	  the	  drug	  design	  and	  medical	  application	  of	  high-‐performance	  computing	  with	  

Prof.	  Yasushi	  Okuno,	  senior	  visiting	  scientist.	  

 

5.	  Publication,	  Presentation	  and	  Deliverables 
(1)	   	   Invited	  Talks	  

[1]	   Makoto	   Taiji,	   “MDGRAPE-‐4:	   a	   special-‐purpose	   computer	   system	   for	   molecular	   dynamics	  

simulations,”	  Royal	  Society	  Kavli	  Seminar	  on	  “Multiscale	  systems:	  linking	  quantum	  chemistry,	  

molecular	  dynamics,	  and	  microfluidic	  hydrodynamics”,	  Chicheley	  Hall,	  Buckinghamshire,	  UK	  

(2013/7/22-‐23).	  

[2]	   Makoto	   Taiji,	   “MDGRAPE-‐4:	   a	   special-‐purpose	   computer	   system	   for	   molecular	   dynamics	  

simulations,”	   Plenary	   Lecture,	   Joint	   Workshop	   on	   Bio-‐inspired	   Engineering	   and	  

Bio-‐supercomputing,	  Chiba	  University,	  Chiba,	  Japan	  (2014/3/3-‐4).	  
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Large-scale Parallel Numerical Computing Technology Research Team 

 

1.	  Team	  members	  
Toshiyuki	  Imamura	  (Team	  Leader)	  

Takeshi	  Fukaya	  (Post	  Doctoral	  Researcher)	  

Yusuke	  Hirota	  (Post	  Doctoral	  Researcher)	  

Yoshiharu	  Ohi	  (Post	  Doctoral	  Researcher)	  

Daisuke	  Takahashi	  (Senior	  Visiting	  Researcher)	  

Franz	  Franchetti	  (Visiting	  Researcher)	  

Yoshio	  Okamoto	  (Visiting	  Researcher)	  

Yukiko	  Hayakawa	  (Assistant) 

 

2.	  Research	  Activities	  
The	   Large-‐scale	   Parallel	   Numerical	   Computing	   Technology	   Research	   Team	   conducts	   research	  

and	   development	   of	   a	   large-‐scale,	   highly	   parallel	   and	   high	   performance	   numerical	   software	  

library	  for	  K	  computer.	  Simulation	  programs	  require	  various	  numerical	  techniques	  to	  solve	  linear	  

systems,	   eigenvalue	   problems,	   fast	   Fourier	   transforms,	   and	   non-‐linear	   equations.	   In	   order	   to	  

take	   advantage	  of	   the	   full	   potential	   of	   K	   computer,	  we	  must	   select	   pertinent	   algorithms	   and	  

develop	   a	   numerical	   software	   library	   based	   on	   the	   concepts	   of	   high	   parallelism,	   high	  

performance,	  high	  precision,	  resiliency,	  and	  scalability.	  

Our	   primary	  mission	   of	   this	   project	   is	   to	   develop	   a	   highly	   parallelized	   and	   scalable	   numerical	  

library	  on	  the	  K	  computer	  system,	  namely	  KMATHLIB.	  It	  comprises	  several	  components	  such	  as	  

for	  solving	  

1)	  System	  of	  linear	  equations,	  

2)	  Eigenvalue	  problems,	  

3)	  Singular	  value	  decomposition,	  

4)	  Fast	  Fourier	  transforms,	  and	  

5)	  Nonlinear	  equations.	  

The	  K-‐specific	  topics	  are	  also	  our	  challenging	  works	  as	  follows;	  

a)	  Tofu	  interconnect,	  

b)	  Parallel	  I/O,	  

c)	  Fault	  detection	  (soft-‐error),	  and	  

d)	  Higher	  accuracy	  computing.	  

We	   are	   going	   to	   complete	   this	   project	   through	   close	   collaboration	   among	   computational	  

science	   (simulation),	   computer	   science	   (hardware	   and	   software)	   and	   numerical	  mathematics.	  

Our	   final	  goal	   is	   to	  establish	  a	   fundamental	   technique	   to	  develop	  numerical	   software	   libraries	  
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for	  next	  generation	  supercomputer	  systems	  based	  on	  strong	  cooperation	  within	  AICS.	  

 

3.	  Research	  Results	  and	  Achievements	  
In	  this	  report,	  we	  focus	  on	  our	  three	  projects,	  1)	  development	  of	  KMATHLIB,	  2)	  development	  of	  

EigenExa,	  and	  3)	  investigation	  of	  the	  FDTD	  related	  method.	  Other	  activities	  by	  each	  researcher	  

and	  collaborative	  works	  with	  other	  AICS	  teams	  are	  summarized	  in	  the	  last	  two	  sections,	  future	  

plans	  and	  the	  publication	  list.	  

	  

3.1.	  KMATHLIB	  Project	  

	  
1.	   	   Development	  of	  the	  KMATHLIB	  for	  the	  integration	  of	  OSS	  packages	  
Since	  FY2012-‐2013,	  we	  have	  developed	  an	  integration	  framework	  KMATHLIB	  for	  number	  of	  

numerical	  libraries	  installed	  on	  K	  computer.	  KMATHLIB	  supports	  a	  wide	  range	  of	  spectral	  of	  

a	   lot	   numerical	   libraries,	   and	   KMATHLIB-‐API	   covers	   the	   resource	   usage	   from	   hundred	   to	  

ten-‐thousand	  nodes	  or	  up	  to	  the	  whole	  system.	   	  

	  

The	  schematic	  of	  KMATHLIB	  is	  depicted	  in	  Figure	  1.	  KMATHLIB-‐API	  is	  on	  the	  top	  layer	  and	  is	  

accessed	  by	  users	  directly.	  By	  taking	  account	  of	  KMATHLIB,	  we	  can	  plug-‐in	  favorite	  OSS	  like	  

the	  bottom	  part	  of	  Figure	  1.	  KMATHLIB-‐API	  can	  conceal	  the	  differences	  of	  API’s	  and	  data	  

structures,	  etc. 

 

Figure	  1.	  The	  structure	  of	  the	  KMATHLIB	  package.	  
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Example	  of	  KMATHLIB-‐API	  is	  shown	  in	  Figure	  2.	  KMATHLIB-‐API	  adopts	  a	  modern	  API	  style	  

of	   the	   standard	   numerical	   libraries,	   like	   PETSc	   and	   FFTW.	   In	   order	   to	   use	   the	   numerical	  

solver	  plugged	  in	  the	  KMATHLIB	  package,	  user	  needs	  to	  proceed	  four	  steps.	  

1. 	   First,	  the	  user	  initiates	  KMATHLIB.	  

2. Create	   a	   handle	   of	   each	   solver.	   The	   handle	   is	   bound	   with	   several	   attributes	   about	  

underlying	  data	  and	  options	  of	  the	  solver	  function	  to	  be	  called.	  

3. Then,	  the	  user	  invokes	  a	  solver	  function	  associated	  with	  the	  handle.	  

4. Finally,	  the	  finalization	  step	  must	  be	  done	  before	  the	  end	  of	  the	  program.	  

	  

We	   have	   successfully	   integrated	   the	   standard	   numerical	   libraries	   such	   as	   LAPACK,	  

ScaLAPACK,	  EigenExa,	  PETSc,	  FFTW,	  FFTE,	  and	  SSL	  II	  into	  the	  KMATHLIB	  package. 

Figure	  2.	  Example	  code	  of	  the	  KMATHLIB	  linear	  solver.	  

	  

2.	   	   Enhancement	  of	  the	  KMATHLIB	  numerical	  libraries	  

Since	  FY2012-‐2013,	  we	  also	  have	  examined	  the	  parallel	  performance	  of	  the	  standard	  parallel	  

OSS,	   and	   we	   have	   concluded	   that	   most	   of	   OSS	   does	   not	   scale	   on	   a	   large	   number	   of	  

processors.	  We	  decided	   to	  develop	  and	  enhance	   the	  performance	  of	  ported	  OSS.	   In	   this	  

report,	  we	  present	  two	  notable	  results	  of	  KMATH_RANDOM	  (random	  number	  generator)	  

and	  newly	  proposed	  Divide	  and	  Conquer	  method	  for	  GEPBs.	  

 

a) Enhancement	  of	  the	  KMATH_RANDOM	  library	  

In	   FY2012-‐2013,	   we	   parallelized	   and	   integrated	   an	   open	   source	   real	   random	   number	  

generator	  dSFMT	  into	  the	  KMATHLIB	  framework,	  namely	  KMATH_RANDOM.	  To	  support	  it	  
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on	  K	   computer,	  we	  modified	  KMATH_RANDOM	   in	   FY2013-‐2014	   so	   that	   each	  MPI	  process	  

restarts	   to	   generate	   real	   random	   numbers	   independently.	   We	   have	   evaluated	   the	  

KMATH_RANDOM	  library	  on	  K	  computer.	  Figure	  3	  shows	  the	  strong	  scaling	  behavior	  of	  the	  

generator	   function	   which	   successively	   yields	   one	   billion	   random	   numbers.	   Although	  

KMATH_RANDOM	   performs	   well,	   it	   scales	   down	   slightly	   when	   the	   number	   of	   nodes	   is	  

large.	  
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Figure	  3.	  Strong	  scaling	  performance	  of	  KMATH_RANDOM	  on	  K	  computer.	  

 

b) New	  computational	  scheme	  by	  Divide	  and	  Conquer	  method	  for	  GEPBs	  

As	  a	  part	  of	  the	  KMATHLIB	  project,	  we	  have	  carried	  out	  basic	  research	  on	  a	  development	  of	  

a	  solver	  for	  generalized	  eigenvalue	  problems	  of	  banded	  matrices	  (GEPBs)	  

 

Aw = λBw.  

 

Here,	  A	  and	  B	  are	  N-‐by-‐N	  symmetric	  band	  matrices	  and	  B	   is	  positive	  definite.	  GEPBs	  often	  

appear	   in	  quantum	  chemistry	  and	  the	  numerical	  solver	  of	  GEPBs	  can	  be	  used	  as	  a	  part	  of	  

the	   solution	   method	   for	   dense	   symmetric	   definite	   GEPs.	   The	   faster	   performance	   of	   the	  

solver	   for	   GEPB	   is	   strongly	   required.	   Rough	   analysis,	   however,	   reveals	   poor	   parallel	  

performance	   of	   the	   conventional	   methods	   (e.g.	   parallelized	   versions	   of	   DSBGV	   and	  

DSBGVD	   in	   LAPACK).	   We	   have	   proposed	   an	   alternative	   divide	   and	   conquer	   method	   for	  

GEPBs	   which	   is	   based	   on	   the	   Elsner’s	   idea	   (1997).	   The	   method	   has	   advantages	   that	   its	  

FLOPS	  count	  is	  smaller	  than	  the	  conventional	  method	  and	  the	  most	  of	  the	  operations	  can	  

be	  parallelized	  efficiently.	  Figure	  4	  shows	  the	  residuals	  ||AW	  -‐	  BWΛ||F	  /	  ||A||F	  obtained	  by	  the	  

conventional	  solver	  (DSBGV)	  and	  a	  prototype	  of	  the	  proposed	  method.	  Here,	  W	  =	  [w1,	  w2,	  
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…,	  wN],	  Λ =	  diag(λ1, λ2, ..., λΝ),	   and (λi, wi)	   refers	   to	   the	   i-‐th eigenpair. We	  confirmed	   that	  

the	  accuracy	  of	  the	  proposed	  is	  comparable	  to	  or	  better	  than	  the	  conventional	  method.	    
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Figure	  4.	  Accuracy	  test	  of	  DSBGV	  and	  the	  implementation	  of	  the	  proposed	  method.	  

 

3.2	  EigenExa	  Project	  

The	   EigenExa	   Project	   is	   basically	   a	   collaborative	   work	   between	   Prof.	   Yusaku	   Yamamoto	  

(formerly	  Kobe	  University,	   presently	   the	  University	   of	   Electro	  Communications)	   granted	   from	  

‘Development	   of	   System	   Software	   Technologies	   for	   post-‐Peta	   Scale	   High	   Performance	  

Computing’	  by	  JST	  CREST.	  We	  conduct	  mainly	  a	  part	  of	  the	  development	  of	  a	  high	  performance	  

parallel	  dense	  eigenvalue	  solver,	  namely	  EigenExa. 

 

1.	   	   Implementation	  of	  a	  Parallel	  solver	  
In	  a	   last	  Annual	   report	   for	   FY2012-‐2013,	  we	   reported	   the	  progress	  of	   this	  project	   and	   the	  

status	  of	  the	  Eigen-‐K	  library.	  This	  FY2013-‐2014,	  the	  first	  version	  of	  the	  EigenExa	  library	  was	  

released	  on	  August	  2013	  as	  a	  successor	  of	  Eigen-‐K.	  User	  can	  download	  EigenExa	  from	  the	  

URL,	  http://www.aics.riken.jp/labs/lpnctrt/EigenExa_e.html.	  

 

From	   the	   same	   URL,	   we	   can	   refer	   to	   the	   poster	   (Figure	   5)	   which	   was	   presented	   at	  

International	  Workshop	  EPASA2014.	  Figure	  5	  illustrates	  the	  latest	  performance	  report	  and	  

our	   outstanding	   achievement	   of	   world	   largest	   scale	   eigenvalue	   computation	   on	   K	  

computer.	   	  



47	  

 

Figure	  5.	  Poster	  from	  http://www.aics.riken.jp/labs/lpnctrt/EigenExa_e.html	  

	  

As	  you	  can	  see	  the	  description	  of	  “one-‐million	  dimensional	  dense	  eigenvalue	  computing”,	  

we	   successfully	   diagonalized	   a	   one-‐million	   dimensional	   random	   symmetric	   matrix	   within	  

one	  hour	  by	  taking	  account	  of	  the	  full	  computational	  nodes	  of	  the	  K	  computer	  system.	  The	  

result	  shows	  a	  favorable	  properties	  of	  the	  EigenExa	  library	  towards	  the	  emerging	  Exa-‐scale	  

computing	  era.	  

 

2.	   	   Theoretical	  studies	  and	  Practices	  for	  Communication	  Avoiding	  

We	  have	  studied	  basic	  building	  blocks	  of	  high	  performance	  dense	  eigenvalue	  solvers.	  We	  
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have	  analyzed	  the	  parallel	  performance	  of	  our	  solver	  to	  construct	  a	  performance	  model	  for	  

predicting	   the	   performance	   on	   a	   post-‐peta	   scale	   system.	   In	   this	   FY2013-‐2014,	   we	   built	   a	  

prototype	  model	  which	  estimates	  the	  parallel	  execution	  time	  of	  the	  most	  dominant	  part	  of	  

our	  scheme,	  and	  we	  examined	  its	  accuracy	  on	  K	  computer	  (see	  Figure	  6).	   	  

	  

We	   have	   also	   studied	   a	   communication-‐avoiding	   algorithm,	   called	   TSQR	   (or	   CAQR),	   for	  

computing	   a	   tall-‐skinny	  QR	   factorizations,	   required	   in	   both	   dense	   and	   sparse	   eigenvalue	  

solvers.	  We	  evaluated	  its	  performance,	  particularly	  the	  strong	  scaling,	  by	  using	  K	  computer.	  

In	   addition,	   we	   pointed	   out	   its	   performance	   bottleneck	   by	   constructing	   a	   realistic	  

performance	  model	  and	  are	  now	  planning	  to	  improve	  the	  performance.	   	  

	  

Finally,	   we	   report	   our	   two	   performance	   evaluations	   by	   using	   the	   whole	   FX10	  

supercomputer	   system,	   Oakleaf-‐FX,	   supported	   by	   "Large-‐scale	   HPC	   Challenge"	   Project,	  

Information	  Technology	  Center,	  and	  the	  University	  of	  Tokyo.	  In	  the	  first	  one,	  we	  measured	  

the	  performance	  of	  EigenExa	  in	  various	  conditions;	  we	  changed	  the	  size	  of	  a	  target	  matrix,	  

program	  parameters	  such	  as	  the	  shape	  of	  process	  grid	  and	  combination	  of	  the	  number	  of	  

MPI	   processes	   and	   that	   of	   the	   OpenMP	   threads.	   In	   the	   second	   one,	   we	   compared	   the	  

performance	  of	  TSQR/CAQR	  with	  other	  conventional	  algorithms	  such	  as	  Householder	  QR.	  

The	  results	  of	  both	  evaluations	  are	  expected	  to	  contribute	  to	  further	  performance	  tuning	  

of	  each	  program.	  

 

	   	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Figure	  6.	  Verification	  of	  our	  performance	  model	  on	  K	  computer. 

	  

3.3	  Investigation	  of	  the	  FDTD	  Related	  Methods	  

In	  order	  to	  develop	  useful	  mathematical	  software	  for	  K	  computer,	  it	  is	  significant	  to	  investigate	  
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general	   numerical	   frameworks	   not	   focused	   on	   particular	   simulation	   codes.	   FDM	   (Finite	  

Difference	  Method)	  and	  FEM	  (Finite	  Element	  Method)	  are	  well-‐known	  numerical	  discretization	  

and	   time-‐integration	   frameworks	   for	   scientific	   simulation	   codes,	   which	   are	   based	   on	   fixed	  

spatial	  grid	  coordination.	  Other	  numerical	  principles	  to	  be	  handled	  on	  simulation	  codes	  are	  the	  

particle	  method	  and	  the	  mesh-‐less	  methods.	  In	  FY2013-‐2014,	  we	  started	  the	  study	  of	  the	  FDTD	  

related	  issues.	  This	  subsection	  illustrates	  the	  current	  status	  of	  our	  studies.	  

 

1.	   	   FDTDM	  (Finite	  Difference	  Time	  Domain	  Method)	  

Recent	   public	   interests	   center	   on	   the	   electric	   power	   problem,	   such	   as	   an	   electrical	  

generator,	   a	   charge	   device	   for	   an	   electric	   vehicle,	   and	   side	   effect	   of	   an	   electromagnetic	  

medical	  device.	  Finite	  Difference	  Time	  Domain	  Method	  (FDTDM)	  plays	  an	  important	  role	  in	  

a	  numerical	  simulation	  of	  such	  problems.	  We	  recognized	  that	  it	  is	  one	  of	  the	  key	  issues	  to	  

investigate	  a	  parallel	  FDTDM	  software	  on	  K	  computer	  while	  most	  of	  the	  standard	  FDTDM	  

software	   is	   commercial.	   We	   mainly	   conduct	   1)	   numerical	   analysis	   of	   FDTDM,	   and	   2)	  

development	   of	   open	   source	   software	   based	   on	   FDTDM.	   Since	   FY2013-‐2014,	   we	   have	  

investigated	  the	  feasibility	  of	  FDTDM	  for	  numerical	  simulations.	  

	  

2.	   	   MTDM	  (Meshless	  Time	  Domain	  Method)	  

Though	   FDTDM	   is	   a	   strong	   numerical	   scheme	   for	   time-‐dependent	   electromagnetic	  

simulation,	   it	   has	   a	   strong	   restriction	   on	   the	   computational	   domain.	   There	   is	   a	   lot	   of	  

progresses	   to	   treat	  problems	   in	  a	   complex	  shaped	  domain,	   for	  example,	   finer	  meshes	  or	  

adaptive	   meshes,	   etc.	   Generally,	   meshless	   method	   requires	   no	   information	   about	  

geometrical	  structure,	  so	  an	  enhancement	  of	  FDTDM	  taking	  consideration	  of	  the	  meshless	  

framework	  is	  an	  alternative	  for	  the	  numerical	  simulation	  in	  a	  complex-‐shaped	  domain.	  We	  

study	  the	  Meshless	  Time	  Domain	  Method	  (MTDM)	  based	  on	  the	  Radial	  Point	  Interpolation	  

Method	   (RPIM).	   Since	   FY2013-‐2014,	   we	   have	   studied	   the	   numerical	   analysis	   for	   a	   2D	  

simulation	   and	   the	   computational	   accuracy	   in	   terms	   of	   ‘node	   distribution’	   and	   ‘base	  

functions’,	   which	   are	   thought	   as	   important	   parameters	   of	   MTDM.	   In	   addition,	   we	   have	  

improved	  the	  performance	  of	  the	  MTDM	  code.	  

 

4.	  Schedule	  and	  Future	  Plan	  
Our	  three	  main	  projects,	  KMATHLIB,	  EigenExa,	  and	  FDTD	  are	  progressing	  satisfactorily.	  They	  are	  

ongoing	  projects	  and	  there	  will	  be	  some	  update	  as	  follows.	  

	  

1.	   	   KMATHLIB	  project	  

In	  order	  to	  promote	  the	  KMATHLIB	  package,	  we	  need	  to	  support	  a	  lot	  of	  useful	  plugged-‐in	  

OSS.	  We	  plan	  to	  release	  the	  first	  version	  of	  the	  solver	  of	  GEBPs	  for	  K	  computer	  as	  a	  part	  of	  
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KMATHLIB	   in	   FY2014-‐2015.	   The	   generalized	   eigenvalue	   solver	   for	   dense	   matrices	   which	  

comprises	  the	  solver	  for	  banded	  matrices	  will	  be	  released	  in	  FY2015-‐2016	  or	  later.	  Another	  

plan	  is	  to	  develop	  and	  release	  a	  prototype	  of	  the	  Helmholtz	  equation	  solver	  in	  FY2014-‐2015	  

which	  is	  collaborated	  by	  the	  SCALE	  project.	  

	  

2.	   	   EigenExa	  project	  

After	   the	   first	   release	   of	   the	   EigenExa	   library,	   several	   application	   codes	   adopt	   to	   use	  

EigenExa.	   We	   got	   another	   important	   mission	   to	   maintain	   EigenExa	   continuously.	  

Furthermore,	   we	   recognize	   that	   it	   is	   also	   significant	   to	   improve	   the	   performance	   and	  

scalability.	  As	  reported	  in	  the	  last	  section,	  we	  struggled	  with	  the	  communication	  overhead	  

when	  the	  number	  of	  processors	  used	  is	  quite	  large.	  Towards	  the	  post	  K	  computer	  system,	  

HPC	  researchers,	  especially	  who	  are	  interested	  in	  numerical	   linear	  algebra,	  keep	  watch	  on	  

the	  progress	  of	  new	  technologies	  such	  as	  Communication	  Avoiding,	  Communication	  Hiding,	  

and	   Synchronous	   Avoiding.	   We	   are	   going	   to	   investigate	   these	   in	   the	   future	   EigenExa	  

library.	  

	  

3.	   	   FDTD	  related	  method	  

Our	  must	  topics	  for	  the	  FDTD	  related	  project	  are	  to	  support	  a	  3D	  simulation	  by	  using	  MTDM	  

and	   to	   analyze	   computational	   precision	   in	   a	   practical	   simulation.	   In	   fact,	   an	   accurate	  

numerical	  simulation	  of	  side-‐effects	  from	  an	  MRI	  device	  to	  a	  human-‐body	  has	  a	  big	  impact	  

to	  life	  science	  and	  medical	  engineering.	  We	  need	  to	  promote	  the	  FDTD	  related	  works	  to	  an	  

unexplored	  field	  in	  AICS.	  

	  

4.	   	   Other	  issues	  

As	  we	  described	  in	  the	  annual	  report	  FY2012-‐2013,	  “Fault	  tolerance”	  or	  “Resilience”	  is	  one	  

of	  the	  key	  words	  for	  the	  peta-‐scale	  computing.	  From	  the	  viewpoint	  of	  the	  numerical	  library,	  

we	  would	  like	  to	  establish	  a	  new	  algorithmic	  fault	  detection	  mechanism	  and	  its	  framework.	  
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2.	  Research	  Activities	  
The	  mission	  of	  the	  HPC	  Usability	  Research	  Team	  is	  to	  research	  and	  develop	  a	  framework	  and	  its	  

theories/technologies	  for	  liberating	  large-‐scale	  HPC	  (high-‐performance	  computing)	  to	  end-‐users	  

and	  developers.	  In	  order	  to	  achieve	  the	  goal,	  we	  conduct	  research	  in	  the	  following	  three	  fields:	   	  

 

1. Computing	  portal	  

In	  a	  conventional	  HPC	  usage	  scenario,	  users	  live	  in	  a	  closed	  world.	  That	  is,	  users	  have	  to	  play	  

roles	  of	  software	  developers,	  service	  providers,	  data	  suppliers,	  and	  end	  users.	  Therefore,	  a	  

very	   limited	   number	   of	   skilled	   HPC	   elites	   can	   enjoy	   the	   power	   of	   HPC,	  while	   the	   general	  

public	   sometimes	   gives	   a	   suspicious	   look	   to	   the	   benefit	   of	   HPC.	   In	   order	   to	   address	   the	  

problem,	  we	   are	   designing	   and	   implementing	   a	   computing	   portal	   framework	   that	   lowers	  

the	   threshold	   for	   using,	   providing,	   and	   aggregating	   computing/data	   services	   on	   HPC	  

systems,	  and	  liberates	  the	  power	  of	  HPC	  to	  the	  public.	  

	  

2. Virtualization	  

Virtualization	   is	   a	   technology	   for	   realizing	   virtual	   computers	  on	   real	   (physical)	   computers.	  

One	  big	  problem	  of	  the	  above	  mentioned	  computer	  portal	  that	  can	  be	  used	  by	  wide	  range	  

of	  users	  simultaneously	  is	  how	  to	  ensure	  safety,	  security,	  and	  fairness	  among	  multiple	  users	  

and	  computing/data	  service	  providers.	  In	  order	  to	  solve	  the	  problem,	  we	  plan	  to	  utilize	  the	  

virtualization	  technology	  because	  virtual	  computers	  are	  isolated	  from	  each	  other,	  thus	  it	  is	  

easier	   to	   ensure	   safety	   and	   security.	   Moreover,	   resource	   allocation	   can	   be	  more	   flexible	  

than	   the	   conventional	   job	   scheduling	  because	   resource	   can	  be	   allocated	   in	   a	   find-‐grained	  

and	  dynamic	  way.	  We	   also	   study	   lightweight	   virtualization	   techniques	   for	   realizing	   virtual	  

large-‐scale	  HPC	  for	  test,	  debug,	  and	  verification	  of	  computing/data	  services.	  
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3. Program	  analysis/verification	  

Program	   analysis/verification	   is	   a	   technology	   that	   tries	   to	   prove	   certain	   properties	   of	  

programs	   by	   analyzing	   them.	   By	   utilizing	   software	   verification	   techniques,	   we	   can	   prove	  

that	   a	   program	   does	   not	   contain	   a	   certain	   kind	   of	   bug.	   For	   example,	   the	   byte-‐code	  

verification	  of	  Java	  VM	  ensures	  memory	  safety	  of	  programs.	  That	  is,	  programs	  that	  pass	  the	  

verification	   never	   perform	   illegal	  memory	   operations	   at	   runtime.	   Another	   big	   problem	  of	  

the	   above	  mentioned	   computing	   portal	   framework	   is	   that	   one	   computing	   service	   can	   be	  

consists	  of	  multiple	  computing	  services	  that	  are	  provided	  by	  different	  providers.	  Therefore,	  

if	  a	  bug	  or	  malicious	  attack	  code	  is	  contained	  in	  one	  of	  the	  computing	  services,	  it	  may	  affect	  

the	  whole	  computing	  service	  (or	  the	  entire	  portal	  system).	  In	  order	  to	  address	  the	  problem,	  

we	  plan	  to	  research	  and	  develop	  software	  verification	  technologies	  for	   large-‐scale	  parallel	  

programs.	   In	   addition,	  we	   also	   plan	   to	   research	   and	   develop	   a	   performance	   analysis	   and	  

tuning	  technology	  based	  on	  source	  code	  modification	  history.	  

 

3.	  Research	  Results	  and	  Achievements	  
3.1.	  Design	  and	  Implementation	  of	  a	  Computing	  Portal	  Framework	  for	  HPC	  

Based	  on	  the	  prototype	  design	  and	  implementation	  of	  a	  computing	  portal	  framework	  in	  FY2012,	  

we	   actually	   developed	   a	   prototype	   user-‐interface	   for	   the	   computing	   portal	   framework.	  More	  

specifically,	   we	   implemented	   a	   web	   interface	   that	   runs	   on	   users’	   web	   browsers	   and	   directly	  

communicates	   with	   the	   backend	   system	   of	   the	   computing	   portal	   under	   the	   protocol	   (also	  

designed	   in	   FY2012).	   With	   the	   web	   interface,	   software	   developers	   can	   easily	   publish	   their	  

applications	   installed	   in	   HPC	   systems.	   For	   example,	   developers	   can	   specify	   the	   paths	   to	   the	  

executables	   of	   their	   applications,	   parameters	   of	   their	   applications,	   and	   so	   on,	   via	   the	   web	  

interface.	   In	  addition,	  developers	  can	  manage	  user	  accounts	  that	  are	  allowed	  to	  execute	  their	  

applications.	  With	  the	  same	  web	  interface,	  users	  are	  also	  able	  to	  launch	  jobs.	  For	  example,	  users	  

can	  select	  an	  application	  published	  in	  the	  computing	  portal,	  make	  an	  application	  to	  developers	  

for	  using	  it,	  launch	  jobs	  by	  executing	  the	  application	  with	  arbitrary	  parameters,	  and	  manage	  the	  

launched/exited	  jobs.	  

	  

One	  feature	  of	  our	  computing	  portal	   framework	   is	   that	  the	  communication	  protocol	  between	  

the	  framework	  and	  its	  clients	  is	  based	  on	  the	  popular	  web-‐based	  application	  frameworks	  (e.g.,	  

WebSockets,	   JSON,	   etc.).	   Therefore,	   developers	   can	  develop	   their	   own	   custom	   interfaces	   for	  

their	   applications	   if	   the	  web	   interface	   of	   our	   framework	   does	   not	   satisfy	   their	   requirements.	  

Another	   distinguishing	   feature	   of	   our	   framework	   is	   that	   users	   can	   use	   portable	   devices	   (e.g.,	  

smartphones,	  mobile	  tablets,	  and	  so	  on)	  because	  our	  web	  interface	  is	  carefully	  designed	  so	  that	  

it	  can	  be	  viewed	  and	  accessed	  with	  any	  screen	  size.	  
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One	  big	   limitation	  of	  our	  current	  computing	  portal	  framework	   is	  that	  security	  mechanisms	  are	  

still	   not	   introduced.	   That	   is,	   (maybe	  malicious)	  users	   and/or	   applications	   can	  easily	   access	   the	  

other	  users/applications	  data.	  This	  problem	  has	  been	  already	  recognized	  in	  FY2012,	  but	  we	  have	  

not	  addressed	  the	  problem	  directly	  in	  our	  prototype	  framework.	  Instead,	  in	  FY2013,	  we	  studied	  

so-‐called	   container	   (or	   sandbox)	   mechanisms,	   that	   enable	   users	   to	   isolate	   their	   computing	  

environments	  from	  other	  users.	  As	  a	  first	  step,	  we	  investigated	  a	  lightweight	  container	  system	  

called	   Docker	   (https://www.docker.io/),	   and	   implemented	   a	   utility	   tool	   which	   is	   able	   to	   give	  

every	  user	  an	  isolated	  computing	  environment	  in	  the	  form	  of	  a	  container	  of	  Docker.	  

	  

In	  FY2014,	  we	  will	  continue	  to	  develop	  our	  computing	  portal	  framework.	  Especially,	  we	  plan	  to	  

integrate	  some	  kind	  of	  security	  mechanism	  (e.g.,	  Docker,	  if	  possible)	  to	  our	  framework.	  We	  also	  

plan	  to	  integrate	  our	  framework	  to	  the	  real	  K	  computer,	  but	  we	  recognize	  that	  it	  is	  not	  so	  easy	  

from	  the	  viewpoint	  of	  the	  operation	  policy	  of	  the	  K	  computer.	  

	  

3.2.	  Virtualization	  Techniques	  

	  

1. Lightweight	  virtualization	  for	  testing/debugging	  parallel	  programs	  

Writing	  a	  program	  for	  massively	  parallel	  HPC	  environments	  (e.g.,	  K	  computer)	  is	  a	  hard	  task.	  

This	   is	   mainly	   because	   parallel	   programs	   inherently	   have	   non-‐determinacy,	   thus,	   it	   is	  

sometimes	  extremely	  difficult	   to	  debug	  a	  bug	   in	  parallel	   programs,	  because	   the	  bug	  may	  

not	   be	   easily	   reproducible.	   In	   addition	   to	   the	   hard-‐to-‐debug	   problem,	   there	   is	   also	   a	  

performance	  problem	  in	  writing	  massively	  parallel	  programs.	  It	  is	  not	  uncommon	  that,	  even	  

if	   a	   program	   scales	   on	   a	   PC	   cluster	   system	   whose	   size	   is	   small-‐to-‐moderate,	   the	  

performance	  of	   the	  program	  severely	  degrades	  on	  massively	  parallel	  HPC	  systems.	  This	   is	  

because	  communication	  costs	  between	  computing	  nodes	  may	   largely	  vary	  and	  sometimes	  

incurs	  unacceptable	  heavy	  overheads.	   	  

	  

In	   order	   to	   address	   the	   problem,	   we	   have	   been	   developing	   a	   lightweight	   network	  

virtualization	   system	   for	   testing/debugging	   programs	   for	   massively	   parallel	   programs	  

without	  actually	  using	  real	  massively	  parallel	  HPC	  environments.	  With	  our	  system,	  users	  can	  

run	  several	  hundreds	  of	  virtual	  computing	  nodes	  on	  a	  single	  physical	  computing	  node.	  

	  

One	   key	   idea	   of	   our	   lightweight	   virtualization	   system	   is	   to	   utilize	   the	   library-‐hooking	  

approach,	   that	   is,	   intercept	   function	   calls	   for	   network	   related	   operations	   from	   user	  

programs,	   and	   modify	   parameters	   and/or	   return	   values	   of	   the	   function	   calls	   in	   order	   to	  

“trick”	  the	  user	  programs	  as	  if	  they	  are	  executed	  in	  isolated	  virtual	  computing	  nodes,	  even	  
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though	  they	  run	  on	  a	  single	  computing	  node.	  One	  benefit	  of	  the	  library-‐hooking	  approach	  is	  

that	   it	   introduces	   little	  overheads	  to	  program	  execution	  (compared	  to	  other	  virtualization	  

techniques,	  e.g.,	  CPU	   level	  virtualization,	  OS	   level	  virtualization,	  and	  so	  on)	  because	   it	  can	  

be	  achieved	  by	  user-‐level	  operations	  only	  and	  requires	  no	  interaction	  with	  OS.	  

	  

Another	   key	   idea	   of	   our	   lightweight	   virtualization	   system	   is	   reduction	   of	   the	   costs	   of	  

network	   routing	   management	   by	   statically	   distributing	   routing	   information	   as	   much	   as	  

possible.	  The	  routing	  information	  is	  necessary	  to	  correctly	  route	  network	  packets	  from	  one	  

virtual	   node	   to	   another	   where	   they	   may	   reside	   in	   different	   physical	   computing	   node.	  

Therefore,	   if	   the	   routing	   information	   is	   maintained	   by	   one	   single	   physical	   node,	   all	   the	  

physical	  nodes	  have	  to	  communicate	  with	  the	  manager	  node	  each	  time	  they	  need	  to	  route	  

packets	   from	   one	   virtual	   node	   to	   another,	   thus	   the	   node	   results	   in	   a	   performance	  

bottleneck.	  

	  

In	  order	  to	  address	  the	  problem,	  our	  lightweight	  virtualization	  system	  statically	  distributes	  

the	   routing	   information	   as	   much	   as	   possible	   before	   executing	   user	   programs	   on	   virtual	  

computing	   nodes.	   In	   ordinary	   HPC	   environments,	   the	   network	   topology	   of	   each	   job	  

execution	  is	  fixed	  during	  the	  job	  execution.	  Therefore,	  our	  static	  distribution	  of	  the	  routing	  

information	  should	  work	  in	  most	  cases.	  Even	  if	  some	  jobs	  require	  dynamic	  node	  allocation,	  

our	   system	   tries	   to	   minimize	   the	   cost	   of	   updating	   the	   routing	   information	   by	   carefully	  

allocating	  virtual	  network	  port.	  More	  concretely,	  we	  first	  divide	  the	  range	  of	  the	  available	  

network	   ports	   into	   disjoint	   ranges,	   and	   allocate	   the	   divided	   range	   to	   each	   physical	  

computing	  node.	  

	  

Based	   on	   the	   above	   approaches,	   in	   FY2013,	   we	   have	   implemented	   a	   prototype	   of	   our	  

lightweight	   virtualization	   system.	  Although	   there	   still	   remain	  bugs,	   it	   successfully	   runs	  on	  

conventional	   PC	   clusters	   and	   Fujitsu’s	   FX10.	   More	   specifically,	   several	   MPI	   applications	  

(including	  some	  of	  the	  NAS	  parallel	  benchmarks	  (NPB))	  ran	  on	  our	  prototype	  virtualization	  

system.	   In	   addition,	   we	   also	   ran	   Scalasca	   (a	   network	   performance	   profiling	   tool)	   on	   our	  

system.	   	  

	  

In	  FY2014,	  we	  will	  continue	  the	  development	  of	  our	  system	  and	  plan	  to	  study	  an	  approach	  

of	   tricking	   performance	   profiling	   tools	   so	   that	   they	   feel	   as	   if	   they	   run	   on	   real	   computing	  

nodes	   and	   emit	   profiling	   data	   which	   represents	   characteristics	   of	   real	   massively-‐parallel	  

computing	  environments.	  
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2. CPU	  emulators	  for	  SPARC	  64	  VIIIfx	  

One	   big	   problem	   of	   the	   current	   K	   computer	   from	   the	   viewpoint	   of	   usability	   is	   that	   it	  

adopted	  SPARC	  architecture	  (more	  precisely,	  SPARC	  64	  VIIIfx	  architecture),	  which	  is	  rarely	  

used	  in	  ordinary	  PCs,	  servers,	  and	  HPC	  (they	  are	  almost	  dominated	  by	  Intel	  architectures).	  

Therefore,	  in	  order	  to	  utilize	  the	  K	  computer,	  ordinary	  users	  have	  to	  prepare	  source	  code	  of	  

applications	  that	  they	  want	  to	  run,	  cross-‐compile	  the	  source	  code	  on	  the	  front-‐end	  node	  of	  

the	   K	   computer	   because	   binary	   executables	   for	   Intel	   architecture	   do	   not	   run	   on	   SPARC	  

architecture	   directly.	   To	  make	   things	  worse,	   cross-‐compilation	   of	   applications	   sometimes	  

produce	  malfunctioning	  executables	  partly	   because	   the	   applications	  do	  not	   consider	  CPU	  

architectures	   but	   Intel	   architecture.	   Therefore,	   users	   have	   to	   test	   the	   cross-‐compiled	  

executables	  on	  the	  K	  computer	  whether	  they	  work	  expectedly	  or	  not.	  

	  

In	  order	   to	  address	   the	  problem,	  we	  are	  studying	  on	  CPU	  emulators.	  A	  CPU	  emulator	   is	  a	  

program	  which	  emulates	  the	  effects	  of	  instructions	  of	  a	  CPU	  architecture.	  More	  specifically,	  

we	   are	  working	   on	   two	   kinds	   of	   CPU	   emulators.	   One	   is	   a	   CPU	   emulator	  which	   emulates	  

SPARC	  64	  VIIIfx	  on	  Intel	  architecture,	  and	  another	   is	  a	  CPU	  emulator	  which	  emulates	  Intel	  

architecture	  on	  SPARC	  64	  VIIIfx.	  With	  the	  former	  SPARC	  64	  VIIIfx	  on	  Intel	  emulator,	  users	  

are	   able	   to	   test	   the	   cross-‐compiled	   executables	   for	   the	   K	   computer	   on	   their	   own	  

development	   environments	   (PC,	   clusters,	   and	   so	   on).	   With	   the	   latter	   Intel	   on	   SPARC	   64	  

VIIIfx	  emulator,	  users	  are	  able	  to	  run	  their	  binary	  executables	  for	  Intel	  architecture	  on	  the	  K	  

computer	  without	  cross-‐compiling	  their	  source	  code.	  

	  

More	   concretely,	   we	   are	   developing	   the	   two	   emulators	   by	   extending	   the	   existing	   CPU	  

emulator	  QEMU.	  For	  the	  SPARC	  64	  VIIIfx	  on	  Intel	  emulator,	  we	  extended	  QEMU	  to	  support	  

the	   features	   specific	   to	   the	   SPARC	   64	   VIIIfx	   architecture	   (e.g.,	   extended	   general	  

purpose/floating-‐pointer	  registers,	  SIMD	  extension,	  and	  so	  on).	  For	  the	   Intel	  on	  SPARC	  64	  

VIIIfx,	   we	   fixed	   bugs	   of	   QEMU	   that	   prevents	   normal	   operations	   of	   QEMU	   on	   the	   K	  

computer.	  

	  

In	  FY2013,	  we	  continued	  development	  of	  the	  SPARC	  64	  VIIIfx	  on	  Intel	  emulator	  from	  FY2012,	  

but	  we	   could	   not	   complete	   the	   development	   (there	   still	   remain	   several	   severe	   bugs	   that	  

prevent	   many	   applications	   from	   working).	   On	   the	   other	   hand,	   the	   prototype	  

implementation	   of	   the	   Intel	   on	   SPARC	   VIIIfx	   emulator	   has	   been	   completed	   and	   several	  

applications	  successfully	  run	  on	  the	  emulator.	  However,	  its	  performance	  is	  not	  satisfactory	  

because	  its	  execution	  time	  is	  10	  to	  20	  times	  slower.	  

	  

In	  FY2014,	  we	  will	  continue	  the	  development	  of	  the	  two	  CPU	  emulators.	  For	  the	  SPARC	  64	  
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VIIIfx	   on	   Intel	   emulator,	   we	   aim	   to	   implement	   a	  more	   stable	   system	  which	   is	   usable	   for	  

practical	  testing	  of	  applications	  that	  should	  be	  executed	  on	  the	  K	  computer.	  For	  the	  Intel	  on	  

SPARC	  64	  VIIIfx	  emulator,	  we	  will	  improve	  its	  execution	  performance.	  

	  

3.3.	  Program	  verification	  and	  analysis	  

	  
1. Memory	  Consistency	  Model-‐Aware	  Program	  Verification	  

A	  memory	  consistency	  model	  is	  a	  formal	  model	  which	  specifies	  the	  behavior	  of	  the	  shared	  

memory	  which	  is	  simultaneously	  accessed	  by	  multiple	  threads	  and/or	  processes.	  The	  recent	  

multicore	   CPU	   architectures	   and	   shared	   memory	   multithread/distributed	   programming	  

languages	   (e.g.,	   Java,	   C++,	   UPC,	   Coarray	   Fortran,	   and	   so	   on)	   adopt	   relaxed	   memory	  

consistency	  models.	  Under	   the	   relaxed	  memory	   consistency	  models,	   the	   shared	  memory	  

sometimes	   behaves	   very	   differently	   from	   non-‐relaxed,	   sequential	   memory	   consistency	  

models.	  For	  example,	  under	  some	  relaxed	  memory	  consistency	  models,	  the	  effects	  of	  the	  

memory	  operations	  (e.g.,	  AàB)	  performed	  sequentially	  by	  one	  thread	  may	  be	  observed	  in	  

a	  different	  order	  (e.g.,	  BàA)	  by	  the	  other	  threads.	  In	  addition,	  the	  threads	  may	  not	  agree	  

on	   the	   observation	   orders	   of	   the	   effects	   of	   the	   memory	   operations	   (e.g.,	   one	   thread	  

observes	   AàB,	   while	   the	   other	   observes	   BàA,	   and	   so	   on).	   The	   reason	   why	   the	   recent	  

CPUs	  and	  shared	  memory	   languages	  adopt	   relaxed	  memory	  consistency	  models	   is	   that	  a	  

large	  number	  of	  threads	  and/or	  nodes	  share	  a	  single	  address	  memory	  space,	  thus	  enforcing	  

non-‐relaxed,	   sequential	   memory	   consistency	   incurs	   huge	   synchronization	   overheads	  

among	  the	  threads/nodes.	  

	  

From	   the	   viewpoint	   of	   program	   verification,	   there	   are	   two	  problems	   in	   handling	   relaxed	  

memory	   consistency	  models.	   First	   problem	   is	   that	   the	   conventional	   program	   verification	  

approaches	   do	   not	   consider	   relaxed	   memory	   consistency	   models.	   Thus,	   they	   cannot	   be	  

applied	   to	   relaxed	   memory	   consistency	   models	   because	   they	   may	   yield	   false	   results.	  

Second	   problem	   is	   that	   there	   exist	   various	   kinds	   of	   relaxed	  memory	   consistency	  models	  

and	   each	   CPU	   architecture/each	   programming	   language	   adopts	   different	   memory	  

consistency	  models	   from	   each	   other.	   Therefore,	   it	   is	   tedious	   to	   define	   and	   implement	   a	  

program	   verification	   approach	   for	   each	   CPU	   and	   programming	   languages	   of	   relaxed	  

memory	  consistency	  models.	  

	  

To	   address	   the	   problem,	   in	   FY2013,	   we	   studied	   three	   approaches.	   First	   approach	   is	   to	  

define	  a	  new	  formal	  system	  which	  is	  able	  to	  represent	  various	  relaxed	  memory	  consistency	  

models.	  More	  specifically,	  we	  define	  a	  very	   relaxed	  memory	  consistency	  model	  as	  a	  base	  

model.	   On	   top	   of	   the	   base	   model,	   we	   defined	   various	   memory	   consistency	   models	   as	  
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additional	  axioms.	  With	  our	  formal	  system,	  we	  are	  able	  to	  define	  a	  broad	  range	  of	  memory	  

consistency	  models	   from	   CPUs	   to	   shared-‐memory	   programming	   languages	   (e.g,	   Intel64,	  

Itanium,	   UPC,	   Coarray	   Fortran,	   and	   so	   on),	   in	   the	   single	   formal	   system.	  With	   our	   formal	  

system,	   we	   were	   able	   to	   proof	   the	   correctness	   of	   Dekker’s	   mutual	   exclusion	   algorithm	  

under	  the	  memory	  consistency	  model	  of	  Itanium.	  

	  

Second	   approach	   is	   to	   design	   and	   implement	   a	   model	   checker	   which	   supports	   various	  

relaxed	   memory	   consistency	   models	   based	   on	   the	   formal	   model	   of	   the	   first	   approach.	  

More	   specifically,	   we	   define	   a	   non-‐deterministic	   state	   transition	   system	   with	   execution	  

traces	   where	   each	   execution	   trace	   represents	   a	   possible	   permutation	   of	   instruction	  

executions.	  Roughly	  speaking,	  given	  a	  target	  program,	  our	  model	  checker	  explores	  all	  the	  

reachable	  states	  in	  the	  non-‐deterministic	  transition	  system	  of	  the	  target	  problem	  for	  all	  the	  

possible	   execution	   traces	   (that	   is,	   permutations	   of	   instructions).	   In	   our	   model	   checker,	  

memory	   consistency	  models	   can	   be	   defined	   as	   constraint	   rules	   on	   execution	   traces.	   For	  

example,	  the	  sequential	  consistency	  model	  can	  be	  defined	  as	  a	  constraint	  which	  allows	  no	  

permutation	  on	  the	  execution	  traces.	  With	  our	  model	  checker,	  we	  were	  able	  to	  verify	  the	  

small	  examples	  programs	  of	  the	  specification	  manuals	  of	  the	  memory	  consistency	  models	  

of	   Itanium	  and	  UPC.	   In	  addition,	  we	  were	  also	  able	  to	  formally	  discuss	  comparison	  of	  the	  

two	  memory	  consistency	  models	  (Itanium	  and	  UPC).	  

	  

Third	  approach	   is	   to	  define	  a	  new	  Hoare-‐style	   logic	   for	  a	   shared-‐memory	  parallel	  process	  

calculus	   under	   a	   relaxed	   memory	   consistency	   model.	   More	   specifically,	   we	   define	   an	  

operational	   semantics	   for	   the	   process	   calculus.	   Then	   define	   a	   sound	   (and	  

relatively-‐complete)	  logic	  to	  the	  semantics.	  There	  are	  two	  key	  ideas	  in	  our	  Hoare-‐style	  logic.	  

First	  idea	  is	  that	  a	  program	  is	  translated	  into	  a	  dependence	  graph	  among	  instructions	  in	  the	  

program,	   and	   the	   operational	   semantics	   and	   the	   logic	   are	   defined	   in	   terms	   of	   the	  

dependence	   graph.	   One	   advantage	   of	   handling	   dependence	   graphs	   is	   that	   while	   loops,	  

branch	  statements,	  and	  parallel	  composition	  of	  processes	  can	  be	  handled	  in	  a	  uniform	  way.	  

In	  addition,	  another	  advantage	  is	  that	  multiple	  memory	  consistency	  models	  can	  be	  handled	  

by	  adopting	  different	  translation	  approaches	  for	  each	  memory	  consistency	  model.	  Second	  

idea	   is	   that	  we	   introduce	  auxiliary	  variables	   in	   the	  operational	  semantics	   that	   temporarily	  

buffer	   the	   effects	   of	   memory	   operations.	   Based	   on	   our	   Hoare-‐style	   logic,	   we	   also	  

implemented	  a	  prototype	  semi-‐automatic	  theorem	  prover.	  

	  
2. Evidence-‐Based	  Performance	  Tuning	  

In	  order	  to	  fully	  utilize	  the	  power	  of	  HPC	  systems,	  it	  is	  necessary	  to	  optimize	  and	  tune	  the	  

performance	  of	  applications.	  However,	  performance	  tuning	  is	  a	  troublesome	  task	  because,	  
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even	   if	  performance	  bottlenecks/hotspots	  can	  be	  detected	  by	  performance	  profiling,	   it	   is	  

not	   apparent	   how	   to	   rewrite	   programs	   to	   remove	   the	  bottlenecks/hotspots.	   In	   addition,	  

generally	  speaking,	  modifying	  correctly	  working	  programs	  is	  reluctant	  from	  the	  viewpoint	  

of	  developers.	  Thus,	  performance	  tuning	  requires	  experienced	  craftsmanship,	  and	  relies	  on	  

intuition	  and	  experience.	  

	  

In	   order	   to	   address	   the	   problem,	   we	   are	   working	   on	   an	   idea	   of	   evidence-‐based	  

performance	   tuning.	  More	   specifically,	  we	   store	   the	   results	  of	  performance	  profiling	   in	   a	  

database	  where	  the	  results	  are	  associated	  with	  source	  code	  modification	  history.	  With	  the	  

database,	   developers	   are	   able	   to	   know,	   for	   example,	   what	   kinds	   of	   optimization	   were	  

applied	   in	   the	   past,	   what	   kinds	   of	   optimization	   are	   effective	   for	   improving	   a	   certain	  

performance	   profiling	   parameter,	   and	   so	   on.	   In	   FY2013,	   we	   conducted	   a	   preliminary	  

experiment	  to	  implement	  the	  database	  and	  obtained	  promising	  results.	  However,	  because	  

the	  experiment	  was	  still	  very	  preliminary	  with	  very	   little	  number	  of	  application	  programs,	  

we	  do	   not	   have	   full	   confidence,	   so	   far.	   In	   FY2014,	  we	  plan	   to	   conduct	   the	  more	   realistic	  

experiment	   with	   larger	   number	   of	   applications	   with	   more	   realistic	   source	   code	  

modification	  histories.	  

	  

4.	  Schedule	  and	  Future	  Plan	  
In	   FY	   2014,	   we	   will	   improve	   the	   prototype	   implementation	   of	   our	   computing	   portal.	   As	  

mentioned	  above,	  the	  current	  implementation	  does	  not	  have	  rigid	  security	  mechanism.	  In	  order	  

to	  address	  the	  security	  problem,	  we	  will	  modify	  and/or	  extend	  the	  current	  APIs/protocols	  of	  our	  

computing	   portal	   and	   apply	   them	   to	   the	   implementation.	   In	   addition,	   we	   will	   also	   consider	  

integrating	   a	   security	   sandbox	   system	   (e.g.,	   Docker)	   to	   our	   implementation.	   Besides	   the	  

security	   problem,	   we	   also	   plan	   to	   integrate	   our	   framework	   to	   the	   real	   K	   computer,	   if	   our	  

security	  and	  political	  policies	  allow.	  

	  

Regarding	   the	   virtualization	   technologies,	   we	   will	   continue	   to	   implement	   the	   lightweight	  

network	   virtualization	   framework	   for	   testing/debugging	   parallel	   programs.	   Especially,	  we	  will	  

design	  and	  implement	  a	  mechanism	  which	  tricks	  performance	  profiling	  tools	  so	  that	  they	  feel	  as	  

if	  they	  run	  on	  real	  computing	  nodes	  and	  emit	  profiling	  data	  which	  represents	  characteristics	  of	  

real	  massively	  parallel	  computing	  environments.	  In	  addition,	  we	  will	  also	  continue	  to	  implement	  

the	  SPARC	  64	  VIIIfx	  on	  Intel	  emulator	  and	  Intel	  on	  SPARC	  64	  VIIIfx	  emulators.	  

	  

Regarding	   the	  program	  verification	   and	   analysis,	  we	  will	   conduct	  more	   experiments	  with	   our	  

three	   approaches	   for	   program	   verification	   under	   relaxed	   memory	   consistency	   models	   to	  

evaluate	   their	   effectiveness	   and	   practicality.	   In	   addition,	   we	  will	   also	   consider	   designing	   and	  
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implementing	   a	  more	   simple	   and	   concise	   logic/model	   based	   on	   the	   experiences	   of	   the	   three	  

approaches.	  Regarding	  the	  evidence-‐based	  performance	  tuning,	  we	  plan	  to	  conduct	  the	  more	  

realistic	   experiment	   with	   larger	   number	   of	   applications	   with	   more	   realistic	   source	   code	  

modification	  histories	  with	  the	  prototype	  implementation	  developed	  in	  FY2013.	  

	  

In	  addition	  to	  the	  above	  mentioned	  individual	  research	  topics,	  we	  plan	  to	  start	   integrating	  the	  

research	   results	   of	   the	   virtualization	   technologies	   and	   the	   software	   verification	   into	   the	  

computing	  portal	  somewhere	  from	  the	  second	  half	  of	  FY	  2014	  to	  the	  first	  half	  of	  FY	  2015.	  

	  

5.	  Publication,	  Presentation	  and	  Deliverables	  
(1)	   	   Conference	  Papers	  

[1]	  Abe,	  T.	  and	  Maeda,	  T.,	  “Model	  Checking	  Stencil	  Computations	  Written	  in	  a	  Partitioned	  Global	  

Address	  Space	  Language”,	  In	  Proceedings	  of	  the	  18th	  International	  Workshop	  on	  High-‐Level	  

Parallel	  Programming	  Models	  and	  Supportive	  Environments	  (HIPS	  2013).	  

[2]	  Abe,	  T.	  and	  Maeda,	  T.,	  “Model	  Checking	  with	  User-‐Definable	  Memory	  Consistency	  Models”,	  

In	   Proceedings	   of	   the	   6th	   Conference	   on	   Partitioned	   Global	   Address	   Space	   Programming	  

Models	  (PGAS	  2013),	  Short	  paper,	  online.	  

[3]	   Abe,	   T.	   and	   Maeda,	   T.,	   “A	   General	   Model	   Checking	   Framework	   for	   Various	   Memory	  

Consistency	   Models”,	   In	   Proceedings	   of	   the	   19th	   International	   Workshop	   on	   High-‐Level	  

Parallel	  Programming	  Models	  and	  Supportive	  Environments	  (HIPS	  2014).	  To	  appear.	  

	  

(2)	   	   Presentations	  

[4]	  Kitayama,	  I.,	  “A	  User’s	  Experience	  with	  FEFS”,	  In	  Japan	  LUG	  (Lustre	  User	  Group)	  2013.	  

[5]	  Maeda,	  T.,	  “Brief	  Introduction	  of	  HPC	  Usability	  Research	  Team”,	  In	  the	  4th	  AICS	  International	  

Symposium,	  2013.	  

	  

(3)	   	   Software	  

[6]	  K-‐scope	  with	  SSHConnect	  (joint	  work	  with	  Software	  Development	  team	  of	  AICS):	  

	 	   URL:	  http://www.kcomputer.jp/ungi/soft/kscope/	  

[7]	   Python	   binding	   of	   EigenExa	   (joint	   work	   with	   Dr.	   Shimazaki	   of	   Computational	   Molecular	  

Science	   Research	   Team	   of	   AICS.	   Partially	   feedbacked	   to	   the	   original	   developers	   of	  

Large-‐scale	  Parallel	  Numerical	  Computing	  Technology	  Research	  Team)	  

[8]	  DockerIaaStool:	  Tools	  for	  creating	  a	  simple	  Infrastructure-‐as-‐a-‐Service	  system	  with	  Docker	  

	 	   URL:	  https://github.com/pyotr777/dockerIaaSTools	  

[9]	  QEMU	  on	   the	  K	   computer:	   CPU	  emulator	   for	   executing	   Intel	   binary	   executables	   on	   the	  K	  

computer	   (implemented	   by	   extending	   the	   original	   QEMU	   emulator.	   In	   preparation	   for	  

publication.)	  
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[10]	   ABySS	   on	   the	   K	   computer:	   Parallel,	   paired-‐end	   sequence	   assembler	   (implemented	   by	  

modifying	   the	   original	   ABySS	   so	   that	   it	   scales	   on	   the	   K	   computer.	   In	   preparation	   for	  

publication.)	  
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2.	  Research	  Activities	  
Our	  research	  field	  is	  physics	  of	  elementary	  particles	  and	  nuclei,	  which	  tries	  to	  answer	  questions	  

in	   history	   of	   mankind:	   What	   is	   the	   smallest	   component	   of	   matter	   and	   what	   is	   the	   most	  

fundamental	   interactions?	   This	   research	   subject	   is	   related	   to	   the	   early	   universe	   and	   the	  

nucleosynthesis	  through	  Big	  Bang	  cosmology.	  Another	  important	  aspect	  is	  quantum	  properties,	  

which	   play	   an	   essential	   role	   in	   the	  world	   of	   elementary	   particles	   and	   nuclei	   as	  well	   as	   in	   the	  

material	  physics	  at	  the	  atomic	  or	  molecular	  level.	  We	  investigate	  nonperturbative	  properties	  of	  

elementary	   particles	   and	   nuclei	   through	   numerical	   simulations	   with	   the	   use	   of	   lattice	   QCD	  

(Quantum	   ChromoDynamics).	   The	   research	   is	   performed	   in	   collaboration	   with	   applied	  

mathematicians,	   who	   are	   experts	   in	   developing	   and	   improving	   algorithms,	   and	   computer	  

scientists	  responsible	  for	  research	  and	  development	  of	  software	  and	  hardware	  systems.	   	  

	  

Lattice	   QCD	   is	   one	   of	   the	   most	   advanced	   case	   in	   quantum	   sciences:	   Interactions	   between	  

quarks,	  which	  are	  elementary	  particles	  known	  to	  date,	  are	  described	  by	  QCD	  formulated	  with	  

the	   quantum	   field	   theory.	   We	   currently	   focus	   on	   two	   research	   subjects:	   (1)	   QCD	   at	   finite	  

temperature	   and	   finite	   density.	   We	   try	   to	   understand	   the	   early	   universe	   and	   the	   inside	   of	  

neutron	  star	  by	   investigating	   the	  phase	  structure	  and	   the	  equation	  of	   state.	   (2)	  First	  principle	  

calculation	   of	   nuclei	   based	   on	   QCD.	   Nuclei	   are	   bound	   states	   of	   protons	   and	   neutrons	   which	  

consist	  of	   three	  quarks.	  We	   investigate	   the	  hierarchical	   structure	  of	  nuclei	   through	   the	  direct	  

construction	  of	  nuclei	  in	  terms	  of	  quarks.	   	  

	  

Successful	   numerical	   simulations	   heavily	   depend	  on	   an	   increase	  of	   computer	   performance	  by	  
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improving	  algorithms	  and	  computational	   techniques.	  However,	  we	  now	  face	  a	  tough	  problem	  

that	   the	   trend	   of	   computer	   architecture	   becomes	   large-‐scale	   hierarchical	   parallel	   structures	  

consisting	  of	  tens	  of	  thousands	  of	  nodes	  which	  individually	  have	  increasing	  number	  of	  cores	  in	  

CPU	  and	  arithmetic	  accelerators	  with	  even	  higher	  degree	  of	  parallelism:	  We	  need	  to	  develop	  a	  

new	   type	   of	   algorithms	   and	   computational	   techniques,	   which	   should	   be	   different	   from	   the	  

conventional	  ones,	  to	  achieve	  better	  computer	  performance.	  For	  optimized	  use	  of	  K	  computer	  

our	  research	  team	  aims	  at	  (1)	  developing	  a	  Monte	  Carlo	  algorithm	  to	  simulate	  physical	  system	  

with	  negative	  weight	  effectively	  and	   (2)	   improving	   iterative	  methods	   to	  solve	   large	  system	  of	  

linear	  equations.	  These	  technical	  development	  and	  improvement	  are	  carried	  out	  in	  the	  research	  

of	  physics	  of	  elementary	  particles	  and	  nuclei	  based	  on	  lattice	  QCD.	  

  

3.	  Research	  Results	  and	  Achievements	  
3.1.	  QCD	  at	  finite	  temperature	  and	  finite	  density	  

Establishing	   the	   QCD	   phase	   diagram	   spanned	   by	   the	   temperature	   T	   and	   the	   quark	   chemical	  

potentialμin	  a	  quantitative	  way	  is	  an	  important	  task	  of	  lattice	  QCD.	  The	  Monte	  Carlo	  simulation	  

technique,	   which	   has	   been	   successfully	   applied	   to	   the	   finite	   temperature	   phase	   transition	  

studies	  in	  lattice	  QCD,	  cannot	  be	  directly	  applied	  to	  the	  finite	  density	  case	  due	  to	  the	  complexity	  

of	   the	   quark	   determinant	   for	   finiteμ.	   Recently	   we	   investigated	   the	   phase	   of	   the	   quark	  

determinant	  with	   finite	  chemical	  potential	   in	   lattice	  QCD	  using	  an	  analytic	  method:	  Employing	  

the	   winding	   expansion	   and	   the	   hopping	   parameter	   expansion	   to	   the	   logarithm	   of	   the	  

determinant,	  we	   have	   shown	   that	   the	   absolute	   value	   of	   the	   phase	   has	   an	   upper	   bound	   that	  

grows	  with	   the	   spatial	   volume	   but	   decreases	   exponentially	   with	   an	   increase	   in	   the	   temporal	  

extent	  of	  the	  lattice.	  Based	  on	  this	  analysis	  we	  carried	  out	  a	  finite	  size	  scaling	  study	  for	  4	  flavor	  

QCD	  using	  the	  O(a)	   improved	  Wilson	  quark	  action	  and	  the	   Iwasaki	  gauge	  action.	  This	  was	  the	  

first	   application	  of	   the	   finite	   size	   scaling	   study	   to	   the	   finite	  density	  QCD.	  After	   the	   study	  of	   4	  

flavor	  QCD	  we	  have	  moved	  to	  3	  flavor	  case.	  The	  main	  target	  is	  to	  trace	  the	  critical	  end	  line	  in	  the	  

parameter	  space	  of	  temperature,	  chemical	  potential	  and	  hopping	  parameter	  (quark	  mass).	  We	  

employ	   two	   strategies	   to	   determine	   the	   critical	   end	   point	   in	   simulation	   with	   fixed	   chemical	  

potential.	  One	  is	  to	  identify	  at	  which	  temperature	  the	  Binder	  cumulant/Kurtosis	  measured	  at	  the	  

transition	   point	   on	   two	   different	   spatial	   volumes	   intersects.	   This	   method	   is	   based	   on	   the	  

property	   of	   opposite	   spatial	   volume	   dependence	   of	   the	   Binder	   cumulant/Kurtosis	   at	   the	  

transition	  point	  between	  the	  first	  order	  phase	  transition	  side	  and	  the	  crossover	  one.	  The	  other	  

is	   to	   locate	   the	   critical	   temperature	   where	   a	   gap	   of	   transition	   point	   for	   two	   observables	  

potentially	  allowed	  in	  the	  crossover	  side	  vanishes.	  Physical	  observables	  are	  calculated	  with	  the	  

phase	   reweighting	  method.	  We	   evaluate	   the	   phase	   of	   determinant	   exactly	   by	   developing	   an	  

efficient	  numerical	  technique	  with	  the	  use	  of	  a	  dimensional	  reduction	  of	  temporal	  direction.	   	  
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3.2.	  Nuclei	  in	  lattice	  QCD	  

In	  2010	  we	  succeeded	  in	  a	  direct	  construction	  of	  the	  4He	  and	  3He	  nuclei	  from	  quarks	  and	  gluons	  

in lattice	  QCD	  for	  the	  first	  time.	  Calculations	  were	  carried	  out	  at	  a	  rather	  heavy	  degenerate	  up	  

and	   down	   quark	   mass	   corresponding	   to	   mπ=0.8	   GeV	   in	   quenched	   QCD	   to	   control	   statistical	  

errors	   in	   the	   Monte	   Carlo	   evaluation	   of	   the	   helium	   Green’s	   functions.	   As	   a	   next	   step	   we	  

investigated	   the	   dynamical	   quark	   effects	   on	   the	   binding	   energies	   of	   the	   helium	   nuclei,	   the	  

deuteron	   and	   the	   dineutron.	   We	   performed	   a	   2+1	   flavor	   lattice	   QCD	   simulation	   with	   the	  

degenerate	   up	   and	   down	   quark	  mass	   corresponding	   to	  mπ=0.51	   GeV.	   To	   distinguish	   a	   bound	  

state	  from	  an	  attractive	  scattering	  state,	  we	  investigate	  the	  spatial	  volume	  dependence	  of	  the	  

energy	  difference	  between	  the	  ground	  state	  and	  the	  free	  multi-‐nucleon	  state	  by	  changing	  the	  

spatial	   extent	   of	   the	   lattice	   from	   2.9	   fm	   to	   5.8	   fm.	  We	   observed	   that	   the	  measured	   ground	  

states	   for	   all	   the	   channels	   are	   bound.	   This	   result	   raises	   an	   issue	   concerning	   the	   quark	   mass	  

dependence.	  At	  the	  physical	  quark	  mass,	  there	   is	  no	  bound	  state	   in	  the	  dineutron	  channel.	  So	  

we	  expect	  that	  the	  bound	  state	  in	  the	  dineutron	  channel	  observed	  in	  our	  simulation	  at	  mπ=0.51	  

GeV	  have	  to	  disappear	  at	  some	  quark	  mass	  toward	  the	  physical	  value.	  We	  are	  now	  investigating	  

the	  quark	  mass	  dependence	  performing	  a	  simulation	  at	  mπ=0.30	  GeV.	     

 

3.3.	  Development	  of	  algorithms	  and	  computational	  techniques	  

3.3.1.	  Iterative	  method	  to	  solve	  large	  system	  of	  linear	  equations	  

We	   consider	   to	   solve	   the	   linear	   systems	   with	   multiple	   right-‐hand	   sides	   expressed	   as	   AX=B,	  

where	  A	   is	  an	  N×N	  matrix	  and	  X,	  B	  are	  N×L	  matrices	  with	  L	  the	  number	  of	  multiple	  right-‐hand	  

side	  vectors.	  Various	  fields	   in	  computational	  sciences	  face	  this	  type	  of	  problem.	   In	   lattice	  QCD	  

simulations,	   for	   example,	   one	   of	   the	   most	   time	   consuming	   part	   is	   to	   solve	   the	  Wilson-‐Dirac	  

equation	  with	  the	  multiple	  right-‐hand	  sides,	  where	  A	   is	  an	  N×N	  complex	  sparse	  non-‐Hermitian	  

matrix	  and	  X,	  B	  are	  N×L	  complex	  matrices	  with	  N	   the	  number	  of	   four	  dimensional	   space-‐time	  

sites	   multiplied	   by	   12.	   	   We	   aim	   at	   reducing	   the	   computational	   cost	   with	   the	   block	   Krylov	  

subspace	  method	  which	  makes	  convergence	  faster	  than	  the	  non-‐blocked	  method	  with	  the	  aid	  

of	   better	   search	   vectors	   generated	   from	   wider	   Krylov	   subspace	   enlarged	   by	   the	   number	   of	  

multiple	   right-‐hand	   side	   vectors. We	   improve	   the	   block	   BiCGSTAB	   algorithm	   with	   the	   QR	  

decomposition.	   After	   an	   optimization	   of	   the	  matrix-‐vector	  multiplication	   on	   K	   computer,	   the	  

sustained	   performance	   for	   the	   block	   solver	   has	   reached	   nearly	   35%	   of	   theoretical	   peak	  

performance	   for	   a	   123×24	   lattice	   on	   16	   nodes.	   As	   a	   next	   step	   we	   have	   applied	   the	   block	  

BiCGSTAB	  with	   the	   QR	   decomposition	   to	   a	   real	   problem	   in	   lattice	   QCD.	  We	   employ	   a	   set	   of	  

configurations	  generated	  at almost	  the	  physical	  point (κud,κs)	  =	  (0.126117,0.124790)	  on	  96
4	  in	  2+1	  

flavor	  lattice	  QCD	  using	  the	  nonperturbatively	  O(a)	  improved	  Wilson	  quark	  action	  with	  cSW=1.11	  

and	   the	   Iwasaki	   gauge	   action	   at	   β=1.82.	   Stout	   smearing	   procedure	   is	   employed	   with	   the	  

parameters	   Nstout=6	   and	   α=0.1.	   Our	   numerical	   test	   is	   performed	   on	   2048	   nodes	   on	   the	   K	  
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computer	   so	   that	   each	   node	   has	   a	   123×24	   lattice.	   Table	   I	   shows	   the	   L	   dependence	   of	   the	  

computational	  cost	  to	  solve	  the	  Wilson-‐Dirac	  equation.	  We	  find	  that	  both	  the	  number	  of	   inner	  

matrix-‐vector	  multiplications	  and	  the	  computational	  time	  divided	  by	  L	  decrease	  by	  about	  15%	  as	  

L	  increases	  from	  1	  to	  12.	   	  

	  

We	   have	   applied	   the	   optimization	   technique	   acquired	   in	   lattice	   QCD	   to	   RSDFT	   (Real	   Space	  

Density	   Functional	   Theory)	   which	   is	   widely	   used	   to	   calculate	   ground	   state	   energies	   of	   the	  

quantum	   many	   body	   states	   in	   the	   condensed	   matter	   physics	   and	   the	   nuclear	   physics.	   The	  

sustained	   performance	   for	   the	   matrix-‐vector	   multiplication	   part	   in	   the	   RSDFT	   code	   is	  

successfully	   increased	  from	  3.0%	  to	  8.3%.	  This	  work	  is	  done	  in	  collaboration	  with	  Sakurai	  group	  

at	  University	  of	  Tsukuba	  who	  are	  developing	  a	  massively	  parallel	  eigenvalue	  analysis	  engine	  for	  

post-‐petascale	   machines	   with	   a	   hierarchical	   parallel	   structure	   under	   a	   research	   area	   of	   the	  

CREST	   program	   “Development	   of	   System	   Software	   Technologies	   for	   post-‐Peta	   Scale	   High	  

Performance	  Computing”.	  

 

Table	   1:	   L	   dependence	   of	   the	   number	   of	   inner	   matrix-‐vector	   multiplications	   (IMVMs)	   and	  

execution	  time	  to	  solve	  the	  Wilson-‐Dirac	  equation.	  

               

0 200 400 600 800 1000 1200
#IMVM

10-14
10-12
10-10
10-8
10-6
10-4
10-2
100
102

R
es
id
ua
l

L=1
L=2
L=3
L=4
L=6
L=12

FIG. 2: Respresentative behavior for the residual norm as a function of the number of inner

matrix-vector multiplications, along with the residual norm of the outer solver for the number of

right-hand side vectors L = 1, 2, 3, 4, 6, and 12.

TABLE I: L dependence of the number of inner matrix-vector multiplications (IMVMs) and the

execution time to solve the Wilson-Dirac equation. True residual is evaluated after the relative

residual in the outer solver reaches the tolerance 10−14.

L #IMVM time [s] time/L [s] true residual

max min

1 915.3 65.2 65.2 4.99× 10−15 7.24× 10−16

2 913.0 128.4 64.2 2.69× 10−15 4.59× 10−16

3 876.8 193.8 64.6 4.49× 10−15 4.20× 10−16

4 869.7 235.6 58.9 2.21× 10−15 4.09× 10−16

6 856.5 349.3 58.2 4.62× 10−15 4.48× 10−16

12 770.0 669.0 55.8 4.25× 10−15 6.52× 10−16

IV. SUMMARY

In this work we have carried out numerical test for the block BiCGStab solver for treating

the O(a)-improved Wilson-Dirac equation in lattice QCD with multiple noise sources. The

block BiCGstab solver is included as a preconditioner or inner solver for the outer BiCGStab

10

 

 

3.3.2.	  Algorithm	  to	  simulate	  physical	  system	  with	  negative	  weight	  in	  path-‐integral	  formalism	  

The	  Schwinger	  model,	  two-‐dimensional	  QED,	  has	  been	  used	  as	  a	  theoretical	  test	  bed	  for	  QCD.	  It	  

has	  many	  QCD-‐like	  properties:	  confinement	  for	  fermions,	  chiral	  symmetry	  breaking	  due	  to	  the	  

UA(1)	  anomaly,	  etc.	  The	  lattice	  regularized	  version	  of	  the	  Schwinger	  model	  is	  also	  favorable	  for	  

the	   development	   of	   numerical	   techniques	   to	   tackle	   lattice	   QCD.	   The	   hybrid	   Monte	   Carlo	  

algorithm	   (HMC)	   is	   the	   most	   successful	   method	   to	   implement	   dynamical	   fermions	   so	   far.	  

However,	   it	   loses	  validity	  when	   the	  determinant	  of	   the	   lattice-‐regularized	  Dirac	  matrix	   can	  be	  

negative.	   Such	   a	   difficulty	   has	   been	   preventing	   us	   from	   studying	   the	   phase	   structure	   of	   the	  
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one-‐flavor	  lattice	  Schwinger	  model	  in	  the	  Wilson	  fermion	  formulation	  with	  the	  HMC	  algorithm.	  

We	   apply	   the	   Grassmann	   tensor	   renormalization	   group	   to	   the	   lattice	   Schwinger	   model	   with	  

one-‐flavor	  of	  the	  Wilson	  fermion.	  We	  demonstrate	  that	  the	  GTRG	  works	  well	  even	  at	  the	  critical	  

hopping	   parameter	   where	   the	   negative	   sign	   from	   the	   fermion	   determinant	   may	   arise,	   and	  

determines	   the	   phase	   structure	   of	   the	   one-‐flavor	   lattice	   Schwinger	   model.	   This	   is	   the	   first	  

application	  of	  the	  GTRG	  to	  lattice	  gauge	  theory	  including	  fermions.	  Since	  it	  has	  been	  shown	  that	  

the	  GTRG	  has	  a	  strong	  advantage	  that	   it	  does	  not	  suffer	  from	  the	  sign	  problem	  caused	  by	  the	  

fermion	  determinant,	  next	  step	  may	  be	  an	  application	  of	  the	  GTRG	  to	  the	  physical	  system	  with	  

the	   so-‐calledθterm	  where	   the	   action	   is	   a	   complex	  number.	  A	  numerical	   analysis	  of	   the	   lattice	  

Schwinger	  model	  with	  theθterm	  is	  under	  way. 

 

4.	  Schedule	  and	  Future	  Plan	  
4.1.	  QCD	  at	  finite	  temperature	  and	  finite	  density	  

After	   finishing	   the	   investigation	  of	  3	   flavor	  QCD,	  we	  plan	   to	  explore	   the	  analysis	  of	   the	  phase	  

structure	  in	  2+1	  flavor	  QCD	  with	  the	  finite	  size	  scaling	  study.	  We	  will	  focus	  on	  the	  determination	  

of	   the	  critical	   surface	   in	   the	  parameter	  space	  of	   temperature,	  chemical	  potential	  and	  hopping	  

parameters	  (quark	  masses).	  

 

4.2.	  Nuclei	  in	  lattice	  QCD	  

Our	   preliminary	   results	   at	   mπ=0.30	   GeV	   in	   2+1	   flavor	   QCD	   show	   that	   the	   dineutron	   channel	  

seems	   still	   bound.	  We	   plan	   to	  make	   a	   large	   scale	   simulation	   at	   or	   around	   the	   physical	   quark	  

mass.	   	  

 

4.3.	  Development	  of	  algorithms	  and	  computational	  techniques	  

4.3.1.	  Iterative	  method	  to	  solve	  large	  system	  of	  linear	  equations	  

As	  mentioned	  at	   the	  end	  of	   Sec.	   3.3.1,	   Sakurai	   group	  at	  University	  of	   Tsukuba	  are	  developing	  

software	  packages	  for	  massively	  parallel	  eigenvalue	  computation,	  one	  of	  which	  is	  z-‐Pares	  (short	  

for	  Complex	  Moment-‐based	  Parallel	  Eigen-‐Solvers).	   	   In	  collaboration	  with	  his	  group	  we	  try	  to	  

apply	  the	  z-‐Pares	  to	  an	  eigenvalue	  analysis	  of	  the	  Wilson-‐Dirac	  operator	  on	  a	  964	   lattice	   in	  2+1	  

flavor	  lattice	  QCD	  on	  K	  computer.	  

	  

4.3.2.	  Algorithm	  to	  simulate	  physical	  system	  with	  negative	  weight	  in	  path-‐integral	  formalism	  

We	  are	  now	  applying	  the	  GTRG	  method	  to	  the	  Schwinger	  model	  with	  theθterm.	  Once	  the	  GTRG	  

method	  is	  proved	  to	  be	  efficient	  even	  for	  the	  complex	  action,	  next	  step	  is	  an	  extension	  to	  the	  

SU(3)	  gauge	  theory.	  
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2.	  Research	  Activities	  
Development	  of	  a	  management	  tool	  for	  simulations	  and	  analyses	  was	  started	  and	  a	  prototype	  is	  

made	  in	  this	  fiscal	  year	  of	  2013.	  It	  is	  named	  OACIS	  (Organizing	  Assistant	  for	  Comprehensive	  and	  

Interactive	   Simulations).	   It	   is	   developed	   using	   Ruby,	   Ruby-‐on-‐rail	   framework	   and	   MongoDB.	  

After	   installation,	   users	   register	   their	   applications	   for	   simulations	   and	   analyses,	   and	   their	  

computers	   from	   PC	   to	   supercomputers	   like	   K	   to	   the	  OACIS.	   Then	   they	   can	   design	   and	   order	  

executions	   of	   simulations	   and	   analyses	   on	   its	   web-‐browser	   front	   end.	   The	   ssh	   connection	   is	  

used	  to	  operate	  the	  registered	  remote	  computers	  and	  Job	  states	  are	  supervised	  by	  the	  OACIS.	  

Current	   prototype	   transfers	   output	   files	   of	   simulations	   and	   analysis	   to	   the	   local	   computer	  

operating	   the	  OACIS	   from	  remote	  computers.	  The	   results	  and	  historical	  data	  are	  preserved	   in	  

local	  computer	  using	  MongoDB.	   	  

	  

Algorithm	  and	  coding	  technology	  of	  graph	  and	  network	  simulations	  and	  analyses	  are	  studied.	  

K-‐oriented	  program	  for	  a	  benchmark	  problem,	  GRAPH500,	  is	  designed	  and	  developed,	  although	  

the	  current	  version	  requires	  further	  tuning	  to	  reach	  the	  current	  world	  record.	  An	  application	  of	  

agent-‐based	  automobile	  traffic	  simulation,	  named	  MATES	  developed	  in	  the	  University	  of	  Tokyo,	  

is	  ported	  to	  K	  computer.	  The	  MATES	  is	  one	  of	  few	  applications	  of	  traffic	  simulation	  parallelized	  

and	  coded	  with	  C++,	  and	  these	  features	  are	  favorable	  to	  K	  computer.	   	  

	  

Using	   the	  OACIS	   and	   the	  MATES,	   and	   an	   optimization	   for	   signal	   control	   for	   a	   city	   traffic	  was	  

performed.	   A	   simple	  GA	  method	   coding	   signal	   timing	   is	   used	   and	   traffic	   simulation	   using	   the	  

MATES	  was	   executed	   for	   each	  genotype.	   Signal	   timing	   showing	   shorter	   averaged	   travel	   time	  

was	  found.	    
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3.	  Research	  Results	  and	  Achievements 
Computers,	  especially	  supercomputers	  nowadays,	  have	  been	  extending	  the	  human	  abilities	  and	  

possibilities.	  The	  frontiers	  are	  both	  in	  quantity	  and	  in	  quality,	  which	  correspond	  to	  accuracy	  and	  

complexity,	  respectively.	  DESRT	  is	  challenging	  the	  latter	  with	  the	  K	  computer.	  With	  the	  K-‐class	  

computer,	   the	   social	   activities,	   which	   comprise	   the	   ultimate	   of	   complex	   phenomena,	   are	   in	  

scope	  of	  computer	  applications,	  and	  as	  a	  matter	  of	  course,	  social	  modeling	  and	  simulations	  are	  

an	  objective	  of	  DESRT	  activity.	   	  

	  

Social	  modeling	  has	  been	  pursued	  for	  long	  times	  and	  the	  history	  will	  be	  regarded	  as	  long	  as	  one	  

of	  human	  communities.	  Actually,	  idea	  and	  system	  of	  scientific	  laws	  of	  natural	  phenomena	  stems	  

from	  social	  one	  like	  the	  Roman	  law.	  Communities	  and	  societies	  are	  based	  on	  individual	  people	  

or	   agents.	   Small	   communities	   and	   societies	   with	   tens	   people,	   perhaps,	   will	   be	  managed	   and	  

controlled	   based	   on	   person-‐wise	   or	   agent-‐based	   optimizations,	   but	   agent	  modeling	   for	   cities	  

and	   countries	   with	   millions	   of	   people	   and	   global	   society	   with	   billions	   of	   people	   is	   not	   well	  

established	   yet.	   In	   addition	   to	   a	   reliable	   model,	   design	   and	   optimization	   with	   computer	  

simulations	   requires	   search	   for	   the	   better	   parameters,	   and	   social	   parameters	   usually	   have	  

discrete	  option,	  not	  analytic	  nor	  continuous:	  a	  traffic	  signal	  is	  blue	  or	  red	  or	  some	  other,	  and	  a	  

decision	  is	  to	  adopt	  an	  idea	  or	  to	  dismiss	  it.	  Therefore	  a	  combinatorial	  complexity	  is	  abundant	  in	  

social	  application.	   	  

	  

A	  working	   hypothesis	   of	   social	   application	   of	   K-‐class	   computer	  will	   be	   to	   test	  many	   kinds	   of	  

social	   models,	   and	   to	   challenge	   their	   combinatorial	   possibilities,	   using	   huge	   number	   of	  

processors.	   With	   this	   hypothesis,	   the	   DESRT	   has	   been	   challenging	   development	   of	   a	  

management	  tool	  for	  simulations	  and	  analyses,	  and	  algorithm	  and	  coding	  technology	  of	  graph	  

and	  network	  simulations	  and	  analyses.	   	  

	  

3.1.	  A	  management	  tool	  for	  simulations	  and	  analyses:	  OACIS	  

K-‐class	   compuers	   allow	   us	   to	   execute	   millions	   of	   difference	   simulations	   simultaneously,	   and	  

such	  big	  parameter	  paralellization	  is	  an	  advantage	  of	  top-‐end	  supercomputers	  nowaday.	  But	  job	  

management	  by	  human	  hands	  are	  quite	  behind	  the	  current	  number	  of	  parallelism.	  We	  need	  an	  

efficient	   intelligent	   tool	   to	  manage	   such	   parameter	   paralellism.	   If	   paralellized	   parameters	   are	  

quite	   simple	   like	   seed	   numers	   for	   random	  number	   generation,	   such	   paralellism	  will	   be	   rather	  

easy,	   although	   the	   big	   nmber	   itself	   usually	   cause	   sometimes	   unfeasible	   operations	   of	  

comoputers.	   To	   overcome	   the	   difficulty,	   the	   DESRT	   has	   been	   proposing	   	   an	   intelligent	  

application	   to	   help	   to	   manage	   the	   situation.	   A	   prototype	   software	   tool	   named	   OACIS	  

(Organizing	  Assistant	  for	  Comprehensive	  and	  Interactive	  Simulations)	  has	  developed	  in	  this	  year.	  

It	   is	   developed	   using	   Ruby,	   Ruby-‐on-‐rail	   framework	   and	   MongoDB.	   After	   installation,	   users	  
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register	   their	   applications	   for	   simulations	   and	   analyses,	   and	   their	   computers	   from	   PC	   to	  

supercomputers	   like	   K	   to	   the	   OACIS.	   Then	   they	   can	   design	   and	   order	   executions	   of	   	  

simulations	  and	  analyses	  on	   its	  web-‐browser	  front	  end.	  The	  ssh	  connection	   is	  used	  to	  operate	  

the	   registered	   remote	   computers	   and	   Job	   states	   are	   supervised	   by	   the	   OACIS.	   Current	  

prototype	  transfers	  output	  files	  of	  simulations	  and	  analysis	  to	  the	  local	  computer	  operating	  the	  

OACIS	  from	  remote	  computers.	  The	  results	  and	  historical	  data	  are	  preserved	  in	  local	  computer	  

using	  MongoDB.	    

 

                            
Structure	  of	  OACIS	  is	  shown	  schematically.	  

 

3.2.	  Algorithm	  and	  coding	  technology	  of	  graph	  and	  network	  simulations	  and	  analyses	  

Algorithm	  and	  coding	  technology	  of	  graph	  and	  network	  simulations	  and	  analyses	  are	  studied.	  

K-‐oriented	  program	  for	  a	  benchmark	  problem,	  GRAPH500,	  is	  designed	  and	  developed,	  although	  

the	  current	  version	  requires	  further	  tuning	  to	  reach	  the	  current	  world	  record.	  An	  application	  of	  

agent-‐based	  automobile	  traffic	  simulation,	  named	  MATES	  developed	  in	  the	  University	  of	  Tokyo,	  
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is	  ported	  to	  K	  computer.	  The	  MATES	  is	  one	  of	  few	  applications	  of	  traffic	  simulation	  parallelized	  

and	  coded	  with	  C++,	  and	  these	  features	  are	  favorable	  to	  K	  computer.	   	  

	  

 

An	  example	  of	  automobile	  traffic	  simulation	  of	  the	  Kobe	  city.	  

 

 

4.	  Schedule	  and	  Future	  Plan	  
In	   the	   following	   years,	   a	   beta	   version	   of	   the	   OACIS	   is	   released	   to	   the	   public,	   and	   tools	   of	  

visualization	  and	  simulation	  design	  will	  be	  developed.	  And	  a	  graph	  simulation	  and	  analysis	  tool	  

working	  on	  K-‐computer	  up	  to	  its	  full	  node	  will	  be	  developed.	   	  
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2.	  Research	  Activities	  
Developing	   a	   Molecular	   Theory	   and	   Software	   for	   Predicting	   Reactions	   and	   Properties	   of	  

Molecules	  

	  

2.1.	  Employing	  original	  theory-‐based	  calculations	  to	  develop	  new	  materials	  and	  drugs	  

An	  atomic-‐	  and	  molecular-‐level	  understanding	  of	  drug	  actions	  and	  the	  mechanisms	  of	  a	  variety	  

of	  chemical	   reactions	  will	  provide	   insight	   for	  developing	  new	  drugs	  and	  materials.	  Although	  a	  

number	   of	   diverse	   experimental	   methods	   have	   been	   developed,	   it	   still	   remains	   difficult	   to	  

investigate	  the	  state	  of	  complex	  molecules	  and	  to	  follow	  chemical	  reactions	  in	  detail.	  Therefore,	  

a	   theoretical	  molecular	  science	   that	  can	  predict	   the	  properties	  and	   functions	  of	  matter	  at	   the	  

atomic	  and	  molecular	  levels	  by	  means	  of	  molecular	  theoretical	  calculations	  is	  keenly	  awaited	  as	  

a	   replacement	   for	   experiment.	   Theoretical	  molecular	   science	   has	   recently	  made	   great	   strides	  

due	   to	   progress	   in	   molecular	   theory	   and	   computer	   development.	   However,	   it	   is	   still	  

unsatisfactory	   for	  practical	   applications.	  Consequently,	  our	  main	  goal	   is	   to	   realize	   an	  updated	  

theoretical	   molecular	   science	   by	   developing	   a	   molecular	   theory	   and	   calculation	   methods	   to	  

handle	  large	  complex	  molecules	  with	  high	  precision	  under	  a	  variety	  of	  conditions.	  

	  
2.2.	  New	  software	  makes	  best	  possible	  use	  of	  the	  processing	  power	  of	  the	  K	  computer	  

To	  achieve	  our	  aim,	  we	  have	  so	  far	  developed	  several	  methods	  of	  calculation.	  Examples	  include	  

a	  way	  for	  resolving	  a	  significant	  problem	  facing	  conventional	  methods	  of	  calculation,	   in	  which	  

the	   calculation	   volume	   increases	   dramatically	   when	   dealing	   with	   larger	  molecules;	   a	   way	   for	  

improving	   the	  precision	  of	   calculations	   in	  molecular	   simulations;	   and	   a	  way	   for	   high-‐precision	  

calculation	   of	   the	   properties	   of	  molecules	   containing	   heavy	   atoms	   such	   as	  metal	   atoms.	  We	  



78	  

have	  integrated	  these	  calculation	  methods	  into	  a	  software	  package	  named	  NTChem	  that	  we	  are	  

developing,	  which	  can	  run	  on	  the	  K	  computer	  and	  which	  contains	  a	  variety	  of	  high-‐performance	  

calculation	   methods	   and	   functions.	   By	   selecting	   and	   combining	   appropriate	   methods,	  

researchers	   can	  perform	   calculations	   suitable	   for	   their	   purpose.	   For	   example,	   it	   is	   possible	   to	  

obtain	  a	  rough	  prediction	  of	  the	  properties	  of	  a	  molecule	  in	  a	  short	  period	  of	  time,	  or	  obtain	  a	  

precise	   prediction	   by	   selecting	   a	   longer	   simulation.	   In	   addition,	   NTChem	   is	   designed	   for	   high	  

performance	   on	   a	   computer	  with	  many	   compute	   nodes	   (high	   concurrency),	   and	   so	   it	  makes	  

optimum	  use	  of	  the	  K	  computer’s	  processing	  power. 

 

3.	  Research	  Results	  and	  Achievements	  
3.1.	   Development	   and	   application	   of	   computation	   methods	   for	   accurate	   treatment	   of	  

non-‐covalent	  bonding	  interaction	  of	  nano-‐scale	  supermolecules	  

Non-‐covalent	   bonding	   interactions	   often	   take	   very	   important	   roles	   for	   structural	   and	  

thermochemical	   properties	   of	   nano-‐materials	   such	   as	   the	   self-‐assembly	   of	   supermolecules.	  

Analysis	   applying	   robust	   theoretical	   and	   computational	   approach	   has	   been	   desired	   for	   the	  

elucidation	   and	   reliable	   prediction	   of	   non-‐covalent	   bonding	   interactions	   in	   nano-‐scale	  

supermolecules.	   Last	   year,	   we	   developed	   the	   MPI/OpenMP	   hybrid	   parallel	   algorithm	   and	   its	  

code	   for	   the	   massively	   parallel	   computations	   of	   the	   resolution-‐of-‐identity	   second-‐order	  

Møller–Plesset	   perturbation	   (RI-‐MP2)	   method.	   This	   algorithm	   works	   efficiently	   on	   not	   only	  

commodity	   supercomputers	   such	   as	   the	   RIKEN	  RICC	  massively	   parallel	   PC	   cluster	   system	  but	  

also	  the	  K	  computer.	  Using	  the	  new	  parallel	  RI-‐MP2	  code,	  MP2	  calculations	  of	   large	  molecules	  

having	   up	   to	   500	   atoms	   and	   10,000	   atomic	   orbitals	   can	   be	   performed	   with	   high	   parallel	  

performance	   and	   in	  modest	   times	   on	  K	   computer.	   In	   this	   year,	  we	   developed	   a	   code	   for	   the	  

massively	  parallel	  computation	  of	   the	  double-‐hybrid	  density	   functional	   theory	   (DH-‐DFT)	  based	  

on	   the	   parallel	   RI-‐MP2	   code.	   Using	   the	   parallel	   RI-‐MP2	   and	   DH-‐DFT	   code,	   we	   assessed	   the	  

performance	   for	  π–π	   stacking	   interaction	   energy	   of	   two-‐layer	   nanographene	   sheets	   (C24H12)2,	  

(C54H18)2,	  (C96H24)2,	  and	  (C150H30)2	  at	  the	  MP2,	  SCS-‐MP2,	  and	  B2-‐PLYP-‐D3	  levels	  with	  the	  cc-‐pVTZ	  

basis	   set.	   We	   successfully	   performed	   the	   RI-‐SCS-‐MP2/cc-‐pVTZ	   calculation	   of	   (C150H30)2	   (9,840	  

atomic	  orbitals)	  on	  8,911	  node	  and	  71,288	  CPU	  cores	  of	  K	  computer	   in	  65	  minutes.	  The	  results	  

demonstrate	  that	  reliability	  of	  SCS-‐MP2,	  and	  B2-‐PLYP-‐D3	  for	  the	  accurate	  calculations	  of	  the	  π–π	  

stacking	  interaction	  energy:	  SCS-‐MP2	  and	  B2-‐PLYP-‐D3	  give	  similar	  results	  and	  well	  reproduce	  the	  

experimental	  results	  while	  MP2	  gives	  overestimation	  of	  results.	  We	  have	  also	  been	  developing	  

the	   parallel	   RI-‐MP2	   analytical	   energy	   gradient	   algorithm	   and	   its	   code	   enable	   to	   perform	   the	  

geometry	   optimization	   calculations	   of	   nano-‐molecules	   with	   about	   500	   atoms	   on	   the	   K	  

computer.	  
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3.2.	  Application	  of	  two-‐component	  relativistic	  coupled-‐cluster	  programs	  

Consideration	   of	   relativity	   in	   molecular	   quantum-‐chemical	   calculations	   is	   one	   of	   the	   most	  

important	  factors	  for	  heavy-‐element	  systems.	  In	  2011	  we	  developed	  general-‐order	  spin-‐free	  and	  

two-‐component	   relativistic	   spin–orbit	   coupled-‐cluster	   (SOCC)	   programs	   for	   ground-‐	   and	  

excited-‐state	  correlation	  energies	  with	  the	  aid	  of	  an	  automatic	  code-‐generation	  technique.	  The	  

developed	  generator	  program	  derives	  algebraic	  CC	  equations	  automatically	   for	   a	  given	  order,	  

factorizes	   the	   terms	   in	   each	   equation,	   and	   generates	   Fortran	   programs	   for	   solving	   the	  

equations.	   The	  development	   in	   2012	   includes	   improvement	  of	   the	  generator	   such	   that	   level	   3	  

BLAS	  routines	  are	  used,	  automatic	  algebraic	  derivation	  and	  solution	  of	  Lambda	  equations,	  and	  

IP-‐EOM	   (ionization	   potential	   equation-‐of-‐motion)	   CC	   equations	   with	   both	   spin-‐free	   and	  

spin–orbit	   formalism.	   In	   this	  period	  we	  applied	   the	  developed	  method	   to	  excitation	  energies,	  

potential	   energy	   curves,	   and	   ionization	   potentials	   of	   molecules.	   Excellent	   agreement	   was	  

obtained	  between	  the	  calculated	  results	  using	  our	  programs	  and	  experiment	  for	  the	  ionization	  

spectrum	   of	   an	   OsO4	   molecule,	   which	   is	   known	   to	   exhibit	   a	   well-‐known	   splitting	   due	   to	  

spin–orbit	  interaction.	  The	  potential	  energy	  curves	  are	  computed	  for	  ground-‐	  and	  excited	  states	  

of	  TlH	  molecule	  in	  the	  level	  of	  spin–orbit	  EOM-‐CCSDT	  (Figure).	  Inclusion	  of	  full	  triple	  excitations	  

results	   to	   the	   correct	   behavior	   of	   potential	   energy	   curves	   with	   long	   interatomic	   distances.	  

Correct	  level	  splittings	  are	  predicted	  owing	  to	  inclusion	  of	  spin–orbit	  interaction.	    

TlH: potential energy curves 
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• TlH分子のポテンシャル曲線（基底・励起状態） 
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Figure:	  Potential	  energy	  curves	  of	  TlH	  at	  SO-‐CCSD	  and	  SO-‐CCSDT	  levels	  of	  theory	  

 

3.3	   Development	   of	   two-‐component	   relativistic	   time-‐dependent	   density	   functional	   theory	  

program	  with	  spin–orbit	  interaction	  

The	   inclusion	   of	   relativity	   is	   crucial	   for	   a	   proper	   description	   of	   photochemistry	   for	   systems	  

containing	   heavy	   elements.	   In	   particular,	   it	   is	   known	   that	   spin–orbit	   coupling	   affects	  

excited-‐state	   characters,	   relaxation	   dynamics,	   radiative	   and	   non-‐radiative	   decay	   pathways,	   as	  

well	  as	  lifetimes	  and	  reactivity.	  Time-‐dependent	  density	  functional	  theory	  (TDDFT)	  has	  become	  

one	   of	   the	   most	   widely	   used	   methodologies	   for	   computing	   excited	   states	   because	   of	   its	  

reasonable	  cost	  and	  relatively	  high	  accuracy.	  Until	  now,	  in	  almost	  all	  the	  TDDFT	  calculations	  for	  



80	  

heavy-‐element	   systems,	   only	   the	   scalar	   relativistic	   effect	   was	   taken	   into	   account	   while	   the	  

spin-‐orbit	  coupling	  effect	  on	  the	  excitation	  energies	  was	  not	  considered.	  In	  this	  work,	  we	  have	  

implemented	   the	   two-‐component	   relativistic	  TDDFT	  with	  spin–orbit	   interaction	  method	   in	   the	  

NTChem	   programs.	   Our	   implementation	   is	   based	   on	   a	   noncollinear	   exchange–correlation	  

potential	  presented	  by	  Wang	  et	  al.	   This	   formalism	   is	   suitable	   in	   relativistic	  TDDFT	  calculations	  

with	   spin–orbit	   coupling	   and	   has	   the	   correct	   nonrelativistic	   limit	   and	   recovers	   the	   correct	  

threefold	  degeneracy	  of	  triplet	  excitations	  for	  closed-‐shell	  systems.	  The	  matrix	  elements	  of	  the	  

noncollinear	   exchange–correlation	   kernel	   have	   been	   derived	   and	   implemented	   into	   efficient	  

computer	  codes	  with	   the	  aid	  of	  a	  newly-‐developed	  computerized	  symbolic	  algebra	  system.	   In	  

addition,	   various	   DFT	   functionals	   including	   the	   recently	   proposed	   range-‐separated	   hybrid	  

functionals	  are	  applicable	  to	  the	  calculations	  of	  excitation	  energy	  for	  spin–orbit	  coupled	  states.	  

	  

3.4.	  Development	  of	  ASEP/MM	  for	  inclusion	  of	  solvent	  effects	  

The	   solvent	   effect	   is	   important	   in	   considering	   the	   relation	   between	   experimental	   and	  

computational	   results.	   To	   investigate	   the	   effect	   of	   solvent	   over	   solute	   electronic	   structure,	  

several	  methods	  have	  been	  proposed	  such	  as	  the	  polarizable	  continuum	  model,	  the	  reference	  

interaction	   site	   model,	   and	   so	   on.	   We	   have	   implemented	   the	   averaged	   solvent	   electrostatic	  

potential	   (ASEP)	   scheme	   in	   the	   NTChem	   program.	   The	   ASEP/MD	   scheme	   is	   a	   kind	   of	   the	  

quantum	   mechanics/molecular	   mechanics	   (QM/MM)	   method,	   where	   the	   solvent	   molecule	   is	  

treated	   in	   the	   MM	   calculation	   with	   the	   fixed	   solute	   charges	   and	   introduced	   in	   the	   QM	  

calculation	  of	  solute	  atom	  in	  the	  averaged	  fashion.	  The	  QM	  and	  MM	  calculations	  are	  performed	  

iteratively	  until	   the	  whole	  convergence.	   In	  our	   implementation,	  Tinker,	  which	  a	   free	  MM	  code	  

developed	   in	   Jay	   Ponder	   group,	   is	   adopted	   as	   the	   MM	   calculation	   code	   and	   the	   iterative	  

QM/MM	  cycle	  is	  built	  in	  the	  SCF	  part	  of	  the	  NTChem	  program,	  and	  users	  can	  perform	  ASEP/MM	  

calculation	  without	  a	  cumbersome	  manual	  operation	  of	  the	  QM/MM	  iteration.	  The	  energy	  and	  

gradient	  calculations	  using	  the	  ASEP/MD	  scheme	  are	  now	  available.	  

	  

3.5.	  Development	  of	  advanced	  QM/MM	  MFEP	  code	  for	  supramolecules	  

Supramolecules	  (host)	  which	  contain	  a	  vacant	  space	  can	  contain	  other	  small	  molecules	  (guest)	  

in	  the	  inner	  space,	  and	  this	  host–guest	  type	  complex	  often	  shows	  an	  unusual	  stability	  of	  a	  guest	  

molecule	  or	  a	  characteristic	  reactivity.	   In	   these	  systems,	  the	  host	  molecule	  offers	  the	  reaction	  

space	   and	   is	   supposed	   to	   interact	  with	   the	   included	  guest	  molecule	  quantum	  mechanically	   in	  

the	   specific	   site	   and	   molecular	   mechanically	   in	   the	   remaining	   sites.	   Thus,	   it	   seems	   to	   be	  

necessary	   that	   the	   host–guest	   reaction	   is	   investigated	   by	   the	   free-‐energy	   analysis.	   We	   have	  

developed	  an	  extension	  of	  QM/MM	  MFEP	  of	  Hu	  et	  al.	  to	  include	  the	  guest–host	  QM	  interaction	  

via	   the	   QM	   calculation	   of	   whole	   system	   and	   the	   temperature	   dependent	   interaction	   via	   the	  

QM/MM	  molecular	   dynamics	   simulation.	   This	   scheme	   is	   derived	   from	   the	   full	  QM	   free	   energy	  
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expression	   and	   the	   temperature	   dependent	   part	   is	   approximated	  with	   QM/MM	   scheme.	   The	  

developed	   extended	   QM/MM	   MFEP	   scheme	   is	   implemented	   in	   the	   NTChem	   program	   and	  

applied	  to	  the	  Diels–Alder	  reaction	  in	  the	  supramolecule.	  In	  the	  single	  point	  calculation	  for	  the	  

enthalpy	  based	  Diels–Alder	  reaction	  path,	  the	  reaction	  barrier	  of	  the	  free-‐energy	  is	  15.5	  kcal/mol	  

whereas	   the	   reaction	  barrier	  of	   the	  enthalpy	   is	  28.4	  kcal/mol.	  This	   result	   shows	  the	  dynamical	  

motion	  of	  host	  molecule	  decrease	  the	  reaction	  barrier	  of	  the	  guest	  molecule.	  

	  

3.6.	   Development	   of	   the	   range-‐separation	   density-‐fitting	   approach	   for	   first-‐principles-‐based	  

material	  quantum	  chemistry	  

First-‐principles	  quantum	  chemistry	  methods	  are	  widely	  used	  in	  science	  and	  engineering,	  and	  in	  

recent	   years	   they	   have	   been	   employed	   to	   investigate	   various	   materials,	   such	   as	   polymers,	  

semiconductors,	  surface	  and	  interface	  systems,	  and	  bulk	  materials.	  For	  example,	  first-‐principles	  

quantum	  chemistry	  methods	  can	  be	  used	  to	  accelerate	  the	  development	  of	  solar	  cells	  and	  solid	  

catalytic	   systems,	   which	   are	   expected	   to	   contribute	   to	   solving	   energy	   and	   environmental	  

problems.	  Thus,	  material	  quantum	  chemistry,	  which	  is	  quantum	  chemistry	  for	  the	  development	  

of	   materials,	   is	   important.	   The	   electronic	   structure	   calculation	   under	   the	   periodic	   boundary	  

conditions	   (PBCs)	   is	   an	   essential	   tool	   for	   material	   quantum	   chemistry.	   Therefore,	   we	   have	  

developed	  a	  range-‐separation	  density-‐fitting	  method	  for	  obtaining	  the	  electronic	  band	  structure	  

under	   periodic	   boundary	   conditions.	   The	   Hartree	   term	   and	   the	   nuclear	   attractive	   term	   are	  

divided	   into	   long-‐	   and	   short-‐range	   contributions	   by	   using	   the	   error	   and	   complementary	   error	  

functions,	   respectively.	   In	   the	   method,	   the	   long-‐range	   Hartree	   term	   is	   evaluated	   through	   a	  

density-‐fitting	  procedure	  based	  on	  Gaussian	  auxiliary	  functions,	  where	  the	  net	  charge	  neutrality	  

of	  electrons	  and	  atomic	  nuclei	   in	   the	  unit	  cell	   is	  ensured	  by	  Lagrange	  multipliers.	  We	  checked	  

our	  method	  using	  the	  energy	  band	  structures	  of	  a	  two-‐dimensional	  monolayer	  sheet	  (graphene)	  

and	  a	  three-‐dimensional	  periodic	  system	  (diamond)	  based	  on	  both	  semi-‐local	  density	  functional	  

theory	   (DFT)	   functionals	   and	   the	   Hartree–Fock	   and	   hybrid	   DFT	   methods.	   From	   those	  

calculations,	  we	  confirmed	  our	  method	   is	   suitable	   for	   investigating	   the	  electronic	  structure	  of	  

materials	   under	   the	   PBCs.	   In	   these	   calculations,	  we	   also	   confirmed	   that	   the	   range-‐separation	  

approach	   can	   yield	   good	   electronic	   structure	   descriptions,	   especially	   in	   interconnection	  

between	   short-‐	   and	   long-‐range	   Hartree	   terms,	   because	   of	   expressive	   Gaussian	   auxiliary	  

functions.	   On	   the	   other	   hand,	   the	   long-‐range	   contribution	   of	   the	   Hartree	   term	   needs	   much	  

smaller	   CPU	   time	   than	   the	   short-‐range	   contribution,	   because	   the	   short-‐range	  Hartree	   term	   is	  

estimated	  from	  heavy	  four-‐center	  electron-‐electron	  repulsive	  integrals,	  and	  thus	  the	  calculation	  

cost	  to	  employ	  Gaussian	  auxiliary	  functions	  do	  not	  have	  disadvantages	  on	  the	  total	  calculation	  

time.	  We	   only	   examine	   the	   basic	   calculations	   at	   present,	   and	  will	   apply	   the	  method	   to	   some	  

important	  materials	  in	  the	  near	  future.	  
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3.7.	  Development	  and	  implementation	  of	  a	  new	  exchange	  correlation	  functional	  for	  electronic	  

structure	  calculations	  of	  periodic	  systems	  

First-‐principles	  calculations	  of	  electronic	  structures	  based	  on	  density	  functional	  theory	  (DFT)	  are	  

today	   recognized	   as	   one	   of	   the	  most	   powerful	   tools	   for	   analyses	   and	   predictions	   of	   various	  

properties	  of	  electronic	  systems.	  Some	  DFT	  functionals	  proposed	  so	  far	  were	  thus	  constructed	  

to	  reproduce	  the	  results	  of	  numerical	  calculations	  such	  as	  quantum	  Monte	  Carlo	  simulations	  of	  

a	  free-‐electron	  gas.	  We	  adopted	  another	  approach	  to	  construct	  a	  DFT	  functional	  based	  on	  the	  

spirit	  of	  the	  Hedin's	  GW	  theory.	  The	  GW	  theory	  is	  described	  by	  the	  system	  of	  integral	  equations	  

on	  the	  basis	  of	  the	  Green's	  function	  theory	  for	  a	  many-‐body	  electronic	  system,	  which	  provides	  

electronic	   band	   structures	   exhibiting	   good	   agreement	  with	   the	   experimental	   ones,	   especially	  

for	   semiconductors.	   We	   adopted	   a	   model	   dielectric	   function	   to	   construct	   an	   exchange	  

correlation	   functional	   starting	   from	   the	   screened	   Coulomb	   potential.	   Furthermore,	   the	  

Coulomb-‐hole	   interaction	  term	  was	  added.	  Such	  an	  approach	  has	  not	  been	  reported	  so	  far,	  to	  

our	   best	   knowledge.	   Our	   approach	   may	   thus	   give	   insights	   into	   the	   relation	   between	   DFT	  

functionals	  and	  the	  many-‐body	  theory	  based	  on	  the	  Green's	  function.	  We	  found	  for	  the	  various	  

semiconductors	   that	   the	   calculated	   band	   gaps	   with	   the	   new	   functional	   are	   closer	   to	   the	  

experimental	  values	  than	  those	  with	  the	  PZ81	  functional	  are.	  The	  optimal	  bulk	  properties	  of	  the	  

semiconductors	   were	   also	   examined,	   and	   we	   confirmed	   the	   new	   functional	   can	   give	  

comparable	   calculation	   results	   as	   the	   PZ81	   functional.	   These	   calculations	   corroborate	   the	  

validity	  of	  our	  approach.	  

	  

3.8.	  A	  computational	  approach	  to	  the	  selectivity	  of	  nucleobase	  in	  supramolecular	  cage	  

We	   investigated	   the	  mechanism	  of	   the	  conformation	  selectivity	  of	  adenine–uracil	   (AU)	  pair	   in	  

supramolecular	   cage	   from	  the	  view	  of	   computational	   chemistry.	  We	  used	  a	  program	  package	  

“NTChem”	   which	   enables	   us	   to	   perform	   a	   molecular	   calculation	   by	   a	   massively	   parallel	  

multi-‐core	  supercomputer	   such	  as	   the	  

K	   computer.	   Judging	   from	   the	  

optimized	   geometry	   shown	   in	   the	  

right	   figure,	   N3	   of	   adenine	   and	  O4	   of	  

uracil	   mainly	   contribute	   to	   the	  

broadening	   π	   orbitals	   and	   interact	  

with	   pyridines	   in	   the	   case	   of	  

anti-‐Hoogsteen	   (AH)	   type.	   When	  

applied	   relativistic	   effect,	   the	   volume	  

of	   molecular	   cage	   becomes	   smaller	  

because	   the	   bond	   length	   Pt–N	   gets	  

smaller	   in	   0.1	   Å	   and	   strengthens	   the	   vdW	   interaction	   between	   AU	   pair	   and	   molecular	   cage.	  

Figure:	   Optimized	   geometries	   of	   AU	   pair	   in	  

supramolecular	  cage.	  
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According	   to	   the	   result	   of	   maximally	   interaction	   orbital	   (MIO)	   analyses,	   there	   exists	   a	   CH/π	  

interaction	   between	   C5–H	   of	   uracil	   and	   a	   side	   of	   supramolecular	   cage,	   which	   stabilizes	   the	  

whole	  structure	  rather	  than	  Watson–Crick	  type.  

 

Figure:	   The	   most	   contributing	   molecular	   orbitals	   to	   stabilizing	   the	   AH	   type.	   (a),	   (b)	   π–π	  

interaction	  between	  Au	  pair	  and	  cage.	  (c)	  CH/π	  interaction,	  seen	  in	  only	  AH	  type.	  

	  

3.9.	   Theoretical	   study	   on	   a	   new	   dye-‐sensitizer,	   DX1	   molecule	   by	   time-‐dependent	   density	  

functional	  theory	  with	  spin–orbit	  interaction	  

Ru	   complexes	   have	   been	   demonstrated	   as	   a	   promising	   dye	   for	   a	   few	   decades.	   Recently,	   a	  

phosphine-‐coordinated	   Ru(II)	   sensitizer,	   DX1	  molecule,	  was	   reported	   to	   generate	   the	   highest	  

value	   for	   an	   organic	   photovoltaic.	   The	   DX1	   molecule	   has	   the	   feature	   that	   spin-‐forbidden	  

singlet-‐to-‐triplet	   direct	   transitions	   occur	   because	   of	   the	   strong	   spin–orbit	   (SO)	   interaction,	  

which	  indicates	  that	  the	  new	  DX1	  sensitizer	  can	  avoid	  energy	  loss	  originating	  from	  intersystem	  

crossing.	  In	  order	  to	  examine	  the	  spin-‐forbidden	  transitions	  in	  details,	  this	  study	  calculates	  the	  

transition	   energies	   by	   two-‐component	   relativistic	   time-‐dependent	   density	   functional	   theory	  

(TDDFT)	  with	  SO	  interaction,	  which	  was	  based	  on	  Tamm–Dancoff	  approximation	  (TDA)	  and	  was	  

implemented	   into	   the	   quantum	   chemical	   program	   package,	   NTChem.	   The	   singlet-‐to-‐triplet	  

transition	  around	  1.3	  eV,	  which	  is	  assigned	  to	  a	  metal-‐to-‐ligand	  charge-‐transfer	  type	  excitation,	  

appears	   although	   it	   is	   slightly	   shifted	   to	   a	   lower	   energy	   in	   comparison	  with	   the	   experimental	  

spectrum,	  probably	  due	  to	  lack	  of	  solvation	  effect.	  The	  major	  other	  peaks	   in	  the	  energy	  range	  

from	   1.5	   to	   3.0	   eV	   are	   also	   reasonably	   reproduced	   with	   the	   tendency	   of	   the	   slight	  

underestimation.	   Thus,	   this	   study	   confirms	   that	   two-‐component	   relativistic	   TDDFT/TDA	  

calculations	  can	  reproduce	  spin-‐forbidden	  singlet-‐to-‐triplet	  transitions	  with	  reasonable	  accuracy.	  

Also,	   the	   lowest	  peak	  observed	   for	   the	  absorption	  spectra	  of	  DX1	  molecule	   is	   assigned	  to	   the	  

singlet-‐to-‐triplet	  direct	  spin-‐forbidden	  transition.	  

 

4.	  Schedule	  and	  Future	  Plan	  
In	   the	   next	   financial	   year,	   we	   will	   improve	   the	   parallel	   efficiency	   of	   the	   NTChem2013	   suit	   of	  

program	  which	  was	   released	   on	   the	   K	   computer	   in	   this	   fiscal	   year.	   In	   addition,	  we	  will	  make	  
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NTChem	  more	   user-‐friendly.	  We	   intend	   to	   continue	   adopting	   users’	   requests	  with	   the	   aim	   of	  

making	  it	  more	  convenient	  and	  usable	  for	  researchers	   in	  many	  fields.	  We	  expect	  that	  NTChem	  

will	   enable,	   for	  example,	   researchers	   to	  predict	   the	   structures	  of	  biological	  molecules	  as	   they	  

relate	   to	  drug	  actions,	  and	  to	  elucidate	   the	  mechanisms	  by	  which	  nano-‐materials	  exhibit	   their	  

unique	  functions.	  
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2.	  Research	  Activities	  
The	  computational	  materials	  science	  research	  team	  focuses	  mainly	  on	  the	  following	  subjects:	  

1. We	  develop	  a	  quantum	  Monte	  Carlo	  (QMC)	  method,	  which	  is	  one	  of	  the	  most	  reliable	  and	  

efficient	   techniques	   for	   a	   Hubbard-‐type	   lattice	   model	   of	   interacting	   electrons.	   Typical	  

target	  systems	  we	  aim	  are	  of	  the	  order	  of	  10,000	  electrons	  unless	  the	  notorious	  minus-‐sign	  

problem	  occurs.	  

2. We	  develop	  a	  massively	  parallelized	   two-‐dimensional	   (2D)	  density	  matrix	   renormalization	  

group	  (2-‐D	  DMRG)	  algorithm	  to	   investigate	  two-‐dimensional	  strongly	  correlated	  quantum	  

systems	  on	  K	  computer.	  Although	  2-‐D	  DMRG	  method	  requires	  huge	  computational	  costs,	  

this	  method	  is	  thus	  far	  one	  of	  the	  most	  effective	  schemes	  to	  study	  2D	  strongly	  correlated	  

quantum	  systems.	  Our	  developed	  massively	  parallelized	  2-‐D	  DMRG	  algorithm	  enables	  us	  to	  

perform	  the	  calculations	  for	  large	  system	  sizes	  with	  high	  accuracy.	  

3. We	   develop	   a	   Monte	   Carlo	   (MC)	   method	   for	   systems	   where	   electrons	   are	   coupled	   to	  

classical	  degrees	  of	  freedom,	  e.g.,	  a	  system	  described	  by	  the	  double	  exchange	  (DE)	  model,	  

to	  simulate	  complex	  magnetic	  structures	  such	  as	  Skyrmions.	  As	  we	  have	  to	  evaluate	  very	  

frequently	   the	   eigenvalues	   of	   a	   given	   Hamiltonian	   to	   eliminate	   the	   electronic	   degree	   of	  

freedom,	  we	  seek	  the	  highly	  efficient	  implementation	  and	  optimization	  of	  novel	  numerical	  

methods	  and	  algorithms	  with	  low	  time	  complexity	  and	  therefore	  large	  system	  sizes	  can	  be	  

reached.	   For	   example,	   using	   the	   kernel	   polynomial	   method,	   we	   develop	   an	   O(N)	  

Green-‐function-‐based	  MC	  (GFBMC)	  method.	    

 

3.	  Research	  Results	  and	  Achievements 
3.1.	  QMC	  simulations	  for	  metal-‐insulator	  transitions	  in	  Dirac	  fermions	  

We	   have	   implemented	   a	   highly	   efficient	   QMC	   code	   based	   on	   the	   auxiliary	   filed	   scheme	   for	  

lattice	   fermion	   systems	   at	   zero	   temperature.	   Since	   numerical	   calculations	   involved	   in	   this	  

formulation	  are	  mostly	  linear	  algebraic	  procedure	  such	  as	  matrix-‐matrix	  product	  and	  numerical	  
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Fig.	  1.	  Extrapolations	  to	  the	  thermodynamic	  limit	  

of	   squared	   AF	   order	   parameter	   at	   U/t=4.	   SAF	   is	  

the	  AF	   spin	   structure	   factors	  and	  Cs(Lmax)	   is	   the	  

spin-‐spin	   correlation	   functions	   at	   the	   maximum	  

distance.	   	  

orthogonalization,	   we	   can	   take	   advantage	   of	   the	   highly	   optimized	   numerical	   library	   on	   K	  

computer	   to	   calculate	   physical	   observables	   with	   a	   high	   degree	   of	   accuracy	   on	   quite	   large	  

systems.	   	  

First,	  we	  have	  applied	  this	  improved	  code	  

to	   elucidate	   the	   ground	   state	   phase	  

diagram	  of	   the	   half-‐filled	  Hubbard	  model	  

on	  the	  honeycomb	  lattice	  model,	  in	  which	  

a	  gapped	  spin	  liquid	  (SL)	  phase	  have	  been	  

predicted	   [Meng	   et	   al.,	   Nature	   464,	   847	  

(2010)].	  Since	  it	  is	  widely	  believed	  that	  not	  

only	  strong	  quantum	  fluctuations	  but	  also	  

geometrical	   frustrations	   are	   responsible	  

for	   stabilizing	  SL	  phase,	   the	   finding	  of	  SL	  

phase	   in	   the	   unfrustrated	   honeycomb	  

lattice	   is	   rather	   surprising,	   and	   thus	   has	  

been	   one	   of	   the	   most	   debated	   issues	   in	  

recent	  years.	  The	  possible	  SL	  phase	  in	  the	  

previous	   report	   has	   been	   claimed	   to	   exist	   for	   3.4 <	   U/t	   <	   4.3	   (U/t: measure	   of	   the	   Hubbard	  

interaction)	  as	  a	  spin-‐gapped	  insulating	  phase	  without	  any	  broken	  symmetry.	  We	  thus	  have	  first	  

tried	  to	  clarify	  the	  existence	  of	  SL	  at	  U/t	  =	  4,	  which	  corresponds	  to	  the	  middle	  of	  the	  SL	  region.	  

Taking	  a	  full	  advantage	  of	  K	  computer,	  we	  have	  performed	  the	  QMC	  simulations	  on	  the	  lattice	  

with	  size	  up	  to	  N=2,596	  sites,	  currently	   the	   largest	  system	  size	  available	   in	   the	  world.	  Figure	  1	  

shows	  our	  results	  of	  the	  AF	  spin	  structure	  factors,	  SAF,	  and	  spin-‐spin	  correlation	  functions	  at	  the 

maximum	  distance,	  Cs(Lmax)	  at	  U/t	  =	  4. The	  extrapolated	  values	  of	  both	  quantities	  are	  confirmed	  

to	   be	   finite	   within	   statistical	   errors,	   indicating	   the	   AF	   long-‐range	   order.	   Complemented	   with	  

simulations	  performed	  at	  other	  U/t,	  our	  results	  strongly	  support	  the	  conventional	  scenario	  that	  

a	   single	   and	   direct	   phase	   transition	   occurs	   between	   semi-‐metal	   (SM)	   and	   antiferromagnetic	  

Mott	  insulator	  (AFMI)	  with	  increasing	  U/t:	  Absence	  of	  the	  spin	  liquid.	  

 

Next,	  we	  have	   investigated	  the	  Mott	  transition	   in	  the	  Hubbard	  model	  on	  square	   lattice	  with	  a	  

magnetic	  flux	  π	  per	  plaquette,	  where	  the	  low-‐lying	  excitations	  at	  weak	  coupling	  are	  described	  

by	  massless	  Dirac	  fermions.	  This	  low-‐energy	  electronic	  dispersion	  around	  the	  Fermi	  level	  is	  very	  

similar	  to	  the	  case	  of	  the	  Hubbard	  model	  on	  the	  honeycomb	  lattice,	  and	  indeed	  a	  SL	  phase	  has	  

also	  been	  proposed	  to	  exist	  between	  SM	  and	  AFMI	  [Chang	  and	  Scalettar,	  Phys.	  Rev.	  Lett.	   109,	  

026404	  (2012)],	  which	  is	  claimed	  as	  a	  gapless	  phase	  for	  this	  model.	  Our	  highly	  developed	  code	  

and	  experience	  obtained	  in	  the	  previous	  study	  for	  the	  honeycomb	  lattice,	  enable	  us	  to	  examine	  

this	  possibility	  to	  have	  the	  SL	  phase	  also	  in	  this	  model.	  By	  performing	  careful	  finite-‐size	  scaling	  
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for	   the	   spin-‐spin	   and	   density-‐density	   correlation	   functions,	   calculated	   with	   a	   high	   degree	   of	  

accuracy,	   we	   find	   that	   the	   ground	   state	   is	   likely	   to	   be	   divided	   into	   only	   two	   regions,	  

paramagnetic	   SM	   and	  AFMI	   phases,	   suggesting	   again	   the	   conventional	   scenario	   of	   the	   single	  

continuous	  Mott	  transition.	  

 

3.2.	  Development	  of	  massively	  parallelized	  2-‐D	  DMRG	  algorithm	  

The	  DMRG	  procedure	   is	  known	  as	  one	  of	  the	  most	  powerful	  and	  accurate	  numerical	  methods	  

for	  one-‐dimensional	  strongly	  correlated	  quantum	  systems.	  To	  the	  contrary,	  in	  the	  two-‐	  or	  higher	  

spatial	  dimensional	  dimensions,	   the	  DMRG	  method	  has	  been	   less	  accurate	  because,	   to	  obtain	  

the	   accurate	   or	   even	   reliable	   physical	   quantities	   in	   higher	   dimensions,	   the	   DMRG	   method	  

requires	   an	   exponentially	   large	   DMRG	   truncation	   number	   m,	   which	   determines	   the	  

computational	  costs	  (i.e.	   the	  dimension	  of	  a	  Hamiltonian	   is	  given	  by	  m2).	   	   Figure	  2	  shows	  the	  

DMRG	  truncation	  error	  and	  the	  m	  dependence	  of	  one-‐	  and	  two-‐dimensional	  (triangular	  lattice)	  

Hubbard	  model.	  Here,	  the	  number	  of	  site	  N=36	  for	  both	  cases.	  In	  the	  one-‐dimensional	  case,	  we	  

confirm	  the	  convergence	  of	  the	  ground	  energy	  up	  to	  m=50	  which	  is	  the	  quite	  small	  number	  of	  

states	   kept	   as	   compared	   with	   the	   full	   Hilbert	   space	   dimension	   to	   describe	   this	   system.	   This	  

means	   that	  we	   can	   obtain	   accurate	   ground	   state	   of	   one-‐dimensional	   Hubbard	  model	   by	   this	  

small	   truncation	   number	   m.	   However,	   in	   the	   two	   dimensional	   case,	   we	   cannot	   obtain	   the	  

converged	  ground	  energy	   even	  up	   to	  m=2000.	   This	  means	   that	  we	   require	  much	   larger	  m	   to	  

obtain	   the	   accurate	   result	   for	   the	   two-‐dimensional	   case.	   This	   is	   the	   reason	   that	  we	   require	   a	  

huge	   computer	   system	   such	   as	  K	   computer	   to	  perform	   the	   2-‐D	  DMRG	  method	   to	   investigate	  

two-‐dimensional	  strongly	  correlated	  systems.	  

	  

In	  this	  academic	  year,	  we	  have	  implemented	  the	  efficient	  memory	  usage	  to	  perform	  the	  large	  m	  

2-‐D	  DMRG	  calculation	  on	  the	  K-‐computer.	  In	  particular,	  we	  have	  reduced	  the	  memory	  usage	  of	  

operators	  at	  each	  site.	  At	  each	  DMRG	  step,	  the	  bases	  sets	  of	  all	  operators	  are	  transformed	  to	  

the	  new	  basis	  set	  to	  describe	  arbitrary	  target	  states.	  Thus	  we	  have	  to	  keep	  all	  operators	  during	  

the	  DMRG	  calculations.	  Furthermore,	  in	  the	  case	  of	  N-‐body	  operators,	  we	  have	  to	  keep	  all	  of	  its	  

combinations,	   since	  N-‐body	  operators	   should	  not	  be	  given	   simply	  by	   the	  multiplication	  of	   the	  

transformed	   one-‐body	   operators	   in	   the	   DMRG	   calculation	   to	   keep	   the	   accuracy.	   Thus,	   the	  

number	  of	  operators	  that	  we	  need	  to	  perform	  becomes	  inevitably	  very	  large.	  In	  our	  2-‐D	  DMRG,	  

we	  employ	  new	  algorithm	  to	  perform	  the	  transformation	  of	  the	  basis	  set	  of	  each	  operator.	   In	  

the	  usual	  algorithm	  of	  the	  DMRG	  calculation,	  all	  operators	  are	  transformed	  after	  diagonalizing	  

the	   reduced	   density	   matrix	   given	   by	   the	   target	   states.	   In	   our	   case,	   we	   perform	   the	  

transformation	  of	  operators	  when	  we	  need	   for	   the	   calculations.	   Therefore,	  we	  keep	  only	   the	  

transformation	  matrices,	  which	  are	  given	  by	  the	  eigenvectors	  of	  the	  reduced	  density	  matrices.	  

Thus,	  the	  size	  of	  memory	  usage	  is	  reduced	  as	  compared	  with	  the	  usual	  cases.	  Furthermore,	  the	  
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elapsed	   time	  of	  our	  DMRG	  calculation	   is	  almost	   the	  same,	  since	   the	  elapsed	   time	  of	   the	  basis	  

transformation	  is	  very	  small	  as	  compared	  with	  the	  total	  elapsed	  time	  of	  the	  DMRG	  calculations.	  

Employing	   our	   DMRG	   technique,	   we	   can	   perform	   simulations	   for	   large	   system	   sizes	   with	  

keeping	  much	  larger	  m.	  

	  

 

3.3.	  Time-‐dependent	  2-‐D	  DMRG	  algorithm	  

The	  DMRG	  method	  has	  been	  employed	  to	  investigate	  the	  time-‐dependence	  quantum	  dynamics	  

for	   one-‐dimensional	   strongly	   correlated	   quantum	   systems	   by	   using	   the	   Suzuki-‐Torroter	  

decomposition.	  However,	  we	  cannot	  employ	  the	  same	  algorithm	  of	  the	  time-‐dependent	  DMRG	  

calculation	   in	   two	  dimensions	  because	   it	   is	  difficult	   to	  use	   the	  Suzuki-‐Torroter	  decomposition.	  

Here,	  we	  have	  developed	  a	  new	  two-‐dimensional	  time-‐dependent	  2-‐D	  DMRG	  method	  by	  using	  

the	  kernel	  polynomial	  method.	   	  

	  

In	  the	  DMRG	  method,	  the	  basis	  set	  in	  the	  limited	  Hilbert	  space	  is	  optimized	  to	  describe	  arbitrary	  

target	  states.	  For	  example,	  in	  the	  case	  of	  the	  zero	  temperature	  calculation,	  the	  ground	  state	  is	  

Fig.	  2.	  the	  DMRG	  truncation	  error	  and	  the	  calculated	  ground	  state	  energy	  as	  a	  function	  of	  

m	  for	  the	  one-‐	  and	  two-‐dimensional	  (triangular)	  Hubbard	  models.	  
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the	   target	   state.	   The	   target	   state	   is	   now	   dependent	   on	   time.	   As	   mentioned	   above,	   in	  

one-‐dimensional	  systems,	  the	  time-‐evolution	  of	  the	  state	  is	  calculated	  using	  the	  Suzuki-‐Torotter	  

decomposition.	   In	   this	   case,	   we	   can	   perform	   an	   efficient	   calculation	   of	   the	   time-‐dependent	  

DMRG	   since	   we	   should	   consider	   only	   interactions	   between	   added	   sites.	   In	   two-‐dimensional	  

systems,	  we	  employ	  the	  kernel	  polynomial	  method	  to	  obtain	  the	  time-‐evolution	  of	  a	  state.	  The	  

kernel	   polynomial	  method	   is	   known	   as	   an	  O(N)	  method.	  Here,	   the	   time-‐evolution	   operator	   is	  

expanded	   by	   the	   kernel	   polynomial	   method.	   As	   a	   test	   calculation,	   we	   have	   investigated	   the	  

relaxation	   process	   of	   the	   two-‐dimensional	   Heisenberg	   model.	   First,	   we	   calculate	   the	   ground	  

state	  of	  the	  Heisenberg	  model	  on	  the	  two-‐dimensional	  square	  lattice.	  Then,	  we	  add	  additional	  

spin	  exchange	  interactions	  between	  spins	  located	  on	  the	  diagonal	  direction	  of	  the	  square	  lattice,	  

forming	   the	   triangular	   lattice.	   Note	   that	   the	   ground	   state	   of	   the	   Heisenberg	   model	   on	   the	  

square	   lattice	   is	   not	   the	   ground	   state	   (or	   any	   eigenstate)	   of	   the	   Heisenberg	   model	   on	   the	  

triangular	   lattice.	  Figure	  3	  demonstrates	   the	   relaxation	  process	   from	  the	  ground	  state	   for	   the	  

square	   lattice	   after	   adding	   the	   additional	   spin	   exchange	   interactions	   to	   form	   the	   triangular	  

lattice,	  calculated	  using	  our	  time-‐dependent	  2-‐D	  DMRG.	    

 

 

3.4.	  GFBMC	  simulations	  for	  the	  DE	  model	  and	  complex	  magnetic	  structures	  

We	   have	   first	   developed	   the	   simulation	   program	   based	   on	   a	   method	   using	   Chebyshev	  

expansion	  to	  solve	  the	  Green’s	  function	  of	  conduction	  electrons.	  Instead	  of	  numerically	  exactly	  

diagonalizing,	   we	   have	   adopted	   the	   expansion	   method	   that	   exhibits	   significantly	   high	  

performance,	  mainly	  due	  to	  its	  O(N)	  time	  complexity.	  To	  improve	  the	  execution	  efficiency	  of	  the	  

C++	   code,	   we	   have	   also	   performed	   deep	   optimizations	   including	   rearranging	   of	   the	  memory	  

layout	  and	  rewriting	  the	  program	  kernel	  directly	  using	  SIMD	  instructions.	  

After	  successfully	  implemented	  the	  first	  version	  of	  the	  program	  that	  is	  specially	  optimized	  for	  K	  

computer,	  we	  have	  performed	  initial	  simulations	  for	  the	  DE	  model	  and	  confirmed	  that	  we	  can	  

reproduce	   the	   results	   reported	   in	   the	  pervious	   studies.	   In	  addition,	  as	   shown	  below,	  we	  have	  

Fig.	   3.	   The	   time-‐dimendence	   of	   spin-‐spin	   correlation	   functions.	   The	   left,	   center,	   and	   right	  

panels	  show	  the	  spin-‐spin	  correlation	  function	  at	  time	  t=0,	  t=1/J,	  and	  t=10/J,	  respectively.	  
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obtained	  for	  the	  first	  time	  the	  Skyrmion	  crystal	  phase	  in	  the	  2D	  model	  that	  explicitly	  includes	  the	  

electron	   degree	   of	   freedom.	   We	   have	   also	   evaluated	   the	   conductivity	   tensor	   of	   conduction	  

electrons	  in	  the	  background	  of	  classical	  spin	  configuration,	  and	  found	  that	  the	  Hall	  conductivity	  

obtained	   is	   in	   good	   qualitative	   agreement	   with	   the	   Skyrmion	   phase	   diagram,	   revealing	   the	  

topological	  nature	  of	  the	  Skyrmion.	   	   	  

	  

The	   DE	   model	   is	   composed	   of	   conductive	   electrons	   coupled	   to	   localized	   classical	   spins.	  

Incorporating	  Dzyaloshinskii-‐Moriya	  interaction	  and	  magnetic	  field	  into	  the	  DE	  model,	  we	  have	  

successfully	   reproduced	   the	   complex	   magnetic	   structures	   including	   helical	   phase,	   Skyrmion	  

crystal	   phase,	   and	   ferromagnetic	   phase	   on	   the	   2D	   square	   lattice.	   As	   shown	   in	   Fig	   4,	   with	  

increasing	  a	  magnetic	  field,	  the	  system	  goes	  through	  from	  the	  helical	  phase,	  which	  feathers	  the	  

strip-‐style	   formation	   of	   spins	   with	   same	   direction,	   to	   the	   Skyrmion	   crystal	   phase	   in	   which	  

Skyrmions	  are	  crystalized	  in	  a	  hexagonal	  lattice.	   	  

 

     

         

 

 

We	   have	   also	   examined	   the	   conductivity	   tensor	   evaluated	   using	   Kubo’s	   formula.	   Due	   to	   the	  

topological	   nature	   of	   Skyrmions,	   the	   electrons	  moving	   through	   Skyrmions	  will	   collect	   Berry’s	  

phase,	  which	  can	  be	  treated	  as	  a	  source	  of	  emergent	  electromagnetic	  field	  (EEF).	  In	  this	  case,	  it	  

is	   expected	   that	   the	   EEF	   affects	   the	   motion	   of	   electrons	   and	   thus	   induces	   non	   zero	   Hall	  

conductivity.	  We	  have	  found	  that	  our	  numerical	  results	  support	  this	  expectation	  and	  are	  in	  good	  

qualitative	  agreement	  with	  experimental	  observation.	    

	  
4.	  Schedule	  and	  Future	  Plan	  
4.1.	  QMC	  simulations	  for	  metal-‐insulator	  transitions	  in	  Dirac	  fermions	  

In	   the	   course	   of	   our	   studies	   for	  Dirac	   fermions,	  we	   have	   noticed	   that	   the	  Mott	   transitions	   in	  

both	   cases,	   on	   the	   honeycomb	   lattice	  with	   no	   flux	   and	   on	   the	   square	   lattice	  with	   π-‐flux,	   are	  

likely	  to	  be	  governed	  by	  the	  same	  universality	  class.	  To	  clarify	  this	  unique	  phenomenon,	  we	  plan	  

to	   calculate	   critical	   exponents	   for	   the	  Mott	   transitions	  with	   even	   higher	   accuracy	   using	   even	  

B=0                     B=0.09t                  B=0.13t 
Fig	  4.	  Magnetic	  field	  dependance	  of	  Skyrmion	  on	  2D	  32×32	  lattice.	  The	  magnetic	  filed	  B	  

is	  indicated	  in	  the	  figures.	  t	  is	  the	  hopping	  of	  the	  conduction	  electrons.	    
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larger	  lattice	  sizes.	  It	   is	  noted	  that	  the	  Mott	  transition	  in	  Dirac	  fermions	  has	  a	  close	  relation	  to	  

quantum	   transitions	   in	   three-‐dimensional	   lattice	   Gross-‐Neveu	   models	   discussed	   in	   particle	  

physics.	  We	  thus	  believe	  that	  our	  results	  will	  be	  of	  general	  interest	  in	  a	  wide	  range	  of	  research	  

field.	  To	  perform	  the	  simulations	  for	  larger	  system	  sizes	  on	  K	  computer,	  we	  will	  keep	  developing	  

a	  new	  algorithm	  to	  share	  a	  single	  Slater	  determinant	  with	  multiple	  nodes.	   	  

	  

4.2.	  2-‐D	  DMRG	  simulations	  for	  strongly	  correlated	  quantum	  systems	  

Using	   our	  massively	   parallelized	   2-‐D	  DMRG,	  we	  will	   investigate	   properties	   of	   various	   kinds	   of	  

strongly	   correlated	   quantum	   systems,	   including	   a	   metal-‐insulator	   transition	   for	   the	   half-‐filled	  

Hubbard	   model	   on	   the	   triangular	   model,	   magnetic	   order	   phases	   on	   the	   Kitaev-‐Heisenberg	  

model	  on	  the	  honeycomb	  lattice,	  a	  possible	  superconducting	  phase	  on	  the	  Hubbard	  model	  on	  

the	  square	  lattice,	  dynamical	  properties	  for	  various	  optical	  lattice	  systems,	  a	  possible	  spin	  liquid	  

phase	  of	  the	  anisotropic	  Heisenberg	  model	  on	  the	  triangular	   lattice,	  and	  photo-‐induced	  phase	  

transition	  and	  quantum	  relaxation	  processes	  of	  the	  strongly	  correlated	  quantum	  systems.	  As	  an	  

implementation	   of	   our	   2-‐D	   DMRG,	   we	   will	   develop	   a	   dynamical	   2-‐D	   DMRG	   and	   a	   finite	  

temperature	  2-‐D	  DMRG.	   	  

	  

4.3.	  MC	  simulations	  for	  electrons	  coupled	  to	  classical	  degrees	  of	  freedom	   	  

We	  will	  continue	  to	  develop	  massively	  parallelized	  O(N)	  GFBMC	  that	  is	  optimized	  on	  K	  computer.	  

To	  efficiently	   simulate	   a	   system	  as	   large	  as	   10,000	   sites,	  we	   still	   need	   to	   further	  optimize	   the	  

sparse	  matrix-‐vector	  multiplication	   operation,	   which	   is	   the	  most	   time	   consuming	   part	   of	   the	  

kernel	   polynomial	   method	   used	   in	   the	   GFBMC.	   Also	   we	   will	   plan	   to	   develop	   a	   quantum	  

molecular	   dynamics	   method	   for	   electrons	   coupled	   to	   the	   classical	   degrees	   of	   freedom	   to	  

simulate	  non-‐equilibrium	  quantum	  dynamics.	    
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2.	  Research	  Activities	  
In	  molecular	   biology,	   atomic	   structures	   of	   proteins	   and	   other	   biomolecules	   provide	   essential	  

information	   for	   understanding	   their	   biomolecular	   functions.	   Recently,	   MD	   simulations	   of	  

biomolecules	   in	   solution	   or	   in	   biological	   membrane	   are	   often	   performed	   to	   elucidate	   the	  

relationship	   between	   conformational	   dynamics	   and	   biomolecular	   functions.	   However,	   the	  

conventional	  approaches	  have,	  at	  least,	  two	  major	  difficulties	  and	  cannot	  be	  compared	  directly	  

to	   the	   experimental	   data.	   The	   first	   one	   is	   that	   simulation	   time	   of	   all-‐atom	  MD	   simulation	   is	  

limited	   to	   about	   microsecond	   and	   this	   time	   scale	   is	   much	   shorter	   than	   that	   of	   slow	  

conformational	  dynamics	  of	  proteins.	  The	  second	  difficulty	  is	  that	  the	  cellular	  environments	  are	  

hardly	  involved	  in	  the	  MD	  simulations	  due	  to	  the	  size	  limitation	  of	  MD	  simulation.	  In	  this	  team,	  

we	  have	  developed	  novel	  high-‐performance	  MD	  software,	  which	  we	  call	  GENESIS,	   to	  perform	  

MD	   simulations	   of	   biomolecules	   efficiently	   on	   K	   computer.	  We	   aim	   to	   perform	   biomolecular	  

simulations	  under	  realistic	  cellular	  environments	  as	   long	  as	  possible.	  The	  development	  of	  new	  
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algorithms	  and	   the	  use	  of	  multi-‐scale	  and	  multi-‐resolution	  models	  are	  effective	   for	   large-‐scale	  

MD	   simulations.	   In	   this	   team,	   we	   develop	   these	   methods	   and	   models	   in	   biomolecular	  

simulations,	  also.	  

 

3.	  Research	  Results	  and	  Achievements	  
3.1.	  New	  Inverse	  Lookup	  Table	  for	  the	  evaluations	  of	  nonbonded	  interactions	  

We	  have	  developed	  a	  new	  lookup	  table	  for	  efficient	  short-‐range	  non-‐bonded	  interactions.	  Major	  

bottleneck	   in	   MD	   is	   the	   calculation	   of	   non-‐bonded	   interactions	   of	   van	   der	   Waals	   and	  

electrostatic.	  With	  spherical	  truncation	  (cutoff	  approximation)	  and	  particle	  mesh	  Ewald	  (PME),	  

calculation	  order	  or	  van	  der	  Waals	  and	  real	  space	  electrostatic	   is	   reduced	  from	  O(n2)	  to	  O(n).	  

However,	   these	   interactions	   are	   still	   the	   main	   bottleneck	   of	   MD,	   and	   they	   include	   very	  

time-‐consuming	   inverse	   square	   roots	   and	   complementary	   error	   functions.	   To	   avoid	   such	  

time-‐consuming	   operations	   while	   keeping	   accuracy,	   we	   proposed	   a	   new	   lookup	   table	   for	  

short-‐range	   interaction	   in	  PME	  by	  defining	  energy	  and	  gradient	  as	  a	   linear	   function	  of	   inverse	  

distance	  squared.	  In	  our	  lookup	  table	  approach,	  the	  table	  density	  is	  proportional	  to	  the	  inverse	  

of	  squared	  distance.	  The	  new	  table	   increases	  accuracy	  by	  assigning	   large	  number	  of	  points	  at	  

small	   pair	   distances	   where	   energy/gradients	   changes	   rapidly	   (Figure	   1a).	   Despite	   of	   inverse	  

operations	   in	  our	  approach,	   the	  new	   lookup	  table	  scheme	  allows	   fast	  evaluation	  due	   to	  small	  

cache	  misses	   (Figure	   1b).	  Overall,	   linear	   1/R2	   lookup	  table	   is	  highly	  promising	   for	  MD	  from	  the	  

point	  of	  view	  of	  both	  accuracy	  and	  efficiency. 

 

 

 

 

 

             

 

 

 

Figure	   1.	   (a)	   Energy	   drift	   value	   according	   to	   the	   number	   of	   table	   points	   in	   unit	   section.	   (b)	  

Computational	  time	  for	  one	  step	  calculation.	   	  

 

3.2	  Midpoint	  Cell	  Method	  for	  hybrid	  parallelization 

We	  have	  developed	  a	  new	  hybrid	  (MPI+OpenMP)	  parallelization	  scheme	  for	  molecular	  dynamics	  

(MD)	  simulations	  by	  combining	  a	  cell-‐wise	  version	  of	  the	  midpoint	  method	  with	  pair-‐wise	  Verlet	  

lists.	   In	   this	   scheme,	  which	  we	   call	   the	  midpoint	   cell	  method,	   simulation	   space	   is	   divided	   into	  

subdomains,	  each	  of	  which	   is	  assigned	  to	  a	  MPI	  processor.	  Each	  subdomain	   is	   further	  divided	  
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into	  small	  cells.	  The	  interaction	  between	  two	  particles	  existing	  in	  different	  cells	  is	  computed	  in	  

the	  subdomain	  containing	  the	  midpoint	  cell	  of	  the	  two	  cells	  where	  the	  particles	  reside.	  In	  each	  

MPI	   processor,	   cell	   pairs	   are	   distributed	   over	   OpenMP	   threads	   for	   shared	   memory	  

parallelization.	  The	  midpoint	  cell	  method	  keeps	  the	  advantages	  of	  the	  original	  midpoint	  method,	  

while	   filtering	   out	   unnecessary	   calculations	   of	   midpoint	   checking	   for	   all	   the	   particle	   pairs	   by	  

single	  midpoint	  cell	  determination	  prior	  to	  MD	  simulations.	  Distributing	  cell	  pairs	  over	  OpenMP	  

threads	   allows	   for	   more	   efficient	   shared	   memory	   parallelization	   compared	   with	   distributing	  

atom	   indices	   over	   threads.	   Furthermore,	   cell	   grouping	   of	   particle	   data	  makes	   better	  memory	  

access,	   reducing	   the	   number	   of	   cache	  misses.	   The	   parallel	   performance	   of	   the	  midpoint	   cell	  

method	  on	  the	  K	  computer	  showed	  scalability	  up	  to	  512	  and	  32,768	  cores	  for	  systems	  of	  20,000	  

and	   1	   million	   atoms,	   respectively.	   One	   MD	   time	   step	   for	   long-‐range	   interactions	   could	   be	  

calculated	  within	  4.5	  ms	  even	  for	  a	  1	  million	  atoms	  system	  with	  PME	  electrostatics	  (Figure	  2).	  

Figure	  2.	  Simulation	  time	  (ms/step)	  for	  (a)	  22,000	  and	  (b)	  1	  million	  atoms	  systems.	  

 

3.3	  Development	  of	  high-‐performance	  software	  GENESIS	  

GENESIS	  (Generalized	  Ensemble	  Simulation	  System)	  is	  a	  suite	  of	  computer	  program	  for	  carrying	  

out	   MD	   for	   biomolecular	   systems.	   While	   most	   of	   MD	   programs	   have	   been	   parallelized	   for	  

distributed	  memory	  parallelization	  for	  small	  and	   intermediate	  size	  systems	  (<	  1	  million	  atoms),	  

GENESIS	  is	  optimized	  with	  hybrid	  parallelization	  by	  combining	  MPI	  with	  OpenMP	  for	  large-‐scale	  

simulations.	   For	   fast	   evaluation	   of	   MD,	   we	   introduced	   lookup	   table	   approach	   and	   domain	  

decomposition	  named	  midpoint	  cell	  method,	  which	  are	  already	  written	  in	  the	  above	  sections.	  In	  

GENESIS,	  we	  have	  two	  simulators:	  ATDYN	  (atomic	  decomposition	  dynamics)	  and	  SPDYN	  (spatial	  

decomposition	  dynamics).	  The	  former	  is	  easy	  to	  be	  modified	  for	  developing	  new	  methods	  due	  

to	   simple	   parallelization	   using	   atomic	   decomposition,	   and	   enhanced	   sampling	   algorithms	   like	  

replica-‐exchange	   molecular	   dynamics	   (REMD)	   is	   available.	   In	   ATDYN,	   in	   particular,	   there	   are	  

special	  generalized	  ensemble	  algorithms	  named	  “surface-‐tension	  replica-‐exchange”	  developed	  
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in	  our	  group.	  SPDYN	  was	  written	  mainly	  for	  efficient	  parallelization	  and	  fast	  evaluation	  for	  large	  

systems.	  For	  efficient	  parallelization,	  Fast	  Fourier	  Transform	  (FFT)	  that	  shows	  the	  best	  parallel	  

performance	  out	  of	  all	  MD	  programs	  is	  also	  optimized.	  SPDYN	  is	  optimized	  for	  K	  supercomputer,	  

leading	   6	   ns/day	   for	   100	   million	   atoms	   system.	   This	   is	   an	   impressing	   result	   because	   the	  

performance	  is	  almost	  twice	  faster	  than	  that	  of	  NAMD	  on	  Blue	  Gene/Q.	   	  

GENESIS	  has	  the	  following	  features:	  

1) Coarse-‐grained	  as	  well	  as	  explicit	  all-‐atom	  MD	  is	  available	  in	  ATDYN.	  

2) Parallel	   input/output	  (I/O)	   is	  available	   for	  very	   large	  system	  for	  efficient	  memory	  usage	  

and	  fast	  setup.	  

3) GENESIS	  is	  optimized	  for	  K	  supercomputer,	  but	  it	  is	  also	  available	  on	  PC-‐clusters.	  

4) Everything	  is	  written	  in	  Fortran	  90/95/2003	  with	  dynamics	  memory	  allocation.	  

5) GENESIS	  is	  free	  software	  licensed	  under	  GPL	  version	  2.	  

 

3.4	  Data	  assimilation	  algorithm	  for	  analyzing	  conformational	  dynamics	  of	  biomolecules	  

We	   have	   been	   developing	   an	   algorithm	   for	   data-‐assimilation	   simulations	   incorporating	  

single-‐molecule	   Förster	   resonance	   energy	   transfer	   (smFRET)	   measurements.	   SmFRET	  

measurement	   is	   a	   powerful	   technique	   to	   investigate	   dynamic	   behavior	   of	   biomolecules	   as	   a	  

function	  of	   time.	  However,	   the	   interpretation	  of	   smFRET	  data	   is	   sometimes	  difficult	   since	   the	  

information	  is	  limited	  only	  to	  the	  distance-‐like	  information	  between	  two	  fluorescence	  dyes.	  We	  

have	  been	  developing	  a	  data-‐assimilation	  technique,	  based	  on	  the	  particle	  filter,	  to	  interpret	  the	  

smFRET	   data	   in	   terms	   of	   coarse-‐grained	   protein	   models.	   This	   year,	   we	   have	   formulated	   a	  

likelihood	   function	   for	   smFRET	   photon	   counting	   data,	   by	  modeling	   the	   numbers	   of	   observed	  

photons	   from	  the	   two	  dyes	  as	   inhomogeneous	  Poisson	  processes.	  We	  have	   implemented	   the	  

likelihood	   function	   in	   GENESIS	   and	   tested	   the	   performance	   of	   the	   algorithm	   by	   using	   a	  

simulated	  FRET-‐like	  photon	  counting	  data	  on	  K	  computer.	  Using	  polyproline	  as	  a	  test	  case,	  we	  

have	   confirmed	   the	   performance	   using	   131,072	   replicas	   (particles)	   and	   8,192	   nodes	   of	   K	  

computer.	   	  
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obtained by simulations offers a more objective interpre-
tation of the smFRET data compared to the priors in-
troduced by rather subjective human insights. Besides
our approach, it would be possible to use Markov chain
Monte Carlo (MCMC) for the sampling of the posterior
in Eq. 2. This method could be more efficient in the
sense that less numbers of particles could be applied in
the sampling. However, we should repeat simulations in
series, and it is hard to parallelize the algorithm for the
MCMC. On the other hand, the approach by the particle
filter can be trivially parallelized and would be the best
compromise considering the recent massively parallel en-
vironment of supercomputers.

B. Likelihood function of smFRET photon-counting data

In the following, we derive the likelihood function to
detect certain numbers of photons emitted by the donor
and acceptor in a short time bin under a given conforma-
tional variables. The derived likelihood function is used
in the sequential updates by the particle filter in the next
subsection. For the sake of simplicity, we here focus on
the case of immobilized molecule, and the changes in in-
tensity due to the molecular diffusion in a small detection
volume is not considered.
We consider the simplest kinetic scheme of the photo-

physical states shown in Fig. 2. Photon emission from
a fluorescence molecule is a purely stochastic process,
which is well described as a Poisson process33. The Pois-
son process is characterized by a rate parameter, which is
the expected number of counted events per unit time. In
our case, the rate parameters are photon counting rates
nA, nD from the acceptor and donor, respectively. nA

and nD, which are the expected numbers of detected
photons from the acceptor and donor per unit time, are
described by,

nA(t)= ζAφAkAp(DA∗, t), (3)

nD(t)= ζDφDkDp(D∗A, t), (4)

where ζA and ζD are the detection efficiencies of the de-
tector, φA and φD are the quantum yields, kA and kD
are the decay rates, and p(DA∗, t) and p(D∗A, t) are the
probabilities of the excited states for the acceptor and
donor dyes in Fig. 2, respectively.
In the low excitation limit of the pulsed laser kex ≪

kA,D, we approximate p(DA) ≈ 1 and the stationary
probabilities for the DA∗ and D∗A states can be solved.
Then, Eqs. 3 and 4 are rewritten as,

nD= ζDφDkex
kD

kD + kET(r,κ2)
, (5)

nA= ζAφAkex
kET(r,κ2)

kD + kET(r,κ2)
. (6)

For the Poisson process, the probability to detect ex-
actly one photon during∆t is ≈ nA(t)∆t, and the photon
inter-arrival times are exponentially distributed,

Let us consider a sequence of photons detected at
t1, . . . , tN in the duration of the total experiment time
T given a long trajectory of molecule. The probability
density to detect such sequence of photons is.

P (photon arrival times|trajectory) ∝

e
−

∫ T
tA,N

nA(t)dt
n(tA,N ) . . . e

−
∫ tA,1
tA,2

nA(t)dt
n(tA,1)

× e−
∫ tA,1
0 e

−
∫ T
tB,N

nA(t)dt
n(tB,N ) . . . e

−
∫ tA,1
tB,2

nB(t)dt

× n(tB,1)e
−

∫ tB,1
0 (7)

Path-integral

n(t) ≡ nA(t) + nB(t), (8)

In principle, γ may be determined by measuring the ab-
solute quantum yields, detecter efficiencies for each dye,
which is difficult and error-prone. coarse-graining in time.
In order to alleviate this problem. Correction factor γ =
(ζAφA) / (ζDφD)

P (photon counting|single conformation)

P (NA, ND|single conformation)

=
(nAT )

NA

NA!
e−nAT (nDT )ND

ND!
e−nDT

=
(nT )NA+ND

(NA +ND)!
e−nT (NA +ND)!

NA!ND!
ϵNA(1− ϵ)ND , (9)

The conditional joint probability of detecting NA acceptor
and ND donor photons in a time bin T is rewritten by a mul-
tiplication of a Poisson distribution detecting NA +NB total
photons and a binomial distribution detecting NA acceptor
photons,

P (photon counts in time bin |trajectory in time bin )

P (NA, ND|trajectory in time bin )

=

(∫ T

0
nA(t)dt

)NA

NA!
e−

∫ T
0 nA(t)dt

(∫ T

0
nD(t)dt

)ND

ND!
e−

∫ T
0 nD(t)dt

=
(nT )NA+ND

(NA +ND)!
e−nT (NA +ND)!

NA!ND!
ϵ̄NA(1− ϵ̄)ND , (10)

where ϵ̄ = 1
T

∫ T

0
ϵ(t)dt and ϵ(t) = nA(t)/n. Assuming the

isotropic averaging for the orientation factor κ2, the expected
FRET efficiency becomes.

ϵ(t)=
nA(t)
n

=
kET(t)

kD + kET(t)

=
1

1 +
(

r(t)
R0

)6 . (11)
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n ≡ nA t( ) + nD t( ) = ς AφAkex
when γ ≡ ς AφA ςDφD = 1

n)does)not)depend)on)&me�

ε t( ) ≡ nA t( )
nA t( ) + nD t( ) =

1
1+ r t( ) R0( )6 ε ≡ 1

T
ε t( )dt

0

T

∫

26�EÀ.8��

Sequential data assimilation to smFRET data

Sequential data assimilation to single-molecule FRET photon-counting data
by using molecular dynamics simulations
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Single-molecule Förster resonance energy transfer (smFRET) measurement provides valuable insights into the
dynamical heterogeneities of biomolecules. However, except for the simple cases of well-separated, low-noise,
and limited to only a few states, it is usually difficult to determine the conformational states and the transition
rates between them from smFRET signal. In this study, we propose the use of the sequential Monte Carlo
method to identify the conformational changes of protein based on smFRET trajectories. With the help of
the recent advances in computer power and sampling techniques, it has become possible to determine the
hidden states of the high-dimensional models even from low-dimensional information. We demonstrate the
performance of the methodology by using a coarse-grained protein model.

PACS numbers: Valid PACS appear here
Keywords: single-molecule FRET, molecular dynamics, sequential Monte Carlo, particle filter

I. INTRODUCTION

Single-molecule Förster resonance energy transfer
(smFRET)1 measurement is a powerful technique to
investigate both the ensemble of structures and the
dynamic behavior of biomolecules, providing valu-
able insights into the conformational transitions of
biomolecules, such as functionally-relevant motions, pro-
tein foldings, and DNA-protein interactions. In a typi-
cal two-color smFRET measurement setup, two fluores-
cence dyes are attached to sample molecule via linkers,
and the donor dye is excited by a train of laser pulses
(Fig. 1). The excited donor decays nonradiatively or ra-
diatively by emitting a (green-colored) photon. When
the distance between the donor and acceptor dyes is
small relative to the so-called the Förster radius (R0),
energy transfer from the donor to to the acceptor dye
could happen, then the acceptor dye is excited and de-
cays by emitting a (red-colored) photon. The simplest
kinetic scheme of the photophysical states is illustrated
in Fig. 22. Emitted photons from the dyes are then col-
lected and transmitted through a dichroic beamsplitter,
and divided into wavelength ranges that cover the donor
and acceptor emission spectra. Then, a detector, such as
photomultiplier tubes or avalanche photodiodes, captures
individual photon, and the time stamp or the photon ar-
rival time is recorded with a typical time resolution of
ps − ns. Finally, sequences of photon arrival times from
the donor {tD,1, tD,2, . . .} (tD,i < tD,i+1), and the accep-
tor {tA,1, tA,2, . . .} (tA,i < tA,i+1) are observed, respec-
tively.

The energy transfer from the donor to the acceptor
is a strongly distance- and orientation-dependent phe-
nomenon. In the Förster theory, the dyes are treated as
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FIG. 1. (Color online) The simplest scheme of the photo-
physics of FRET dyes.
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FIG. 2. The simplest kinetic scheme of the photophysical
states of FRET dyes.

point-like oscillating dipoles, and the energy transfer is
conceptualized with the help of the classical picture of
two oscillators (dipoles) in resonance3. In the theory, the
rate of energy transfer kET is given by3,4,

kET(r,κ
2) =

3

2
kDκ2

(
R0

r

)6

, (1)
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Figure	  3.	  (a)	  Schematic	  picture	  of	  smFRET	  photon	  counting	  data.	  (b)	  Inference	  for	  the	  distance	  

between	   two	   fluorescence	   dyes	   attached	   to	   polyproline	   from	   simulated	   smFRET	   photon	  
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counting	  data.	  The	  red	  line	  indicates	  the	  true	  answer,	  and	  black	  lines	  are	  replicas	  (particles).	   	  

 

3.5	  Motion	  tree	  algorithm	  for	  analysis	  of	  large	  domain	  motions	  of	  proteins	  

Proteins	  are	  known	  to	  take	  their	  own	  three-‐dimensional	  structures	   in	  physiological	  conditions.	  

The	  structures	  are	  experimentally	  determined	  in	  crystal	  conditions	  (with	  X-‐ray	  crystallography)	  

or	   in	   solution	   (with	   NMR	   or	   others).	   However,	   in	   physiological	   conditions	   or	   in	   cellular	  

environments,	   proteins	   don’t	   behave	   as	   rigid	   bodies	   but	   show	   significant	   flexibility	   due	   to	  

thermal	   noises.	   Furthermore,	   some	   proteins	   undergo	   large	   domain	  motions	   in	   their	   reaction	  

cycle,	   utilizing	   ATP	   hydrolysis	   or	   proton	   motive	   forces.	   Sarco(endo)plasmic	   reticulum	  

Ca2+-‐ATPase	   (SERCA),	   which	   transports	   Ca2+	   across	   biological	   membranes	   against	   a	   large	  

concentration	   gradient,	   is	   one	   of	   the	  

best-‐studied	   membrane	   proteins.	   In	  

classical	  E1/E2	  theory,	  SERCA	  takes	  at	  least	  

two	   different	   physiological	   states,	   E1	   and	  

E2:	   in	   the	   E1	   state,	   the	   transmembrane	  

binding	   sites	   have	   high	   affinities	   for	   Ca2+,	  

whereas	  the	  affinities	  are	  greatly	   reduced	  

in	   the	  E2	   state.	   In	  addition	   to	   the	  binding	  

and	   release	   of	   Ca2+,	   ATP	   hydrolysis	   and	  

dephosphorylation	  at	  the	  phosphorylation	  

residue,	   Asp351,	   introduces	   more	  

physiological	  states.	   	  

	  

To	   characterize	   its	   conformational	  motions,	  we	   illustrate	   ‘Motion	   Tree	   (MT)’	   based	   on	   seven	  

crystal	   structures	  of	  SERCA.	  MT	   is	  a	   tree	  diagram	  that	   represents	  hierarchical	  domain-‐motion.	  

(Koike	  et	   al.,	   J.	  Mol.	   Biol.,	   2014)	  We	   investigate	   the	   relationship	  between	   local	   conformational	  

changes	   and	   function	   of	   SERCA	   based	   on	   MTs.	   In	   addition,	   we	   determine	   ‘common	   rigid	  

domains	  (CRD)’	  that	  keep	  their	  structural	  rigidity	  during	  the	  whole	  reaction	  cycle.	  The	  analysis	  

allows	  discussion	  of	  how	  the	  protein	  utilizes	  both	  structural	  rigidity	  and	  flexibility	  for	  pumping	  

Ca2+	   across	   the	   membrane.	   We	   also	   investigate	   local	   conformational	   changes	   upon	   a	  

dissociation	  of	  Pi	  and	  Mg2+	  from	  the	  nucleotide-‐binding	  site	  using	  atomistic	  molecular	  dynamics	  

(MD)	   simulations.	   The	   simulations	   reinforce	   the	   notion	   of	   a	   conformational	   change	   upon	  

binding/dissociation	  of	  the	  ligands.	  We	  emphasize	  that	  MT	  detects	  such	  motions	  automatically	  

without	  extensive	  biological	  knowledge,	  suggesting	  general	  applicability	  to	  domain	  movements	  

in	  other	  membrane	  proteins	  to	  deepen	  the	  understanding	  of	  protein	  structure	  and	  function. 

 

Figure	  4.	  Reaction	  cycle	  of	  SERCA	  and	  rigid	  domains	  

in	  MTs	  on	  reaction	  steps	  
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3.6	  Development	  of	  new	  meta-‐dynamics	  algorithms	  

The	   understanding	   of	   biological	   systems	   by	   atomistic-‐level	   simulations	   requires	   free	   energy	  

calculations,	  which	  inherently	  is	  a	  problem	  of	  conformation	  space	  sampling.	  Metadynamics,	  an	  

adaptive-‐biasing	   technique,	   has	   proven	   its	   efficiency	   to	   accelerate	   sampling.	   The	   method	  

estimates	   the	   free	  energy	  by	   iteratively	  updating	  a	  biasing	  potential	   in	  a	  predefined	  collective	  

variable	  space.	  In	  particular,	  we	  were	  focused	  on	  the	  multi-‐replica	  algorithms	  of	  metadynamics,	  

which	   could	   be	   efficiently	   implemented	   on	   the	   massively	   parallel	   computers	   (such	   as	   K	  

computer).	   Currently	   ATDYN	   supports	   several	   mutil-‐replica	   algorithms:	   multiply-‐walker,	  

parallel-‐tempered,	  and	  bias-‐exchange.	  We	  have	  demonstrated	  the	  advantages	  of	  metadynamics	  

to	  enhance	  and	  parallelize	  sampling	  effort	  with	  several	  systems,	  including	  alanine	  pentapeptide	  

(Figure	  5).	  Finally,	  novel	  replica-‐exchange	  schemes	  are	  being	  investigated	  to	  increase	  efficiency	  

of	  the	  multi-‐replica	  metadynamics	  by	  optimizing	  exchange	  rates	  and	  patterns.	  Additionally,	  this	  

allows	  a	   larger	  number	  of	  collective	  variables	  to	  be	  used,	  enabling	  the	  efficient	  simulations	  of	  

more	  complex	  systems	  and	  phenomena.	  

 
Figure	   5.	   Free	   energy	   surface	   along	   two	   backbone	   dihedral	   angles	   (φ3,	   ψ4)	   of	   alanine	  

pentapeptide	   (Ala5)	   obtained	   from	   (a)	   40	   ns	   and	   (b)	   100	   ns	   of	   10-‐replica	   bias-‐exchange	  

metadynamics	  (BE-‐MTD)	  simulations,	  and,	  for	  comparison,	  from	  (c)	  400	  ns	  of	  an	  MD	  simulation	  

(adapted	  from	  R.B.	  Best,	  et	  al.,	  J.	  Chem.	  Theory	  Comput.,	  2012,	  8(9):	  3257–3273).	  

 

3.7	  Computational	  analysis	  of	  low-‐resolution	  structural	  data	  from	  XFEL	  and	  EM	  

We	   have	   been	   developing	   algorithms	   to	   construct	   atomistic	   models	   from	   low-‐resolution	  

structural	   data.	   Cryo-‐EM	   and	   newly	   emerging	   XFEL	   experiments	   provides	   new	   structural	  

information	  that	  are	  not	  available	   in	  traditional	  X-‐ray	  crystallography,	  since	  these	  experiments	  

can	  be	  performed	  without	   the	   crystallization	  of	   target	   systems.	  However,	  on	   the	  other	  hand,	  

the	  data	  from	  Cryo-‐EM	  and	  XFEL	  are	  at	  low-‐resolution	  without	  atomic	  details,	  and	  thus	  need	  to	  

be	   complimented	   by	   other	   information	   to	   construct	   atomic	   models.	   We	   have	   been	  

implementing	   the	   algorithms	   in	   GENESIS	   to	   perform	   flexible	   fitting	   of	   atomic	   structures	   into	  

such	   low-‐resolution	   data.	   Using	   generalized	   ensemble	   algorithms	   embedded	   in	   GENESIS,	   the	  

accuracy	  and	  efficiency	  of	  fittings	  can	  be	  enhanced.	  
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Figure	  6.	  A	  result	  of	  flexible	  fitting	  using	  GENESIS.	  The	  original	  structure	  (left)	  is	  deformed	  using	  

molecular	  dynamics	  simulation	  to	  fit	  the	  low-‐resolution	  data.	  

 

4.	  Schedule	  and	  Future	  Plan	  
We	  have	  released	  the	  first	  version	  of	  GENESIS	  program	  as	  free	  software	  under	  GPL	  license	  v2.	  

We	   continue	   to	   develop	   the	   software	   for	   improving	   its	   performance	   in	   MD	   simulations	   and	  

adding	   new	   functions	   and	   molecular	   models.	   To	   show	   the	   performance	   and	   reliability	   of	  

GENESIS	   on	   K	   computer,	   we	   will	   perform	   simulations	   of	   large	   biomolecules	   like	   Ribosomes,	  

membrane	  proteins,	  and	  so	  on.	   	  

	  

We	   have	   already	   implemented	   the	   efficient	   evaluations	   of	   non-‐bonded	   interactions	   and	   their	  

forces.	   Another	   time	   consuming	   part	   is	   non-‐bonded	   reciprocal	   interactions	   in	   particle	   mesh	  

ewald	   (PME)	   approximation.	   In	   PME,	   the	   reciprocal	   interaction	   is	   evaluated	   using	   FFT	   (Fast	  

Fourier	   Transform)	   computation,	   which	   usually	   show	   poor	   parallel	   scalability.	   We	   plan	   to	  

improve	  the	  performance	  of	  FFT	  on	  parallel	  computers.	  

	  

Multi-‐scale	   and	  multi-‐resolution	  models	   are	   important	   to	   simulate	   large-‐scale	   conformational	  

changes	  of	  membrane	  proteins	  or	  protein	  complexes	  under	  cellular	  environment.	   In	  GENESIS,	  

we	   will	   introduce	   these	   models	   for	   efficient	   conformational	   sampling	   of	   large	   biomolecular	  

systems.	   We	   also	   plan	   to	   implement	   QM/MM	   hybrid	   simulations	   on	   GENESIS	   for	   simulating	  

enzyme	  reactions.	  
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Particle Simulator Research Team  

 

1.	  Team	  members	  
Junichiro	  Makino	  (Team	  Leader)	  
Keigo	  Nitadori	  (Research	  Scientist)	  

Masaki	  Iwasawa	  (Postdoctoral	  Researcher)	   	  

Ataru	  Tanikawa	  (Postdoctoral	  Researcher)	  

Miyuki	  Tsubouchi	  (Technical	  Staff)	  

 

2.	  Research	  Activities	  
We	   are	   developing	   particle-‐based	   simulation	   software	   that	   can	   be	   used	   to	   solve	   problems	  of	  

vastly	  different	  scales.	  

	  

Simulation	   schemes	   for	   hydrodynamics	   and	   structural	   analysis	   can	   bedivided	   into	   grid-‐based	  

and	  particle-‐based	  methods	  (see	  Figure	  1).	   In	  grid-‐based	  methods,	  the	  computational	  region	   is	  

mapped	  to	  regular	  or	  irregular	  grids.	  Continuous	  distributions	  of	  physical	  values	  are	  represented	  

by	  discrete	  values	  at	  grid	  points,	  and	  the	  governing	  partial	  differential	  equation	  is	  approximated	  

to	  a	  set	  of	  finite	  difference	  equations.	   	  

 

In	   the	  case	  of	   the	  particle-‐based	  methods,	  physical	   values	  are	  assigned	   to	  particles,	  while	   the	  

partial	  differential	  equation	  is	  approximated	  by	  the	  interactions	  between	  particles.	  

	  

Both	   methods	   are	   widely	   used,	   and	   they	   have	   their	   advantages	   and	   disadvantages.	   The	  

computational	   cost	   of	   grid-‐based	   schemes	   is	   generally	   lower	   than	   that	   of	   particle-‐based	  

methods	  with	  similar	  number	  of	  freedoms.	  Thus,	  if	  an	  near-‐uniform	  grid	  structure	  is	  appropriate	  

for	  the	  problem	  to	  be	  solved,	  grid-‐based	  methods	  perform	  better.	  

	  

The	  advantage	  of	  the	  particle-‐based	  methods	  comes	  from	  the	  fact	  that	  they	  use	  "Lagrangian"	  

schemes,	   in	  which	  the	  particles	  move	  following	  the	  motion	  of	  the	  fluid	   in	  the	  case	  of	  the	  CFD	  

calculation.	   In	   the	  case	  of	  grid-‐based	  methods,	  we	  generally	  use	  "Eulerian"	  schemes,	   in	  which	  

the	  grid	  points	  do	  not	  move.	  

 

There	  are	  three	  points	  in	  which	  the	  Lagrangian	  schemes	  are	  better	  than	  Eulerian	  schemes.	   	  

	  

One	   is	   that	   the	   Lagrangian	   schemes	   are,	   to	   some	  extent,	   adaptive	   to	   the	   requirement	  of	   the	  

accuracy,	  since	  when	  a	  low-‐density	  region	  is	  compressed	  to	  become	  high	  density.	  
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Second	   one	   is	   that	   the	   timestep	   criteria	   are	   quite	   different.	   In	   the	   case	   of	   the	   Lagrangian	  

schemes,	   the	   timestep	   is	   determined	   basically	   by	   local	   sound	   velocity,	   while	   in	   the	   Eulerian	  

scheme	  by	  global	  velocity.	  Thus,	  if	  a	  relatively	  cold	  fluid	  is	  moving	  very	  fast,	  the	  timestep	  for	  the	  

Eulerian	  schemes	  can	  be	  many	  orders	  of	  magnitude	  shorter	  than	  that	  for	  Lagrangian	  schemes.	   	  

	  

Finally,	   in	   the	  case	  of	   fast-‐moving	   low-‐temperature	   fluid,	   the	  required	  accuracy	  would	  be	  very	  

high	  for	  Eulerian	  scheme,	  since	  the	  error	  comes	  from	  the	  high	  velocity,	  while	  that	  error	  would	  

be	   transferred	   to	   internal	   energy	  of	   the	   fluid	  element	  which	   is	  much	   smaller	   than	   that	  of	   the	  

kinetic	  motion.	  

	  

Of	  course,	  there	  are	  disadvantages	  of	  Lagrangian	  schemes.	  The	  primary	  one	  is	  the	  difficulty	  of	  

construction	   of	   such	   schemes	   in	   two	   or	   higher	   dimensions.	   	   In	   the	   case	   of	   one-‐dimensional	  

calculation,	  it	  is	  easy	  to	  move	  grid	  points	  following	  the	  motion	  of	  the	  fluid,	  but	  in	  two	  or	  higher	  

dimensions,	  the	  grid	  structure	  would	  severely	  deform	  if	  we	  let	  the	  grid	  points	  follow	  the	  flow.	  

Thus,	  we	   have	   to	   reconstruct	   the	   grid	   structure	   every	   so	   often.	   This	   requirement	   causes	   the	  

program	   to	   become	   complex.	   Moreover,	   reconstruction	   of	   the	   grid	   structure	   (so	   called	  

remeshing)	  means	  we	  lose	  numerical	  accuracy.	  

	  

Particle-‐based	   methods	   "solve"	   this	   difficulty	   by	   not	   requiring	   any	   mesh.	   In	   particle-‐based	  

methods,	  particles	  interact	  with	  its	  neighboring	  particles,	  not	  through	  some	  connection	  through	  

grid,	  but	  through	  distance-‐dependent	  kernel	  functions.	  Thus,	  there	  is	  no	  need	  of	  remeshing.	  As	  

a	  result,	  particle-‐based	  schemes	  are	  simple	  to	  implement,	  and	  can	  give	  reasonable	  results	  even	  

when	  the	  deformation	  is	  very	  large.	  Another	  important	  advantage	  is	  that	  it	  is	  relatively	  easy	  to	  

achieve	  high	  efficiency	  with	  large-‐scale	  particle-‐based	  simulation.	  

	  

In	  the	  case	  of	  grid-‐based	  schemes,	  in	  order	  achieve	  some	  adaptivity	  to	  the	  solution,	  we	  have	  to	  

use	  either	  irregular	  grid	  or	  regular	  grid	  with	  adaptive	  mesh	  refinment.	  In	  both	  cases,	  adaptivity	  

breaks	   the	   regularity	   of	   the	   mesh	   structure,	   resulting	   in	   non-‐contiguous	   access	   to	   the	   main	  

memory.	   In	   the	   case	   of	   the	   particle-‐based	   schemes,	   it	   does	   require	   some	   irregular	   memory	  

access,	   but	   it	   is	   relatively	   straightforward	   to	   make	   good	   use	   of	   spacial	   locality,	   and	   thereby	  

achieving	  high	  efficiency.	  Similarly,	  very	  high	  parallel	  performance	  can	  be	  achieved.	   	  

	  

However,	   it	  has	   its	  own	  problems.	  In	  the	  case	  of	  the	  SPH	  method,	   it	  has	  been	  known	  that	  the	  

standard	   scheme	   cannot	   handle	   the	   contact	   discontinuity	   well.	   It	   also	   require	   rather	   strong	  

artificial	  viscosity,	  which	  results	  in	  very	  low	  effective	  Reynolds	  number.	  
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Thus,	  in	  many	  fields	  of	  computational	  sciences,	  many	  groups	  are	  working	  on	  implementation	  of	  

high-‐performance	  particle-‐based	  simulation	  codes	  for	  their	  specific	  problem.	  

	  

One	   serious	   problem	   here	   is	   that,	   high-‐performance,	   highly-‐parallel	   simulation	   codes	   for	  

particle-‐based	  simulations	  are	  becoming	  more	  and	  more	  complex,	   in	  order	  to	  make	  full	  use	  of	  

modern	   supercomputers.	   We	   need	   to	   distribute	   particles	   to	   many	   computing	   nodes	   in	   an	  

appropriate	  way,	  so	  that	  the	  communication	  between	  nodes	  is	  minimized	  and	  at	  the	  same	  time	  

near-‐optimal	  load	  balance	  is	  achieved.	  Within	  each	  nodes,	  we	  need	  to	  write	  an	  efficient	  code	  to	  

find	  neighbor	  particles,	  rearrange	  data	  structure	  so	  that	  we	  can	  make	  good	  use	  of	  the	  locality,	  

make	  good	  use	  of	  multiple	  cores	  and	  SIMD	  units	  within	  each	  core.	  

	  

Even	  for	  the	  case	  of	  very	  simple	  particle-‐particle	  interaction	  such	  as	  the	  Lenard-‐Jones	  potential	  

or	  Coulomb	  potential,	  the	  calculation	  code	  tends	  to	  be	  very	  large,	  and	  since	  the	  large	  fraction	  of	  

the	  code	  is	  written	  to	  achieve	  a	  high	  efficiency	  on	  a	  specific	  architecture,	  it	  becomes	  very	  hard	  

to	  port	  a	  code	  which	  is	  highly	  optimized	  to	  one	  architecture	  to	  another	  architecture.	  

	  

Our	  goal	  is	  to	  develop	  a	  "universal"	  software	  that	  can	  be	  applied	  to	  a	  variety	  of	  problems	  whose	  

scales	  are	  vastly	  different.	  In	  designing	  such	  universal	  software,	  it	  is	  important	  to	  ensure	  that	  it	  

runs	   efficiently	   on	   highly	   parallel	   computers	   such	   as	   the	   K	   computer.	   Achieving	   a	   good	   load	  

balance	   with	   particle-‐based	   simulation	   is	   a	   difficult	   task,	   since	   using	   a	   regular	   spatial	  

decomposition	  method	   causes	   severe	   load	   imbalance,	   though	   this	   works	   well	   for	   grid-‐based	  

software.	   Consequently,	   we	   have	   developed	   an	   adaptive	   decomposition	   method	   that	   is	  

designed	  to	  work	  in	  a	  way	  that	  the	  calculation	  time	  on	  each	  node	  is	  almost	  the	  same,	  resulting	  

in	  near-‐optimal	  load	  balance.	  The	  strategy	  to	  develop	  such	  a	  universal	  software	  is	  as	  follows.	  

	  

We	  first	  construct	  a	  highly	  parallel	  and	  very	  efficient	   implementation	  of	  the	  TreePM	  algorithm	  

for	  gravitational	  N-‐body	  problem.	  This	  is	  actually	  not	  a	  completely	  new	  implementation,	  but	  the	  

GreeM	  code	  developed	  by	  researchers	  of	  the	  Strategic	  Program	  for	  Innovative	  Research	  (SPIRE)	  

Field	  5	  “The	  origin	  of	  matter	  and	  the	  universe.	  In	  collaboration	  with	  the	  Field	  5	  researchers,	  we	  

improve	   the	   efficiency	   of	   the	   code	   and	   study	   the	   issues	   of	   the	   data	   structure,	   domain	  

decomposition,	  load	  balance	  strategy	  etc.	  

	  

In	  the	  second	  stage,	  we	  will	  develop	  a	  prototype	  of	  the	  parallel	  particle	  simulation	  platform.	  We	  

will	   design	   the	   platform	   so	   that	   it	   can	   be	   used	   for	  multiple	   physical	   systems.	   In	   practice,	  we	  

consider	  the	  following	  three	  applications	  as	  the	  initial	  targets.	  
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1.	  Gravitational	  N-‐body	  simulation	  

2.	  Smoothed	  Particle	  Hydrodynamics	   	  

3.	  Molecular	  Dynamics	  

	  

In	  the	  meantime,	  we	  will	  also	  investigate	  the	  way	  to	  improve	  the	  performance	  and	  accuracy	  of	  

the	  current	  particle-‐based	  algorithms	  for	  hydrodynamics. 

 

3.	  Research	  Results	  and	  Achievements  
As	  we	  stated	  in	  section	  2,	  we	  are	  working	  on	  the	  three	  major	  subtopics,	  in	  order	  to	  develop	  the	  

universal	  platform	  for	  particle	  simulations.	  

	  

In	  the	  following,	  we	  briefly	  describe	  the	  status	  of	  our	  research	  in	  each	  subtopic.	  

	  

3.1.	  High-‐performance	  gravitational	  N-‐body	  solver	  

In	   collaboration	   with	   the	   researchers	   of	   researchers	   of	   the	   Strategic	   Program	   for	   Innovative	  

Research	   (SPIRE)	   Field	   5	   “The	   origin	   of	   matter	   and	   the	   universe,	   we	   have	   developed	   an	  

extremely	   high	   performance	   gravitational	   N-‐body	   solver,	   GreeM,	   for	   the	   K	   computer.	   It	  

achieved,	   as	   of	   November	   2012,	   the	   sustained	   performance	   of	   5.67	   petaflops	   (55%	   of	   the	  

theoretical	   peak	   performance	   of	   the	   K	   computer).	   Even	   more	   important	   is	   its	   performance	  

measured	  in	  the	  unit	  of	  the	  number	  of	  particles	  updated	  per	  second.	  GreeM	  on	  K	  integrates	  4	  x	  

1011	  particles	  per	  second.	  Researchers	  in	  the	  US	  developed	  a	  similar	  calculation	  code	  on	  the	  BG/Q,	  

and	  its	  measured	  speed	  was	  1.6	  x	  1011	  particles	  per	  second,	  on	  the	  BG/Q	  machine	  with	  the	  peak	  

speed	  of	  20Pflops.	  Thus	  GreeM	  on	  K	  is	  about	  2.4	  times	  faster	  than	  the	  best	  competing	  code	  on	  a	  

machine	  nearly	  two	  times	  faster	  than	  the	  K	  computer.	  In	  other	  words,	  GreeM	  on	  K	  is	  about	  five	  

times	  more	  efficient	  than	  the	  best	  competing	  code.	  The	  numerical	  accuracy	  was	  similar.	  In	  the	  

following,	  we	  briefly	   describe	   the	  method	  used	   and	   the	  possible	   reason	   for	   the	  performance	  

difference	  between	  GreeM	  on	  K	  and	  the	  calculation	  on	  BG/Q.	  The	  full	  detail	  of	  the	  GreeM	  code	  

is	  discussed	  in	  Ishiyama	  et	  al	  (2012).	  

	  

We	  use	  the	  TreePM	  algorithm	  as	  the	  basic	  method	  for	  the	  evaluation	  of	  gravitational	  interaction	  

between	  particles.	  TreePM	  is	  a	  combination	  of	  the	  tree	  method	  and	  the	  P^3M	  (particle-‐particle	  

particle-‐mesh)	  scheme.	  Figure	  1	  shows	  the	  basic	  idea	  of	  the	  tree	  algorithm.	  The	  space	  is	  divided	  

into	   a	   hierarchical	   octree	   structure	   (quadtree	   in	   the	   figure).	   Division	   is	   stopped	   when	   a	   cell	  

contains	  one	  or	  no	  particle.	  When	  we	  calculate	   the	   force	  on	  a	  particle,	  we	  evaluate	   the	   force	  

from	  a	  group	  of	  particles,	  with	  size	  larger	  for	  more	  distant	  particles.	  In	  this	  way,	  we	  can	  reduce	  

the	  calculation	  cost	  from	  O(N2)	  to	  O(N	  log	  N).	  
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The	  tree	  algorithm	  is	  widely	  used,	  but	  when	  the	  periodic	  boundary	  condition	  is	  applied,	  we	  can	  

actually	  use	  a	  more	  efficient	  scheme,	  since	  we	  can	  calculate	  the	  long-‐range,	  periodic	  term	  using	  

FFT.	   The	   P^3M	   scheme	   has	   been	   used	   for	   such	   problem,	   but	   it	   has	   the	   serious	   problem	   that	  

when	   the	   density	   contrast	   becomes	   high,	   the	   calculation	   cost	   increases	   very	   quickly.	   The	  

TreePM	   scheme	   solves	   this	   difficulty	   by	   using	   the	   tree	   algorithm	   to	   evaluate	   the	   forces	   from	  

nearby	  particles.	  Even	  when	  there	  are	  very	   large	  number	  of	  neighbor	  particles,	  the	  calculation	  

cost	  does	  not	  increase	  much,	  since	  the	  calculation	  cost	  of	  the	  neighbor	  force	  is	  proportional	  to	  

the	  logarithm	  of	  the	  number	  of	  neighbors.	  

 

 
 

 

Figure 1. Basic idea of 

the tree algorithm 

 

Figure 2. P3M and 

TreePM 

 



111	  

In	   order	   to	   map	   the	   problem	   to	   the	   distributed-‐memory	   parallel	   computer	   such	   as	   the	   K	  

computer,	  we	  adopted	   the	  approach	   to	  divide	   the	   space	   into	  domains	   and	  assign	  particles	   in	  

one	   domain	   to	   one	   calculation	   node.	  We	   used	   the	   orthogonal	   recursive	  multisection	  method	  

developed	   by	   the	   team	   leader	   some	   years	   ago.	   It	   is	   the	   generalization	   of	   the	   orthogonal	  

recursive	  bisection	  (ORB),	  which	  has	  been	  widely	  used	  in	  many	  parallel	  implementations	  of	  the	  

tree	  algorithm.	  

	  

With	  ORB,	  we	  recursively	  divide	  space	  into	  two	  halves,	  each	  with	  the	  same	  number	  of	  particles.	  

An	   obvious	   disadvantage	   of	   the	   ORB	   approach	   is	   that	   it	   can	   utilize	   the	   computing	   nodes	   of	  

integral	  powers	  of	  two.	  Thus,	  in	  the	  worst	  case	  we	  can	  use	  only	  half	  of	  the	  available	  nodes.	  

	  

The	   difference	   between	   the	   multisection	   method	   and	   the	   ORB	   is	   that	   with	   the	   multisection	  

method	  we	  allow	  the	  divisions	  to	  arbitrary	  number	  of	  domains,	  instead	  of	  bisection.	  This	  would	  

allow	  too	  many	  possible	  divisions.	  In	  our	  current	  implementation,	  we	  limit	  the	  number	  of	  levels	  

to	  three,	  and	  make	  the	  numbers	  of	  divisions	  at	  all	  levels	  as	  close	  as	  possible.	  Thus,	  our	  domain	  

decomposition	   is	  topologically	  a	  simple	  three-‐dimension	  grid.	  This	  fact	  makes	  the	  multisection	  

method	  well	  suited	  to	  the	  machines	  with	  the	  3D	  torus	  network	  like	  the	  K	  computer.  

 
 Figure 3 Recursive 

multisection in two 

dimension 
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Originally,	  with	  the	  ORB	  method	  the	  domains	  contain	  the	  same	  number	  of	  particles.	  It	  was	  soon	  

realized	  that	  this	  division	  did	  not	  provide	  the	  best	  load	  balancing,	  and	  people	  started	  to	  use	  the	  

number	  of	  interaction	  calculations	  as	  the	  measure	  for	  the	  calculation	  cost.	  We	  found	  that	  even	  

that	   is	   not	   ideal,	   and	   have	   adopted	   a	  much	   better	   approach.	  We	   simply	  measure	   the	   cost	   in	  

terms	  of	  the	  CPU	  seconds,	  and	  assign	  particles	  the	  average	  CPU	  time.	  Then	  we	  divide	  the	  space	  

so	   that	  each	  node	  should	   require	   the	  same	  CPU	  time.	  This	  approach	   turned	  out	   to	  be	  able	   to	  

achieve	  the	  near-‐ideal	  load	  balance.	  

	  

Finally,	   in	  order	   to	  achieve	   the	  high	  efficiency,	   the	  efficiency	  of	   the	   force	   calculation	  kernel	   is	  

extremely	  important.	  In	  the	  case	  of	  the	  K	  computer,	  we	  need	  to	  make	  use	  of	  the	  two-‐way	  SIMD	  

unit,	  and	  the	  fact	   that	   two	  units	  are	  there.	   In	  order	  to	  achieve	  this	  goal,	  we	  developed	  a	  new	  

expression	  for	  the	  spline	  kernel	  for	  the	  force	  cutoff,	  which	  requires	  only	  one	  masked	  operation.	  

For	   the	   force	   kernel,	   we	   have	   achieved	   the	   performance	   of	   72.8%	   of	   the	   theoretical	   peak	   or	  

actually	   97%	  of	   the	   theoretical	   limit	  when	  we	   take	   into	   account	   the	   fact	   not	   all	   floating-‐point	  

operations	  are	  mapped	  to	  FMA	  operations.	  

 

Our	   current	   implementation	   is	   fairly	   straightforward,	   and	   there	   is	   nothing	   unusual.	   Thus,	   we	  

have	  some	  difficulty	  in	  understanding	  why	  the	  competing	  code	  is	  much	  slower.	  The	  most	  likely	  

reason	  is	  that	  the	  competing	  code	  is	  the	  modification	  of	  the	  P^3M	  code	  developed	  by	  the	  same	  

group	  for	  the	  Roadrunner	  supercomputer,	  which	  has	  the	  IBM	  Cell	  processor.	  Either	  their	  code	  is	  

not	   yet	   optimized	   for	   the	   BG/Q,	   or	   the	   original	   structure	   of	   the	   P^M	   code	   resulted	   in	   some	  

intrinsic	  limitation	  of	  the	  performance.	  

	  

We	  have	  developed	  a	  "reference	  code"	  for	  gravitational	  N-‐body	  simulation	  on	  the	  K	  computer.	  

This	  code	  is	  fairly	  well	  optimized	  for	  the	  K	  computer,	  and	  shows	  quite	  good	  scalability	  for	  even	  

for	  relatively	  small-‐size	  problems.	  The	  asymptotic	  speed	  per	  timestep	  for	  large	  number	  of	  nodes	  

is	  around	  7ms.	  This	  speed	  is	  comparable	  to	  that	  of	  highly	  optimized	  molecular	  dynamics	  codes	  

on	  K,	  even	  though	  our	  code	  is	  designed	  to	  handle	  highly	  inhomogeneous	  systems.	  

	  

We	  will	  use	  this	  code	  as	  the	  reference	  implementation	  for	  more	  generalized	  particle	  simulation	  

platform	  which	  will	  be	  described	  in	  the	  next	  subsection.	  

 

3.2.	  Particle	  Simulation	  Platform	  

We	   have	  made	   detailed	   specification	   of	   the	   particle	   simulation	   platform,	  which	  we	   call	   FDPS	  

(Framework	  for	  Developing	  Particle	  Simulator).	  

	  

The	   basic	   idea	   of	   FDPS	   is	   that	   the	   application	   developer	   (or	   the	   user)	   specified	   the	  way	   the	  
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particles	  interact	  with	  each	  other,	  and	  the	  rest	  is	  taken	  care	  by	  FDPS.	  Here,	  "the	  rest"	  includes	  

I/O,	  domain	  decomposition	  and	  re-‐distribution	  of	  particles,	  evaluation	  of	   interactions	  between	  

particles,	  including	  those	  in	  different	  domains	  (different	  MPI	  processes,	  for	  example).	  

	  

In	  practice,	  there	  are	  many	  additional	  details	  the	  user	  should	  give.	  Consider	  a	  relatively	  simple	  

case	  of	  particles	  interacting	  with	  soften	  1/r	  potential.	  There	  are	  a	  number	  of	  small	  but	  important	  

points	  one	  has	   to	  decide	  on.	   For	  example,	  what	  algorithm	  should	  be	  used	   for	   the	   interaction	  

calculation?	  Even	  if	  we	  limit	  the	  possibilities	  to	  reasonably	  adaptive	  schemes	  for	  open	  boundary	  

problems,	  we	  have	  the	  choice	  between	  Barnes-‐Hut	  tree	  and	  FMM.	  For	  both	  algorithms,	   there	  

are	  many	   different	  ways	   to	   parallelize	   them	   on	   distributed-‐memory	   parallel	   computers.	   Also,	  

there	  are	  infinitely	  many	  variations	  for	  the	  time	  integration	  schemes.	  

	  

The	  base	   layer	  of	  FDPS	  offers	   the	  domain	  decomposition	  based	  on	   the	   recursive	  multisection	  

algorithm	  (Makino	  2004),	  with	  arbitrary	  weighting	  function	  for	  the	  load	  balancing	  (Ishiyama	  et	  

al	  2009).	  It	  also	  offers	  the	  parallel	  implementation	  of	  interaction	  calculation	  between	  particles.	  

 

The	  domain	  decomposition	  part	  takes	  the	  array	  of	  particles	  on	  each	  node	  as	  the	  main	  argument.	  

It	  then	  generates	  an	  appropriate	  domain	  for	  each	  node,	  redistribute	  particles	  according	  to	  their	  

locations,	  and	  returns.	  

	  

The	  interaction	  calculation	  part	  takes	  the	  array	  of	  particles,	  the	  domain	  decomposition	  structure,	  

and	   the	   specification	   of	   the	   interaction	   between	   particles	   as	   main	   arguments.	   The	   actual	  

implementation	  of	   this	   part	   need	   to	   take	   into	   account	   a	   number	   of	   details.	   For	   example,	   the	  

interaction	   can	   be	   of	   long-‐range	   nature,	   such	   as	   gravity,	   Coulomb	   force,	   and	   interaction	  

between	  computational	  elements	  in	  the	  boundary	  element	  method	  (BEM).	  In	  this	  case,	  the	  user	  

should	  also	  provide	   the	  way	   to	   construct	   approximations	   such	  as	   the	  multiple	  expansion	  and	  

the	   way	   to	   estimate	   error.	   The	   interaction	   might	   be	   of	   short-‐range	   nature,	   with	   either	  

particle-‐dependent	  or	  independent	  cutoff	  length.	  In	  these	  cases,	  the	  interaction	  calculation	  part	  

should	  be	  reasonably	  efficient	  in	  finding	  neighbor	  particles.	  

 

We	  have	  completed	  the	  specification	  document	  for	  API	  of	  these	  part,	  and	  currently	  working	  on	  

the	  prototype	  (single-‐node)	  implementation	  of	  this	  API.	  

 

3.3.	  Improvements	  on	  SPH	  

SPH	   (Smoothed	   Particle	  Hydrodynamics)	   has	   been	   used	   in	  many	   field,	   including	   astrophysics,	  

mechanical	   engineering	   and	   civil	   engineering.	   Recently,	   however,	   it	  was	   pointed	  out	   that	   the	  

standard	  formulation	  of	  SPH	  has	  numerical	  difficulty	  at	  the	  contact	  discontinuity.	  
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We	  have	  been	  working	  on	  the	  possible	  solution	  on	  this	  problem,	  and	  have	  made	  two	  significant	  

steps	   in	   this	   year.	   The	   first	   one	   is	   the	   generalization	   of	   the	   density-‐independent	   SPH	   to	   an	  

arbitrary	  equation	  of	  state,	  and	  the	  second	  one	  is	   its	  further	  generalization	  which	  requires	  the	  

continuity	  of	  neither	  density	  nor	  pressure.	  

	  

The	   density-‐independent	   SPH	   is	   a	   new	   formulation	   of	   SPH	   we	   proposed	   in	   2011.	   It	   uses	   the	  

pressure,	   instead	  of	  the	  density,	  as	  the	  basic	  variable	  using	  which	  we	  evaluate	  the	  gradient	  of	  

other	   quantities.	  With	   hydrodynamics,	   the	   pressure	   is	   continuous	   everywhere,	   except	   at	   the	  

shock	  front.	  In	  the	  case	  of	  SPH,	  we	  use	  the	  artificial	  viscosity	  so	  that	  the	  physical	  variables	  are	  all	  

continuous	   and	   differentiable	   even	   at	   the	   shock	   front.	   Thus,	   by	   using	   pressure	   as	   the	   basic	  

variable,	  we	  can	  avoid	  the	  numerical	  difficulty	  associated	  with	  the	  contact	  discontinuity.	  

 

In	   the	   case	   of	   an	   ideal	   gas,	   we	   can	   calculate	   the	   pressure	   easily	   from	   the	   internal	   energy	   of	  

particles,	  but	   if	   the	  equation	  of	   state	   is	  non-‐ideal,	  we	  cannot	  calculate	   the	  pressure	  explicitly.	  

We	  can	  obtain	  the	  pressure	  by	  solving	  an	  implicit	  equation,	  and	  found	  that	  the	  additional	  cost	  of	  

solving	  the	  equation	  is	  actually	  small.	  The	  reason	  is	  that	  we	  can	  also	  integrate	  the	  time	  evolution	  

of	  the	  pressure,	  and	  therefore	  can	  obtain	  very	  good	  initial	  guess.	   	   Iteration	  with	  simple	  direct	  

substitution	  is	  stable	  and	  fast	  enough.	  

 

We	  also	  developed	  a	  very	  different	  way	  to	  achieve	  the	  density	  independence.	  In	  DISPH,	  we	  used	  

the	  pressure-‐energy	  pair	  of	   intensive	  and	  extensive	   thermodynamic	  variables	   to	  construct	   the	  

volume	  estimator	  of	  a	  particle.	  This	  estimator	  works	  great	  at	  the	  contact	  discontinuity,	  at	  which	  

the	   pressure	   is	   almost	   constant	   but	   the	   density	   is	   discontinuous.	  However,	   it	   behaves	   poorly	  

where	  the	  pressure	  changes	  rapidly.	  One	  example	  is	  the	  surface	  of	  a	  fluid,	  either	  that	  of	  liquid	  or	  

self-‐gravitating	  gas.	  Since	  the	  pressure	  at	  the	  surface	  is	  by	  definition	  zero,	  the	  volume	  estimator	  

based	  on	  the	  pressure	  cannot	  give	  a	  valid	  volume	  element.	  

	  

We	   constructed	   an	   SPH	   scheme	  which	   uses	   artificial	   density-‐like	   quantity	   as	   the	   base	   of	   the	  

volume	   estimator.	   It	   evolves	   through	   usual	   continuity	   equation,	   but	  with	   additional	   diffusion	  

term.	  Thus,	  we	  can	  guarantee	  the	  continuity	  and	  differentiability	  of	  this	  quantity,	  except	  at	  the	  

initial	   condition	   or	   at	   the	   moment	   when	   two	   fluid	   elements	   contact	   with	   each	   other.	   This	  

scheme	  seems	  to	  work	  extremely	  well,	  and	  we	  are	  currently	  working	  on	  the	  way	  to	  extend	  this	  

scheme	  so	  that	  it	  can	  handle	  free	  surface	  accurately.	  

 

 



115	  

4.	  Schedule	  and	  Future	  Plan	  
We	  plan	  to	  release	  the	  first	  prototype	  of	  the	  platform	  by	  FY	  2014.	  It	  will	  have	  the	  basic	  abilities	  

to	   run	  on	   large-‐scale	  parallel	   computers	  with	   reasonable	   load-‐balancing,	   for	  multiple	   forms	  of	  

the	   interparticle	   interaction	   formula.	  We	  will	   extend	   this	   to	   fully	   user-‐specifiable	   interface	   to	  

interparticle	  interactions	  in	  the	  future	  release.	  
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2.	  Research	  Activities 
Our	  research	  team	  conducts	  the	  pioneering	  research	  work	  to	  lead	  the	  future	  climate	  simulation.	  

In	  order	   to	  enhance	   the	   reliability	  of	   climate	  model	  more,	  we	  aim	   to	   construct	  a	  new	  climate	  

model	   based	   on	   the	   further	   theoretically	   physical	   principles.	   Conducting	   such	   a	  model	   needs	  

tremendously	   large	  computer	  resources.	  Therefore,	   it	   is	  necessary	  to	  design	  the	  model	  to	  pull	  

out	   the	  capability	  of	  computers	  as	  much	  as	  possible.	  Recent	  development	  of	  supercomputers	  

has	   a	   remarkable	   progress.	   Hence	   new	   numerical	   techniques	   should	   be	   needed	   under	   the	  

collaboration	  of	  hardware	  research	  and	  software	  engineering	  for	  the	  effective	  use	  of	  them	  on	  

the	  future	  HPC,	  including	  K	  computer.	   	  

	  

For	   the	   above	   research	   purpose	   and	   background,	   our	   team	   is	   cooperating	   with	   the	  

computational	  scientists	   in	  other	  fields	  and	  computer	  scientists.	  We	  enhance	  the	  research	  and	  

development	   for	   the	   future	   climate	   simulations	   including	   effective	   techniques;	   we	   make	   a	  

next-‐generation	   climate	   model.	   The	   establishment	   of	   the	   above	   basic	   and	   infrastructure	  

research	   on	   K	   Computer	   is	   strongly	   required,	   because	   this	   research	   leads	   to	   post	   K	   (Exa)	  

computer	  or	  subsequent	  ones	  in	  the	  future.	   	  
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We	  have	  been	   continuing	   to	   conduct	   five	  ongoing	  projects	   and	   started	  one	  project	   from	   this	  

fiscal	  year. 

 

1. Construction	  of	  a	  new	  library	  for	  climate	  study:	  

We	   have	   proposed	   the	   subject	   “Estimation	   of	   different	   results	   by	   many	   numerical	  

techniques	   and	   their	   combination”	  as	   a	   synergetic	   research	   to	  MEXT	   in	   2011	   through	   the	  

discussion	  with	  the	  Strategic	  5	  fields	  (SPIRE).	  

2. Grand	  challenge	  run	  for	  sub-‐km	  horizontal	  resolution	  run	  by	  global	  cloud-‐resolving	  model:	  

In	  order	  to	  achieve	  an	  outstanding	  simulation	  on	  K	  computer	  in	  climate	  field,	  our	  team	  are	  

conducting	  and	  analyzing	  the	  simulation	  with	  super-‐high	  resolution.	  This	  work	  are	  done	  in	  

cooperation	  with	  the	  SPIRE3.	   	  

3. Feasibility	  study	  of	  Exa-‐scale	  computing	  using	  the	  general	  circulation	  model:	  

The	   project	   of	   G8	   Research	   Councils	   Initiative	   “ICOMEX”	   has	   been	   started	   from	   2011	  

autumn.	   Through	   this	   project,	   a	   part	   of	   our	   team	   does	   the	   feasibility	   study	   of	   Exa-‐scale	  

computing	  by	  the	  global	  cloud	  resolving	  model	  and	  conduct	  the	  inter-‐comparison	  between	  

the	  existing	  icosahedral	  models.	  

4. Feasibility	  study	  to	  the	  future	  HPCI:	  

In	   order	   to	   clarify	   what	   can	   be	   contributed	   from	   computational	   science	   to	   the	  

socio/scientific	  field,	  “the	  Feasibility	  Study	  to	  the	  future	  HPCI”	  funded	  by	  MEXT	  has	  started	  

from	  this	  fiscal	  year.	  RIKEN/AICS	  are	  now	  leading	  the	  investigation	  of	  contribution	  from	  the	  

application	  side.	  The	  executive	  office	  was	  established	   in	  our	  team.	  We	  are	  organizing	  the	  

application	  community	  of	  computational	  sciences.	  

5. Disaster	  prevention	  research	  in	  establishment	  of	  COE	  project:	  

Hyogo-‐Kobe	  COE	  establishment	  project	  has	  accepted	  5	  subjects	  in	  2012.	  One	  of	  subjects	  is	  

“the	  computational	  research	  of	  disaster	  prevention	  in	  the	  Kansai	  area”.	  In	  this	  subject,	  one	  

of	   sub-‐subjects	   is	   “Examination	  of	  heavy-‐rainfall	   event	   and	   construction	  of	  hazard	  map”,	  

which	  our	  team	  is	  responsible	  of.	  

 

 

3.	  Research	  Results	  and	  Achievements 
3.1 Construction	  of	  a	  new	  library	  for	  climate	  study	  

SCALE	  library	  development	  

We	  are	  working	  on	  research	  and	  development	  of	  a	  library	  (named	  SCALE)	  for	  numerical	  models	  

in	   fluid	  dynamical	   field	  especially	   in	  meteorological	   field.	  We	  examined	  feasibility	  of	  numerical	  

scheme	  and	  methods	  and	  developed	  new	  ones	  which	  are	  suite	  on	  massive	  parallel	  computers	  

especially	   K	   computer.	   In	   order	   to	   validate	   the	   schemes	   and	   test	   their	   performance	   in	  
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atmospheric	  simulations,	  we	  have	  been	  developing	  an	  atmospheric	  large-‐eddy	  simulation	  model	  

(named	  SCALE-‐LES)	  as	  a	  part	  of	  the	  SCALE	  library.	  The	  SCALE	  library	  and	  the	  SCALE-‐LES	  model	  

are	  currently	  available	  as	  open	  source	  software	  at	  our	  web	  site	  (http://scale.aics.riken.jp/).	   It	   is	  

also	   installed	   on	   K	   computer	   and	   is	   available	   for	   K	   computer	   users	   as	   an	   AICS	   Software	  

(http://www.aics.riken.jp/en/kcomputer/aics-‐software.html).	   	  

 

Stratocumulus	  simulations	  by	  SCALE-‐LES	  

By	  using	  SCALE-‐LES	  model,	  we	   investigated	  shallow	  clouds	  such	  as	   stratocumulus	  which	  have	  

important	  role	  in	  energy	  budget	  of	  the	  Earth	  through	  radiative	  process.	  Stratocumulus	  has	  two	  

types	   of	   famous	   structure:	   closed-‐	   and	   open-‐cells.	  We	   succeeded	   to	   simulate	   the	   closed-‐	   and	  

open-‐cells	   (Fig.	   1)	   with	   a	   35m-‐	   (in	   horizontal)	   and	   5m-‐	   (in	   vertical)	   resolution	   simulation.	  

Experimental	  settings	  are	  basically	  follows	  the	  DYCOMS-‐II	  RF02	  setup	  (Ackerman	  et	  al.	  2009).	    

 

 

We	   plotted	   the	   two	   cloud	   growth	   diagrams	   named	   Contoured	   Frequency	   Optical	   Depth	  

Diagram	   (CFODD)	   and	   correlation	   pattern	   between	   effective	   radius	   (Re)	   and	   Cloud	   Optical	  

Depth	   (COT)	   (RE-‐COT	   pattern).	   The	   former	   was	   firstly	   proposed	   from	   the	   results	   of	   satellite	  

remote	   sensing	   by	  Nakajima	   et	   al.	   (2010)	   and	   Suzuki	   et	   al.	   (2010)	   and	   the	   latter	   proposed	   by	  

Nakajima	  and	  Nakjaima	  (1995).	  All	  of	  them	  inferred	  that	  growth	  processes	  of	  cloud	  particles	  can	  

be	  obtained	  from	  the	  analysis	  of	  the	  CFODD	  and	  the	  RE-‐COT	  pattern,	  but	  they	  did	  not	  confirm	  

the	   validity	   of	   their	   inference	   because	   satellite	   remote	   sensing	   did	   not	   obtain	   temporal	  

sequence	  of	  the	  CFODD.	  We	  also	  obtained	  temporal	  sequence	  of	  the	  CFODD	  diagram	  (Fig.	  2	  a-‐d)	  

and	   RE-‐COT	   pattern	   (Fig.	   2	   e-‐g).	   As	   the	   result	   we	   show	   temporal	   evaluation	   of	   lifecycle	   of	  

  
Figure	  1.	  Horizontal	  distribution	  of	  radiance	  at	  660	  nm	  wavelength	  of	  simulated	  stratocumulus	  

at	  4	   and	  6	  hours	   after	   the	   start	  of	   simulation.	   (a)	  Closed-‐	   and	   (b)	  open-‐cell	   structure	   is	  well	  

simulated.	  Unit	  is	  W	  m-‐2	  str-‐1μm-‐1.	  
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individual	   clouds	   from	   non-‐drizzling	  mode	   to	   drizzling	  mode	   and	   decaying	  mode.	   The	   results	  

supported	  the	  inference	  of	  the	  previous	  studies.	  

 
We	   compare	   the	   cloud	   growth	   process	   obtained	   from	   the	   CFODD	   and	   that	   from	   the	   RE-‐COT	  

pattern.	  From	  the	  comparison,	  we	  find	  that	  the	  transition	  from	  non-‐drizzling	  mode	  to	  drizzling	  

mode	  can	  be	  obtained	  more	  efficiently	  from	  CFODD	  than	  from	  RE-‐COT	  pattern.	  We	  inferred	  that	  

the	   difference	   is	   derived	   from	   difference	   of	   the	   information	   used	   for	   creating	   the	   diagrams.	  

Vertical	   information	   included	   in	  CFODDs	   is	   important	  for	  obtaining	  cloud	  growth	  process.	  This	  
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the closed-cell case. In the open-cell case, because it is relatively 
easy to separate each cloud from other clouds, some parts of the 
growth stages (i.e., drizzling and decaying, illustrated in Fig. 1b) 
DUH�FOHDUO\�LGHQWL¿HG��,Q�WKLV�VHQVH��WKH�WUDQVLWLRQ�IURP�QRQ�GUL]]OH�
to drizzle in the closed-cell case could also be captured from the 
RE-COT pattern if a cloud could be perfectly separated from 
other clouds. To separate signals of individual clouds from that of 
other clouds, other variables retrieved from satellite will be useful. 
Based on Nakajima et al. (2010), the difference of 1.6-µm, 2.1-µm 
DQG������P�FKDQQHO� UHWULHYHG� HIIHFWLYH� UDGLXV� UHÀHFWV� WKH� GLIIHU-
ence of vertical structure of cloud. Such kind of information will 
be helpful to separate signal of each clouds. This is an important 
topic of our future work.

One problem is that the non-drizzling stage cannot be seen 
in both cases. This implies that the non-drizzling process (i.e., 
FRQGHQVDWLRQ�� KDG� ODUJHO\� ¿QLVKHG� ZKHQ� WKH� /:3� UHDFKHG�
����J�Pí�. To avoid this problem, the threshold value should be 
set at a smaller value. However, if we use small threshold value, 
the contamination of the signal of individual cloud with that of 
VHYHUDO� FORXGV� EHFRPHV� VLJQL¿FDQW�� DQG� FRQVHTXHQWO\�ZH� FDQQRW�
extract each cloud. An extraction algorithm that clearly separates 
each cloud with a small threshold is required in future. 

4. Concluding remark

In this study, as a preliminary step toward using the observa-
tion data of next-generation satellites with much higher temporal 
resolution, we investigated the availability to retrieve the cloud 
life cycle of individual clouds from results of an LES. To obtain 
the life cycle of an individual cloud, we used cloud evolution  
diagrams: the RE-COT pattern and the CFODD. From the results 
of the investigation, we conclude that part of a cloud’s growth 

stage can be obtained by analyzing the temporal evolution of 
these two diagrams. We also conclude that vertical information 
is important to capture the transition from the non-drizzle to 
drizzle stage. In this sense, the CFODD has an advantage over the 
RE-COT pattern. 

+RZHYHU��LW�ZRXOG�VWLOO�EH�GLI¿FXOW�WR�UHWULHYH�WKH�YHUWLFDO�GLV-
tribution of PR and COD frequently enough to create the CFODD 
of each cloud even if we used data from next-generation satellites, 
and it would take a long time (10 years) to achieve. At this stage,  
the RE-COT pattern can be used practically with an imager 
on board the next generation of geostationary satellites (e.g., 
Himawari-8). As we showed in this study, one of the most im-
portant issues when using such high-frequency imager data is the 
development of a more sophisticated algorithm for the detection 
of individual clouds. It is also very important to develop methods 
for retrieving the vertical information of clouds directly from the 
imager data. Although we applied the analyses shown above for 
VWUDWRFXPXOXV�FDVH�ZLWK�QR�ZLQG��LW�FDQ�EH�GLI¿FXOW�WR�H[WUDFW�WKH�
signal of each individual cloud when we apply the analyses for 
shallow clouds with strong wind shear, or those in much cleaner 
atmosphere, or those in more polluted condition. We have to 
develop the more sophisticated algorithm to extract the signal 
individual clouds that can be applied for such cases near future.

7KLV� LV� WKH� ¿UVW� VWHS� LQ� XQGHUVWDQGLQJ� KRZ� EHVW� WR� XVH�
next-generation geostationary imager satellites with a much higher 
spatial and temporal resolution than is currently possible.
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Fig. 3. (a) Time evolution of the slope of the peak position of PR on the CFODD created by the signals of individual clouds in the closed-cell (red line) 
and open-cell (blue line) cases and the CFODD of individual clouds averaged for all individual clouds in the closed-cell case at (b) t = 2 min, (c) t = 10 
min, and (d) t = 30 min after each individual cloud was detected. (e) Trajectory of the center point of each cloud on the RE-COT pattern, averaged for all 
LQGLYLGXDO�FORXGV�RI�WKH�RSHQ�FHOO��VROLG�OLQH�ZLWK�RSHQ�VTXDUH��DQG�FORVHG�FHOO��GRWWHG�OLQH�ZLWK�RSHQ�FLUFOH��FDVHV��DQG�WKH�VDPH�¿JXUH�EXW�H[SDQGHG�WR��I��
WKH�RSHQ�FHOO�FDVH�DQG��J��FORVHG�FHOO�FDVH�DW�W� ��a���PLQ��RSHQ�VTXDUH���W� ���a���PLQ��SHQWDJRQ���W� ���a���PLQ��FLUFOH���W� ���a���PLQ��FORVHG�WULDQJOH���
DQG�W� ���a���PLQ��FORVHG�WULDQJOH���(UURU�EDUV�LQ��D����H����I���DQG��J��LQGLFDWH�WKH�XSSHU�DQG�ORZHU�TXDUWLOHV��7KH�DUURZ�LQ��E����F���DQG��G��LQGLFDWH�WKH�DUURZ�
corresponding to non-drizzling and drizzling stages in Fig. 1d, respectively. Arrows in (e) show the direction of movement of the trajectory on the RE-COT 
pattern that is shown in arrows A, B, and C in Fig. 1b. The unit of shading in (b), (c), and (d) is % dBZí�.

 

Figure	  2.	  (a)	  Temporal	  evolution	  of	  the	  slope	  of	  the	  peak	  position	  of	  radar	  reflectivity	  on	  the	  

CFODD	  created	  by	  the	  signals	  of	  individual	  clouds	  in	  the	  closed-‐cell	  (red	  line)	  and	  open-‐cell	  

(blue	  line)	  cased	  and	  the	  CFODD	  of	  individual	  clouds	  averaged	  for	  all	  individual	  clouds	  in	  the	  

closed-‐cell	  case	  at	  (b)	  t	  =	  2	  min,	  (c)	  t	  =	  10	  min,	  and	  (d)	  t	  =	  30	  min	  after	  each	  individual	  cloud	  was	  

detected.	  (e)	  Trajectory	  of	  the	  center	  point	  of	  each	  cloud	  on	  the	  RE-‐COT	  pattern,	  averaged	  for	  

all	  individual	  clouds	  of	  the	  open-‐cell	  (solid	  line	  with	  open	  square)	  and	  closed-‐cell	  (dotted	  line	  

with	  open	  circle)	  cases,	  and	  the	  same	  figure	  but	  expanded	  to	  (f)	  the	  open-‐cell	  case	  and	  (g)	  

closed-‐cell	  case	  at	  t	  =	  2~10	  min	  (open	  square),	  t	  =	  11~20	  min	  (pentagon),	  t	  =	  21~30	  min	  (circle),	  t	  

=	  31~40	  min	  (closed	  triangle),	  and	  t	  =	  41~48	  min	  (closed	  triangle).	  Error	  bars	  in	  (a),	  (e),	  (f),	  and	  

(g)	  indicate	  the	  upper	  and	  lower	  quartiles.	  The	  arrow	  in	  (b),	  (c),	  and	  (d)	  indicate	  the	  arrow	  

corresponding	  to	  non-‐drizzling	  and	  drizzling	  stages	  in	  Fig.	  1d,	  respectively.	  Arrows	  in	  (e)	  show	  

the	  direction	  of	  movement	  of	  the	  trajectory	  on	  the	  RE-‐COT	  pattern.	  
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inference	   suggests	   that	   vertical	   information	   of	   inner	   cloud	   should	   be	   obtained	   from	   next	  

generation	   satellite	   (e.g.	   Himawari-‐8,	   Himawari-‐9).	   This	   is	   an	   example	   of	   the	   contribution	   of	  

computational	   science	   to	   cloud	   and	   aerosol	   science,	   and	   indicates	   that	   numerical	   simulations	  

can	  be	  used	  to	  augment	  satellite	  observations.	  

 

3.2 Grand	  challenge	  run	  for	  sub-‐km	  horizontal	  resolution	  run	  by	  global	  cloud-‐resolving	  model	  

Improvement	  of	  the	  performance	  of	  NICAM	  on	  the	  K	  computer	  

We	  continue	  development	  for	  both	  scientific	  and	  computational	  performance	  improvement	  of	  

atmosphere	   model.	   NICAM	   (Nonhydrostatic	   Icosahedral	   Atmospheric	   Model)	   is	   the	   global	  

model	  in	  out	  target	  application.	  We	  achieved	  10%	  of	  performance	  efficiency/PEAK	  of	  NICAM	  on	  

the	  K	  computer	  with	  the	  small	  number	  of	  nodes.	  The	  detail	  is	  reported	  in	  the	  last	  year.	  Here	  we	  

show	  a	  result	  of	  strong	  scaling	  test	  in	  Fig.3.	  The	  problem	  size	  of	  the	  test	  is	  about	  260	  billion	  grid,	  

which	   means	   14km	   of	   horizontal	   grid	   spacing,	   94	   of	   vertical	   layer	   (the	   layer	   thickness	   is	  

100-‐300m	  at	  the	  troposphere).	  NICAM	  has	  the	  parameter	  for	  the	  gird	  division	  level	  (glevel)	  and	  

region	   (node)	   division	   level	   (rlevel).	   The	   number	   of	   horizontal	   grid	   is	   determined	   by	  

(2^(glevel-‐rlevel)+2)^2	   x	   10x4^rlevel/process.	   The	   result	   shows	   good	   speedup	   from	   80	   nodes	  

(glevel=9,	   rlevel=2,	   number	   of	   horizontal	   grid	   is	   16900gridx2/node)	   to	   2560	   nodes	  

(1156grid/node)	   of	   the	   K	   computer.	   However,	   the	   effective	   speedup	   was	   not	   provided	   using	  

more	  nodes.	  This	  is	  because	  the	  ratio	  of	  the	  communication	  time	  increases	  in	  comparison	  with	  

floating-‐point	  operation	  time.	  The	  communication	  time	  occupies	  5%	  and	  25%	  of	  main	  loop	  in	  80	  

nodes	  and	  2560	  nodes,	  respectively.	  The	  ratio	  reaches	  over	  50%	  in	  20480	  nodes	  (324grid/node)	  

and	   81920	   nodes	   (100grid/node).	   Further	   improvement	   of	   strong	   scaling	   is	   necessary	   for	   the	  

climate	   simulation,	  which	   requires	  O(10^5)	   -‐	  O(10^7)	  of	   steps.	   The	   challenges	  of	  development	  

are	   reduction	   of	   the	   communication	   frequency	   and	   reduction/concealment	   of	  

packing/unpacking	  cost.	  

 

Figure	  3.	  A	  result	  of	  strong	  scaling	  experiment	  on	  the	  K	  computer.	  
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Analysis	  of	  global	  sub-‐km	  experiment	  

We	  have	  performed	  a	  simulation	  of	  global	  atmosphere	  with	  the	  world-‐highest	  resolution	  (the	  

grid	  spacing	  is	  870	  m)	  using	  NICAM.	  The	  overview	  of	  the	  simulation	  has	  been	  reported	  in	  the	  

last	   year.	  We	   have	   published	   a	   research	   paper	   in	   September	   2013,	   which	   first	   succeeded	   in	  

describing	  the	  mean	  structure	  of	  the	  deep	  moist	  atmospheric	  convection	  on	  the	  globe.	   	  

	   Based	  on	  this	  research,	  we	  further	  conducted	  an	  analysis	  focusing	  on	  the	  convection	  existing	  

in	   various	   cloudy	   disturbances	   that	   cause	   severe	   natural	   disasters	   such	   as	   a	   typhoon.	   By	  

considering	   four	   representative	   disturbances:	   Madden-‐Julian	   Oscillation	   (MJO),	   Tropical	  

Cyclone	   (TC),	   Mid-‐latitudinal	   Lows	   (MDL)	   and	   Fronts	   (FRT)	   (see	   Fig.4),	   we	   found	   that	   the	  

convection	   in	   the	   tropical	  disturbances	   (MJO	  and	  TC)	  has	   tall	   structure	   in	  contrast	   to	   that	   in	  

the	   mid-‐latitudinal	   disturbances	   (MDL	   and	   FRT).	   More	   specifically,	   the	   MJO	   convection	   is	  

strong	  and	  formed	  by	  large	  convective	  available	  potential	  energy	  (CAPE),	  whereas	  that	  in	  TC	  is	  

weak	   and	   forced	   by	   strong	   low-‐level	   convergence.	   The	   convection	   in	   MDL	   and	   FRT	   is	  

characterized	   by	   strong	   vertical	   wind	   shear	   that	   approximately	   correspond	   to	   large	  

temperature	  gradient	   in	  the	  meridional	  direction.	  The	  findings	  provide	  useful	   information	  for	  

development	  of	   cumulus	  parameterization	  and	  better	  understanding	  of	   interaction	  between	  

the	  convection	  and	  disturbances.	  

 

Figure	  4.	   (a)	  Global	  distribution	  of	   the	  detected	   cloudy	  disturbances	  and	   convection	  

overwritten	   on	   the	   Outgoing	   Longwave	   Radiation	   (OLR)	   in	   the	   simulation	   (gray	  

shaded).	  The	  red,	  blue,	  green,	  and	  magenta	  contour	  represents	  MJO,	  TC,	  MDL	  and	  FRT,	  

respectively.	  (b)	  The	  latitudinal	  distribution	  of	  convection	  numbers.	  

 

3.3 Feasibility	  study	  of	  Exa-‐scale	  computing	  using	  the	  general	  circulation	  model  	  

ICOMEX	  project	  

The	  aim	  of	  the	  ICOsahedral-‐grid	  Models	  for	  Exascale	  Earth	  system	  simulations（ICOMEX）project	  

is	   development	   the	   climate	  models,	   which	   have	   an	   efficient	   computational	   performance	   and	  
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provide	  better	  scientific	  result	  of	  the	  simulation.	  This	  project	  is	  the	  international	  activity	  for	  the	  

exa-‐scale	  computing.	  We	  performed	  inter-‐model	  comparison	  between	  four	  participated	  models	  

as	   one	   of	   the	   programs	   of	   ICOMEX	   project.	   The	   four	   models,	   DYNAMICO	   (France),	   ICON	  

(Germany),	   MPAS	   (US/UK)	   and	   NICAM	   (Japan),	   are	   evaluated	   by	   four	   ideal	   test	   cases	   of	  

atmospheric	  simulation.	  Computational	  performances	  of	  those	  models	  are	  also	  measured.	   	  

The	   atmospheric	   test	   cases	   are	   as	   follows:	   baloclinic	   wave	   test,	   long-‐term	   global	   circulation	  

experiment,	   aqua	   planet	   experiment	   and	   CMIP5-‐AMIP	   experiment.	   The	   First	   test	   is	   a	  

deterministic	  case	  and	  the	  representability	  of	  the	  model	  compared	  to	  the	  analytical	  solution	  is	  

evaluated.	  The	   result	   shows	   that	  all	  models	   reproduced	  expected	  wave	  pattern	   (See	  Fig.5).	  A	  

detailed	   error	   analysis	   showed	   that	   the	   enhancement	   of	   the	   spatial	   resolution	   contributes	   to	  

the	  accuracy.	  The	  second	  case	   is	  performance	  test	  of	  dry	  dynamical	  core	  (i.e.,	  no	  water	  vapor	  

and	   moist	   thermodynamics)	   of	   the	   model.	   The	   climatological	   state	   after	   the	   long-‐term	  

simulation	  is	  evaluated	  statistically.	  NICAM	  and	  ICON	  were	  used	  for	  this	  test	  and	  the	  result	  was	  

compared	   each	   other.	   From	   the	   analysis	   of	   kinetic	   energy	   spectra	   and	   wave	   activity,	   the	  

spectrum	   derived	   from	   both	   models	   showed	   almost	   good	   agreement	   with	   the	   expected	  

spectrum.	  However,	  different	   characteristics	  were	   seen	   in	   the	  high	  wavelength.	  These	   results	  

suggest	   that	   not	   only	   the	   horizontal	   grid	   spacing	   but	   also	   the	   magnitude	   of	   the	   artificial	  

numerical	  diffusion	  term	  is	  important	  factor	  to	  the	  model’s	  “effective”	  resolution.	  

	   For	   the	   computational	  performance,	   the	  measurement	   result	  of	  each	  model	  mentioned	   that	  

efficient	   usage	   of	   the	  memory,	   especially	   the	  memory	   bandwidth	   is	   the	   important	   issue.	   The	  

knowledge	   provided	   from	   this	   project	  will	   contribute	   the	   development	   of	   the	  model	   of	   each	  

research	   group.	   Continuous	   and	   wide	   evaluation	   is	   needed	   for	   the	   improvement	   of	   climate	  

model	  from	  now	  on. 

 

 
Figure	   5.	   The	   simulation	   result	   of	   baloclinic	  wave	   test.	   Contour	   and	   color	   shows	   the	  

surface	  pressure	  at	  the	  9th	  day	  from	  initial	  state.	  The	  panels	  indicate	  the	  result	  of	  four	  

model	  and	  three	  horizontal	  grid	  spacing.	   	  
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NICAM-‐DC	  

Prior	  to	  the	  integration	  to	  our	  new	  library,	  we	  released	  a	  part	  of	  NICAM	  as	  an	  open	  source.	  The	  

name	  of	  the	  package	  is	  NICAM-‐DC.	  The	  URL	  of	  the	  web	  site	  is	  http://scale.aics.riken.jp/nicamdc/.	  

The	  dynamical	   core	  and	   the	  model	   framework	  are	   included	   in	   this	  package.	  The	  package	  also	  

has	  the	  test	  case	  to	  evaluate	  the	  scientific	  performance	  of	  the	  model.	  The	  knowledge	  from	  the	  

evaluation	   work	   in	   the	   ICOMEX	   project	   was	   used	   for	   the	   development	   of	   the	   test	   system.	  

NICAM-‐DC	   is	   used	   as	   the	   benchmark	   and	   test-‐bed	   and	   mini-‐application	   in	   the	   fields	   of	   the	  

computational	   science.	   For	   example,	   several	   groups	   of	   “the	   Feasibility	   Study	   to	   the	   future	  

HPCI”	  used	  NICAM-‐DC	  to	  evaluate	  the	  performance	  of	  the	  kernel	  on	  their	  architectures.	   	  

	  

3.4	  Feasibility	  study	  to	  the	  future	  HPCI	  

FY2013,	   6	   general	   meetings	   were	   held	   and	   we	   extracted	   the	   social/science	   subjects,	   which	  

should	  be	  resolved	   in	   the	  next	  generation	  HPC.	  We	  also	  discussed	  about	  them	  with	  the	  other	  

communities.	  The	  “Road	  map	  of	  computational	  science”	  is	  published.	  The	  report	  including	  the	  

road	  map	  can	  be	  found	  at	  http://hpci-‐aplfs.aics.riken.jp/	  .	  

 

3.5	  Hoygo-‐Kobe	  COE	  establish	  project	  

We	   succeeded	   to	   add	   the	   land-‐surface	   scheme	   and	   topography	   process	   to	   SCALE-‐LES	   and	  

validate	   the	   each	   new	   scheme	   through	   several	   atmospheric	   simulations.	   In	   parallel	   with	   the	  

SCALE-‐LES	   development,	   we	   have	   examined	   the	   heavy	   rainfall	   event	   in	   the	   Kobe	   city.	   Large	  

amount	  of	  the	  rainfall	   is	  shown	   in	  June,	  while	  the	  rainfall	   intensity	   in	  June	   is	  relatively	  weaker	  

than	   other	   month	   in	   boreal	   summer.	  We	   suggest	   the	   frontal	   disturbance	   is	   dominant	   in	   the	  

rainfall	  event	   in	  June.	  On	  the	  other	  hand,	  convective	  heavy	  rainfall	  events	  are	  found	  in	  August	  

and	  September.	  We	  performed	  model	  simulation	  of	  three	  heavy	  rainfall	  events	  in	  Kobe,	  1)	  fontal	  

rainfall,	   2)	   convective	   rainfall,	   3)	   combinational	   effect	   of	   typhoon	   and	   autumnal	   rain	   front	   by	  

using	   Weather	   Research	   and	   Forecasting	   model	   (WRF).	   We	   confirmed	   the	   distribution	   of	  

precipitation	  cell	  in	  the	  simulations	  and	  found	  the	  difficulty	  of	  simulating	  the	  developing	  process	  

of	  precipitation	   cell	   and	   its	   temporal	   timing.	  We	  also	   conducted	   the	   climatological	   run	  during	  

boreal	  summer	  in	  2006-‐2013	  and	  found	  the	  rainfall	  bias	  is	  shown	  along	  the	  mountain	  area.	  These	  

preliminary	  experiments	  by	  WRF	  become	  reference	  to	  the	  SCALE-‐LES	  simulations	  in	  the	  future.	  

	  

We	  also	  have	  regular	  meeting	   for	  comprehensive	  disaster-‐preparedness	  with	  Kobe	  University,	  

Kansai	  University	  and	  public	  administration	  of	  Kobe	  City	  and	  Hyogo	  Prefecture,	  approximately	  

once	  a	  two	  month.	    

 

4.	  Schedule	  and	  Future	  Plan	  

In	  the	  next	  year,	  we	  will	  continue	  to	  develop	  and	  update	  the	  numerical	  library	  for	  K	  computer.	  
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At	   the	   same	   time,	   we	   will	   give	   an	   insight	   into	   what	   kind	   of	   the	   time	   integration	   method	   is	  

promising	  on	  K	   computer	   and	   future	  HPC	   from	   the	  viewpoints	  of	   computational	   and	  physical	  

performances.	   Through	   this	   project,	   we	   will	   organize	   and	   lead	   the	   meteorological	   numerical	  

community	  for	  common	  library	  towards	  the	  post-‐Peta	  scale	  computing.	  

	  

We	   especially	   focus	   on	   enhancing	   the	   SCALE-‐LES	   enough	   to	   simulate	   the	   atmosphere	   under	  

realistic	  condition.	  Urban	  canopy	  process	  and	  several	  experimental	  tools	  will	  be	  incorporated	  in	  

the	  model	  and	  validated	  with	  the	  moist	  convection	  case.	  On	  the	  COE	  establishment	  project,	  we	  

have	   a	   plan	   to	   use	   this	   SCALE	   library	   to	   simulate	   the	   heavy	   rainfall	   in	   Kobe	   toward	   to	   the	  

new-‐staged	  hazard	  map	  for	  local	  severe	  rain	  and	  floods.	  

	  

We	  also	  challenge	  to	  figure	  out	  the	  transition	  process	  of	  two	  types	  of	  stratocumulus,	  open-‐cell	  

and	  closed-‐cell	  by	  using	  SCALE-‐LES	  on	  K	  computer.	  Better	   simulation	  of	   these	   two	  clouds	  will	  

bring	  massive	  progress	  not	  only	  for	  robustness	  of	  SCALE	  library	  but	  also	  for	  better	  understating	  

of	  lower	  cloud.	  Latter	  can	  be	  applied	  to	  global	  climate	  modeling	  in	  the	  near	  future.	   	  

	  

Grand	   challenge	   run	   by	  NICAM	  will	   be	   also	   continued	   in	   cooperation	  with	   3rd	   Strategic	   Field	  

Project.	  The	  statistical	  properties	  of	  deep	  convection	  in	  the	  different	  climatological	  disturbances	  

will	  be	  summarized.	  Temporal	  evolution	  of	  each	  convection	  will	  be	  focused	  in	  detail.	  

	  

We	  will	  also	  contribute	  to	  the	  CREST,	  Strategic	  Basic	  Research	  Programs	  “Innovating	  "Big	  Data	  

Assimilation"	   technology	   for	   revolutionizing	   very-‐short-‐range	   severe	   weather	   prediction”	   to	  

develop	  the	  main	  climatological	  model	  in	  SCALE	  library.	    
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2.	  Research	  Activities 
The	  objective	  of	  our	  research	  team	  is	  to	  propose	  a	  unified	  simulation	  method	  of	  solving	  multiple	  

partial	   differential	   equations	   by	   developing	   common	   fundamental	   techniques	   such	   as	   the	  

effective	   algorithms	   of	   multi-‐scale	   phenomena	   or	   the	   simulation	   modeling	   for	   effective	  

utilization	  of	  the	  massively	  parallel	  computer	  architecture.	  The	  target	  of	  the	  unified	  simulation	  is	  

supposed	   to	   be	   complex	   and	   combined	   phenomena	   observed	   in	  manufacturing	   processes	   in	  

industrial	   circles	   and	   our	   final	   goal	   is	   to	   contribute	   to	   enhance	   Japanese	   technological	  

capabilities	   and	   industrial	   process	   innovation	   through	   the	   high-‐performance	   computing	  

simulation.	  

	  

Most	  of	  the	  complex	  flow	  phenomena	  observed	  in	  manufacturing	  processes	  are	  relating	  to	  or	  

coupled	  with	   other	   physical	   or	   chemical	   phenomenon	   such	   as	   turbulence	   diffusion,	   structure	  

deformation,	   heat	   transfer,	   electromagnetic	   field	   or	   chemical	   reaction.	   While	   computer	  

simulations	  are	  rapidly	  spreading	  in	  industry	  as	  useful	  engineering	  tools,	  their	  limitations	  to	  such	  

coupled	   phenomena	   have	   come	   to	   realize	   recently.	   This	   is	   because	   of	   the	   fact	   that	   each	  

simulation	  method	  has	  been	  optimized	  to	  a	  specific	  phenomenon	  and	  once	  two	  or	  more	  solvers	  

of	   different	   phenomena	   are	   coupled	   for	   such	   a	   complicated	   target,	   its	   computational	  

performance	   is	   seriously	  degraded.	  This	   is	  especially	   true	  when	  we	  utilize	  a	  high-‐performance	  

computer	  such	  as	  “K-‐computer”.	  In	  such	  a	  situation,	  in	  addition	  to	  the	  fundamental	  difficulty	  of	  

treating	   different	   time	   or	   spatial	   scales,	   interpolation	   of	   physical	   quantities	   like	   pressure	   or	  

velocity	   at	   the	   interface	   of	   two	  different	   phenomena	   requires	   additional	   computer	   costs	   and	  

communications	   among	   processor	   cores.	   Different	  mesh	   topology	   and	   hence	   data	   structures	  

among	  each	  simulation	  and	  treatment	  of	  different	  time	  or	  spatial	  scales	  also	  deteriorate	  single	  



132	  

processor	   performance.	   We	   understand	   that	   one	   of	   the	   keys	   to	   solve	   these	   problems	   is	   to	  

adopt	   unified	   structured	   mesh	   and	   data	   structure	   among	   multiple	   simulations	   for	   coupled	  

phenomena.	  As	  a	  candidate	  of	  unified	  data	  structure	  for	  complicated	  and	  coupled	  phenomena,	  

we	  focused	  on	  the	  building-‐cube	  method	  (BCM)	  proposed	  by	  Nakahashi[1].	  

	  

[1]K.	  Nakahashi,	  High-‐Density	  Mesh	  Flow	  Computations	  with	  Pre-‐/Post-‐Data	  Compressions,	  Proc.	  

AIAA	  17th	  CFD	  Conference	  (2005)	  AIAA	  2005-‐4876.	  

[2]	   P.	   L.	   Roe,	   Approximation	   Riemann	   solver,	   Parameter	   Vectors,	   and	   Difference	   Schemes,	   J.	  

Comput.	  Phys.	  43	  (1981)	  357-‐372.	  

[3]	   J.	   M.	   Weiss	   and	  W.	   A.	   Smith,	   Preconditioning	   Applied	   to	   Variable	   and	   Constants	   Density	  

Flows,	  AIAA.	  33	  (1995)	  2050-‐2056.	  

 

3.	  Research	  Results	  and	  Achievements 
3.1.	  Development	  of	  a	  very	  large	  scale	  incompressible	  flow	  solver	  with	  a	  hierarchical	  grid	  system	  

This	  year,	  we	  have	  modified	  the	  main	  flow	  solver	  for	  incompressible	  flow	  developed	  last	  year	  in	  

the	   context	   of	   its	   validation	   in	   a	   real	   development	   process	   on	   the	   massively	   parallel	  

environment,	   including	   pre-‐	   and	   post-‐processing.	   For	   that	   purpose,	   we	   have	   utilized	   real	  

production	   data	   (called	   as	   dirty	   CAD)	   provided	   by	   Suzuki	  Motor	   Company	   and	   Nissan	  Motor	  

Company	  and	  conducted	  a	   full-‐scale	  vehicle	  aerodynamics	  simulation.	  Finally	  we	  have	  realized	  

the	  world	   largest	  class	  vehicle	  aerodynamics	  simulation	  based	  on	  a	   real	  vehicle	  shape	  data	  by	  

using	  20	  billion	  numerical	  cells.	  At	  the	  same	  time,	  we	  have	  started	  the	  accuracy	  inspection	  work	  

using	  the	  wind	  tunnel	  experimental	  results.	  This	  numerical	  simulation	  enhanced	  the	  companies	  

to	   utilize	   the	   K-‐computer	   for	   their	   own	   development	   purpose	   and	   two	   applications	   were	  

submitted	  and	  accepted	  for	  the	  industrial	  use	  projects	  in	  FY	  2014.	  

	  

In	   addition,	  we	   have	   conducted	   a	   feasibility	   study	   of	   transient	   flow	   simulation	   around	   Tokyo	  

station	  for	  the	  possible	  usage	  of	  assessing	  wind	  load	  on	  high-‐rise	  buildings.	  We	  will	  expand	  this	  

project	  with	  the	  tight	  collaboration	  with	  Tokyo	  Institute	  of	  Technology	  and	  some	  construction	  

companies	  under	  the	  K-‐computer’s	  general	  use	  projects	  in	  FY2014.	  

	  

We	  are	  planning	  to	  keep	  developing	  the	  software	  based	  on	  this	  framework	  in	  2014,	  tackling	  for	  

improvement	  of	  an	  accuracy	  of	  prediction	  adding	  numerical	  functions,	  physical	  model,	  and	  the	  

tools	  for	  the	  usability	  improvement.	  
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Fig.	   1.	   Practical	   application	   of	   large	   scale	   full	   vehicle	   aerodynamics	   simulation	   using	   20	   billion	  

cells	  (Suzuki	  Motor	  Company).	  
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Fig.	  2.	  Analysis	  of	  aerodynamic	  parts	  effect	  on	  full	  scale	  vehicle	  model	  (Nissan	  Motor	  Company).	  

	  

  

Fig.	  3.	  Wind	  environment	  analysis	  around	  Tokyo	  station	  area.	  

 

3.2	   Development	   of	   unified	   compressible	   flow	   solver	   for	   unified	   low	   to	   moderate	   Mach	  

number	  turbulence	  with	  hierarchical	  grid	  system	  

For	  the	  purpose	  of	  applying	  CFD	  on	  practical	  applications,	  the	  program	  with	  the	  characteristics	  

of	   high	   performance	   computing,	   massive	   parallelization,	   the	   ability	   to	   handle	   the	   complex	  

geometry,	  suitable	  from	  low	  to	  high	  Mach	  numbers,	  and	  adaptability	  for	  turbulence	  is	  necessary.	  
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Therefore	  the	  Roe	  scheme	  [2],	  Weiss	  and	  Smith	  preconditioning	  method	  and	  dual	  time	  stepping	  

[3]	   based	   on	   hierarchical	   data	   structure	   have	   been	   implemented	   to	   unify	   the	   solver.	   Table	   I	  

shows	  the	  weak	  scaling	  test	  of	  the	  solver.	  For	  8	  CPUs,	  the	  peak	  performance	  is	  almost	  15%	  which	  

is	  much	  higher	  than	  incompressible	  solver.	  Additionally,	  with	  the	  increment	  of	  the	  CPUs	  from	  8	  

to	  4096	  CPUs,	  the	  peak	  performance	  just	  slightly	  decreases	  around	  1.5%	  which	  shows	  excellent	  

scalability	  of	  massive	  parallelization.	  

 

 

Table	  I.	  Weak	  scaling	  test.	  

 

 

Immersed	   boundary	   is	   implemented	   to	   cope	   with	   the	   complex	   geometry.	   Fig.	   4	   shows	   the	  

vortex	   contour	   around	   a	   vehicle	   at	   Reynolds	   number	   1000.The	   flow	   field	   disordered	   by	   the	  

complex	  shape	  and	  mirror	  is	  obvious.	  

 

 
Fig.	  4.	  Vortex	  contour.	  

 

Due	  to	  the	  instinct	  of	  the	  compressible	  flow,	  the	  problem	  can	  also	  be	  used	  for	  our	  next	  target:	  

computational	  aeroacoustics	  (CAA).	  The	  pressure	  propagation	  with	  sine	  wave	   in	  the	  condition	  

of	  30	  PPW	  is	  conducted	  and	  shown	  in	  Fig.	  5.	  The	  comparison	  with	  the	  exact	  solution	  is	  shown	  in	  

Fig.3.	  From	  the	  Fig.	  5,	  it	  can	  be	  observed	  that	  the	  amplitude	  keeps	  decreasing	  from	  the	  pressure	  
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source	  to	  the	  outside.	  This	  kind	  of	  decay	  is	  direct	  proportion	  to	   0.5P x−= 	   and	  the	  results	  in	  Fig.	  

6	  is	  in	  good	  agreement	  with	  the	  exact	  solution	   0.5P x−= 	   when	  CFL	  number	  is	  smaller	  than	  0.5.	  

 

 
Fig.	  5.	  Pressure	  propagation	  with	  sine	  wave.	  

 

 
Fig.	  6.	  The	  comparison	  with	  the	  exact	  solution.	  

 

Based	   on	   the	   present	   results	   mentioned	   above,	   this	   unified	   solver	   is	   a	   sophisticated	   and	  

powerful	  tool	  for	  practical	  applications.	  In	  order	  to	  broaden	  the	  suitability	  on	  industrial	  field,	  the	  

CAA	  on	  the	  vehicle	  will	  be	  conducted	  for	  next	  year.	   	  

 

3.3	  Development	  of	  a	  unified	  framework	  for	  incompressible	  and	  compressible	  flow	  solver	  

Based	  on	  the	  Building	  Cube	  Method	  (BCM),	  our	  unified	  framework	   is	  a	  merge	  of	   the	  previous	  

flow	  solvers	   in	  our	  group	  (incompressible	  and	  compressible).	  Written	   in	  modern	  Fortran	  2003,	  

the	  framework	  has	  a	  modular	  design,	  where	  each	  solver	  is	  an	  independent	  module,	  written	  by	  

the	  user	  or	  provided	  by	  the	  core	  library	  itself.	  These	  modules	  can	  then	  be	  connected	  together	  to	  

form	   a	   “solver”	   pipeline,	   describing	   the	   steps	   necessary	   to	   solve	   a	   particular	   multiphysics	  

0.5P x−=
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problem.	   	  

The	   framework	   utilize	   different	   hybrid	   parallelization	   strategies,	   mainly	   MPI	   across	   nodes	  

together	  with	  OpenMP	  for	  intra-‐node	  parallelism,	  and	  MPI	  I/O	  for	  efficient	  parallel	  and	  scalable	  

I/O	   operations.	   On	   a	   single	   node	   our	   framework	   achieve	   around	   10-‐14%	   of	   peak	   flops,	   and	   a	  

parallel	  efficiency	  of	  80-‐90%,	  depending	  on	  the	  particular	  problem	  at	  hand	  (see	  Fig.	  7).	   	  

 

 

Fig.	   7.	   Single	   node	   performance	   for	   a	   incompressible	   (QUICK)	   and	   compressible	   (MUSCL)	  

scheme.	  

 

In	   order	   to	   scale	   to	   a	   large	   number	   of	   MPI	   tasks	   we	   have	   developed	   a	   new	   multithreaded	  

halo-‐exchange	   algorithm.	   Traditionally,	   halo-‐exchange	   is	   performed	   using	   non-‐blocking	  

communication,	   overlapping	   communication	   with	   computation.	   Our	   multithreaded	   approach	  

adds	   an	   additional	   layer	   on	   top	   of	   this,	   overlapping	   packing	   and	   sending	   of	   communication	  

buffers,	   	   performed	   by	   one	   OpenMP	   thread,	   with	   local	   computation	   performed	   in	   the	  

remaining	   threads,	   reducing	   load	   imbalance	   between	   threads,	   and	   improving	   application	  

performance	  with	  up	  to	  20%	  at	  scale	  (see	  Fig	  8.).	  

 

Fig.	  8.	  Execution	  time	  for	  the	  compressible	  solver	  using	  two	  different	  halo-‐exchange	  algorithms,	  

the	  traditional	  (overlap)	  and	  our	  new	  multithreaded	  implementation	  (mt-‐overlap).	  
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Our	   feasibility	   study	   of	   new	   programming	  models	   has	   also	   led	   to	   the	   development	   of	   a	   low	  

latency	   hybrid	   parallelization	   of	   the	   framework,	   based	   on	   Coarray	   Fortran	   together	   with	  

OpenMP.	   Furthermore,	   the	   framework’s	   modular	   design	   allow	   us	   to	   easily	   interface	   with	  

routines	  written	   in	   other	   programming	   languages,	   and	   to	   target	   various	   kinds	  of	   current	   and	  

future	  accelerators.	  

 

3.4	  Unified	  flow	  and	  structure	  simulation	  based	  on	  the	  immersed	  boundary	  methods	  

Most	   fluid	   structure	   interaction	   (FSI)	   problems,	   encountered	   in	   industrial	   processes	   and	  

biological	  systems,	  involve	  one	  or	  more	  the	  following	  scenarios:	  Complex	  motion	  of	  structures	  

relative	   to	   fluid,	   motion	   of	   structures	   induced	   by	   fluid	   flow,	   and	   deformation	   of	   structures	  

induced	  by	  fluid	  forces.	  Thus,	  to	  address	  FSI	  problems	  of	  practical	  significance	  it	  is	  necessary	  to	  

model	  the	  afore	  mentioned	  scenarios	  of	  FSI.	   	  

	  

Several	  approaches	   for	  FSI	   involving	  deformable	  and	  moving	  structures	  have	  been	  developed	  

over	   the	   last	   four	   decades.	   Broadly,	   these	   methods	   fall	   under	   two	   categories	  

Lagrangian-‐Eulerian	  (LE)	  methods	  and	  full	  Eulerian	  (FE)	  methods.	  In	  LE	  methods,	  the	  structure	  is	  

represented	  on	  a	  Lagrangian	  mesh	  and	  the	   fluid	  on	  an	  Eulerian	  mesh,	  where	  as	   in	  FE	  method	  

both	  structure	  and	  fluid	  are	  represented	  on	  an	  Eulerian	  mesh.	   	  

	  

The	   fundamental	   difference	   between	   LE	  methods	   and	   full	   Eulerian	  method	   is	   the	  manner	   of	  

information	  exchange	  between	  fluid	  and	  the	  structure.	  In	  LE	  methods,	  the	  information	  between	  

Lagrangian	   and	   Eulerian	   meshes	   (i.e.	   structure	   and	   fluid,	   respectively)	   is	   exchanged	   through	  

operators	   such	   as	   the,	   so-‐called,	   pseudo-‐delta	   function.	   These	   operators	   are	   computationally	  

very	  expensive	  and	  are	  not	  suitable	  for	   large	  scale	   industrial	  FSI	  problems.	  In	  comparison	  with	  

LE	  methods,	  full	  Eulerian	  method	  does	  not	  require	  any	  information	  exchange	  because	  both	  the	  

fluid	   and	   the	   structure	   are	   represented	   on	   the	   same	   Eulerian	  mesh.	   Another	   drawback	   of	   LE	  

methods	   is	   the	   issue	   of	   load	   balancing	   in	   parallel	   implementations	   for	  moving	   IB.	  Moving	   IB	  

require	  dynamic	  load	  balancing,	  increasing	  the	  difficulty	  of	  implementation.	  Thus,	  due	  to	  lower	  

computational	   cost	   and	   relative	   ease	   of	   implementation,	   we	   prefer	   FE	   methods	   over	   LE	  

methods.	   	  

	  

We	  have	  adapted	  the	  LE	  based	  IB	  method	  developed	  by	  Sharma	  and	  Patankar	  into	  an	  FE	  based	  

IB	   for	  Rigid	   IB	  dynamics.	   Through	   this	  method	  we	  will	   have	   the	   capability	   to	   investigate	   flow	  

induced	  motion	   of	   rigid	   bodies,	   flow	   due	   to	   specified	  motion	   of	   rigid	   bodies	   as	  well	   as	   flow	  

around	   immobile	   rigid	   bodies.	   In	   Fig.	   9,	   as	   an	   example	   of	   a	   preliminary	   test	   case,	   the	   gravity	  

induced	  motion	  of	  a	  rigid	  sphere	  is	  shown.	  We	  use	  the	  FE	  method	  developed	  by	  Sugiyama	  et	  al.	  

to	  model	  the	  dynamics	  of	  deformable	  IB.	  To	  test	  our	  implementation	  we	  carried	  out	  simulation	  
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of	  the	  motion	  and	  deformation	  of	  a	  compliant	  sphere	  placed	  in	  a	  cavity	  flow	  (see	  Fig.	  10).	   	  

	  

In	  FE	  based	  IB	  methods,	  the	  IB	   is	  represented	  on	  the	  Eulerian	  mesh	  through	  a	  colour	  function	  

such	  as	  volume	  of	  fluid	  (VOF)	  or	  through	  a	   level	  set	  of	  a	  distance	  function.	   	   The	  position	  and	  

velocity	   of	   the	   function	   representing	   the	   IB	   is	   updated	   through	   the	   hyperbolic	   advection	  

equation	   ,	  where	   f  is	   either	   the	   VOF	   or	   the	   level	   set	   function,	   and	  u	   	   is	   the	  

fluid	  velocity	  field.	  The	  accuracy	  with	  which	  sharpness	  of	  the	  IB-‐fluid	  interface,	  and	  volume	  and	  

shape	   of	   the	   IB	   are	   maintained	   throughout	   IB's	   motion	   and	   deformation	   depends	   on	   the	  

advection	   scheme	  used	   for	   solving	   the	  advection	  equation,	   and	  on	   the	   type	  of	   the	   function	   f	  

chosen	  to	  represent	  IB.	  We	  are	  currently	  doing	  a	  literature	  survey	  (and	  testing)	  of	  the	  available	  

advection	  schemes	  to	  find	  an	  accurate	  and	   inexpensive	  advection	  scheme	  for	  the	  equation	  of	  

motion	  of	  the	  IB.	   	  

     

Fig.	  9.	  Gravity	  induced	  motion	  of	  a	  rigid	  sphere	  at	  Re	  =	  40.	  Left:	  Flow	  field	  at	  t	  =	  0.1	  sec.	  Right:	  

Flow	  field	  at	   t	  =	   1.9	  sec.	  The	  colour	  contours	   represent	  vorticity	  and	  the	  arrows	  represent	  the	  

velocity	  vector.	   	  
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Fig.	   10.	  A	  compliant	  deformable	  sphere	  place	   in	  a	  cavity	   flow	  at	  Re	  =	   100.	  Left:	  Flow	  field	  and	  

configuration	   of	   the	   sphere	   represented	   on	   a	   2D	   place	   through	   the	   center	   of	   the	   deformed	  

sphere.	   	   Right:	  Same	  as	  left	  pane	  but	  represented	  in	  3D	  and	  at	  a	  different	  time	  instant.	   	   	  
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4.	  Schedule	  and	  Future	  Plan 
(1)	  Five-‐year	  objectives	  and	  goals	  toward	  2017	  

a.	   Construction	   and	   development	   of	   the	   simulation	   technology	   for	   bringing	   out	   the	  

performance	  of	  K	  computer	  

b.	  Proposal	  of	  the	  technological	  trend	  of	  HPC	  simulation	  toward	  EXA-‐scale	  

	  

(2)	  Long-‐term	  objectives	  

a.	  Establishment	  of	  the	  research	  and	  development	  center	  for	  industrial	  simulation	  technology	  

b.	   Contribution	   to	   computer	   science	   by	   expanding	   the	   developed	   simulation	   technology	   to	  

different	  fields	  

 

(3)	  Time	  schedule	  

	   2012	   2013	   2014	   2015	   2016	   2017	  

Proposal	  of	  the	   	  

project	  

	  

	  

	   	   	   	   	   	  

Building	  light	  

libraries	  

	   	   	   	   	   	  

Interview	  to	  the	  industry	  and	  feasibility	  study	  

Making	  specification	  list	  for	  the	  development	  

Library	  development	  

Application	  development	  

Porting	  guideline	  
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Development	  of	   	  

the	  coupling	  

algorithms	   for	   the	  

PETA-‐scale	  

computing	  
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HPC Programming Framework Research Team 

 

1.	  Team	  Members	  
Naoya	  Maruyama	  (Team	  Leader)	  

Motohiko	  Matsuda	  (Research	  Scientist)	  

Soichiro	  Suzuki	  (Technical	  Staff)	   	  

Mohamed	  Wahib	  (Postdoctoral	  Researcher)	  

Shinichiro	  Takizawa	  (Research	  Scientist)	  

 

2.	  Research	  Activities 
We	   develop	   high	   performance,	   highly	   productive	   software	   stacks	   that	   aim	   to	   simplify	  

development	  of	  highly	  optimized,	  fault-‐tolerant	  computational	  science	  applications	  on	  current	  

and	   future	   supercomputers,	   notably	   the	   K	   computer.	   Our	   current	   focus	   of	   work	   includes	  

large-‐scale	   data	   processing,	   heterogeneous	   computing,	   and	   fault	   tolerance.	   A	  major	   ongoing	  

project	  in	  our	  group	  will	  deliver	  a	  MapReduce	  runtime	  that	  is	  highly	  optimized	  for	  the	  intra-‐	  and	  

inter-‐node	  architectures	  of	  the	  K	  computer	  as	  well	  as	  its	  peta-‐scale	  hierarchical	  storage	  systems.	  

Another	  major	  project	   focuses	  on	  performance	  and	  productivity	   in	   large-‐scale	  heterogeneous	  

systems.	  Below	  is	  a	  brief	  summary	  of	  each	  project.	  

 

1)	  Simplified	  Parallel	  Processing	  with	  KMR	  

MapReduce	  is	  a	  simple	  programming	  model	  for	  manipulating	  key-‐value	  pairs	  of	  data,	  originally	  

presented	   by	   Dean	   and	   Ghemawat	   of	   Google.	   User-‐defined	   map	   and	   reduce	   functions	   are	  

automatically	  executed	  in	  parallel	  by	  the	  runtime,	  which	  in	  turn	  enables	  transparent	  out-‐of-‐core	  

data	   processing	   using	   multiple	   machines.	   Our	   KMR	   library,	   which	   is	   currently	   under	   active	  

development,	   is	   similar	   to	   the	   original	   MapReduce	   design	   by	   Dean	   and	   Ghemawat,	   but	   its	  

implementation	   is	   significantly	   extended	   for	   the	   node	   and	   storage	   architectures	   of	   the	   K	  

computer.	   In	   particular,	  we	   exploit	   the	   two-‐level	   parallel	   storage	   systems	   so	   that	   costly	   data	  

movement	   can	   be	  minimized.	   Data	   shuffling	   in	  MapReduce	   is	   also	   a	   subject	   of	   optimizations	  

using	  the	  6-‐D	  torus	  interconnect	  networks.	  

	  

2)	  Physis:	  An	  Implicitly	  Parallel	  Stencil	  Computation	  Framework	  

Physis	   is	   a	   framework	   for	   stencil	   computations	   that	   is	   designed	   for	   a	   variety	   of	   parallel	  

computing	  systems	  with	  a	  particular	  focus	  on	  programmable	  GPUs.	  The	  primary	  goals	  are	  high	  

productivity	  and	  high	  performance.	  Physis	  DSL	  is	  a	  small	  set	  of	  custom	  programming	  constructs,	  

and	  allows	  for	  very	  concise	  and	  portable	   implementations	  of	  common	  stencil	  computations.	  A	  

single	   Physis	   program	   runs	   on	   x86	   CPUs,	   NVIDIA	   GPUs,	   and	   even	   clusters	   of	   them	   with	   no	  
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platform-‐specific	   code.	   This	   software	   consists	   of	   a	   DSL	   translator	   and	   runtime	   layer	   for	   each	  

supported	  platform.	  The	  translator	  automatically	  generates	  platform-‐specific	  source	  code	  from	  

Physis	  code,	  which	  is	  then	  compiled	  by	  a	  platform-‐native	  compiler	  to	  generate	  final	  executable	  

code.	   The	   runtime	   component	   is	   a	   thin	   software	   layer	   that	  performs	   application-‐independent	  

common	  tasks,	  such	  as	  management	  of	  GPU	  devices	  and	  network	  connections. 

 

3.	  Research	  Results	  and	  Achievements	  
3.1.	  Simplified	  Parallel	  Programming	  with	  KMR	  

 

1)	  Kmrshell:	  A	  simple	  building	  block	  for	  MapReduce-‐style	  workflow	  

MapReduce	   is	   already	   a	   very	   simple	  model,	   but	   KMR’s	   new	   functionality	   “kmrshell”,	   further	  

simplifies	  parallel	  programming	  which	  can	  start	  thousands	  of	  Unix	  commands	  without	  coding	  in	  

C	  or	  Fortran.	  Starting	   thousands	  of	  programs	  on	  distinct	  data	   sets	   is	   a	   typical	   scenario	  of	   the	  

jobs	   running	  on	   the	  K	  computer,	  but	   it	   requires	   tedious	  programming	   if	  directly	   implemented	  

with	  MPI.	  “Kmrshell”	  abstracts	  invocation	  of	  multiple	  Unix	  commands	  as	  mappers	  and	  reducers,	  

and	   efficiently	   combines	   their	   results	   through	   pipelining	   using	   KMR’s	   high-‐performance	   data	  

shuffling.	  Unmodified	  sequential	  or	  MPI	  programs	  can	  be	  executed	  more	  easily	  with	  kmrshell.	  

	  

2)	  Automatic	  affinity-‐aware	  large-‐scale	  file	  I/O	  

KMR	   implements	  a	  new	  affinity-‐aware	  file	   loading	  method,	  which	  exploits	   locality	   information	  

of	  the	  files	  to	  the	  I/O	  nodes	  [5-‐(2)-‐1].	  The	  FEFS	  filesystem	  on	  K	  is	  based	  on	  file	  striping,	  in	  which	  a	  

content	   of	   a	   file	   is	   segmented	   to	  many	   small	   chunks	   and	   they	   are	   scattered	   across	  many	   I/O	  

nodes.	   It	   exposes	   locality	   of	   file	   contents	   between	   the	   I/O	   nodes	   and	   the	   computing	   nodes,	  

enabling	  more	  efficient	  accesses	   to	   file	   segments	   from	  a	  near-‐by	  computing	  node,	  which	  also	  

minimizes	   network	   contention	   during	   file	   loading.	   The	   location	   information	   of	   scattering	   the	  

segments	  of	  a	   file	  can	  be	  obtained	  by	  using	  the	  system	   interface	  to	  the	  FEFS	  filesystem.	  KMR	  

divides	   the	  computing	  nodes	   into	  the	  groups	  by	  the	   locality	   to	   the	   I/O	  nodes,	  and	  assigns	  the	  

task	   of	   file	   loading	  by	   their	   affinity	   to	   the	   segments	   of	   a	   file.	   The	   following	   figure	   shows	   the	  

improvement	  achieved	  by	  the	  affinity-‐aware	  file	  loading	  method. 
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Figure.	   File	   loading	   performance.	   The	   line	   with	   “kmr”	   is	   by	   affinity-‐aware	   file	   loading.	   The	  

“one-‐bcast”	  is	  the	  older	  method	  in	  which	  one	  node	  loads	  a	  file	  and	  broadcasts	  it.	  The	  “by-‐each”	  

is	  a	  naïve	  method	  in	  which	  each	  node	  loads	  a	  file	  independently.	  

 

3)	  Fault-‐tolerant	  MapReduce	  

To	   enable	   job	   completion	   in	   face	   of	   system	   faults	   and	   to	   enable	   long	   term	   job	   execution	  

exceeding	  the	  maximum	  elapse	  time,	  we	  implemented	  a	  checkpoint/restart	  feature	  to	  KMR.	  We	  

designed	  this	  feature	  to	  automatically	  and	  transparently	  perform	  checkpoint/restart	  from	  KMR	  

users.	  This	  feature	  will	  be	  included	  in	  the	  next	  release,	  which	  will	  be	  available	  early	  in	  FY2014.	  

 

4)	  KMR	  application	  examples	  

As	  MapReduce	  is	  originally	  designed	  for	  data	  parallel	  processing,	  it	  is	  easy	  to	  apply	  MapReduce	  

to	  scientific	  data	  analysis	  [5-‐(2)-‐2].	  We	  applied	  KMR	  to	  implement	  genome	  analysis,	  especially	  to	  

cancer	  cell’s	  mutations	  detection.	  As	  shown	  in	  the	  following	  figure,	  if	  we	  split	  the	  input	  genome	  

sequences	  into	  small	  parts	  we	  can	  perform	  mapping	  and	  split	  them	  in	  parallel.	  This	  process	  can	  

be	  mapped	  to	  the	  Map	  part	  of	  MapReduce.	  The	  split	  results	  should	  be	  merged	  based	  on	  their	  

patterns	  and	  it	  can	  be	  mapped	  to	  the	  Shuffle	  part	  of	  MapReduce.	  The	  final	  analysis	  process	  can	  

be	   implemented	  as	  Reduce	  part	  of	  MapReduce.	  KMR	  also	  starts	  to	  be	  used	  to	  analyzing	  huge	  

amount	  of	  images,	  more	  than	  1	  million/day,	  generated	  by	  SACLA.	  
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MapReduce	  can	  be	  applied	  to	  represent	  certain	  kind	  of	  scientific	  application’s	  workflows,	  such	  

as	   embarrassingly	   parallel	   tasks	   and	   ensemble	   simulations.	   We	   used	   KMR	   to	   implement	  

Replica-‐Exchange	  Molecular	  Dynamics	  (REMD),	  a	  representative	  ensemble	  simulation.	  REMD	  is	  

an	  iterative	  application	  that	  runs	  MDs	  in	  parallel	  and	  performs	  exchange	  after	  that	  in	  iteration.	   	  

MapReduce	  can	  be	  applied	  to	  represent	  the	  iteration	  where	  Map	  runs	  MDs	  and	  Reduces	  does	  

exchange.	   	   KMR	   starts	   to	   be	   used	   in	   AICS	   research	   tams	   to	   represents	   their	   application	  

workflow,	  such	  as	  data	  assimilation	  for	  weather	  forecasting,	  social	  simulation	  and	  visualization.	  

 
By	   applying	  MapReduce	   to	   the	   above	   applications,	   application	   researchers	   or	   developers	   can	  

reduce	  their	  coding	  tasks	  as	  MapReduce	  provides	  mechanisms	  for	  task	  management,	  and	  they	  

can	   concentrate	   on	   implementing	   the	   application	   logics.	   Furthermore,	   as	   KMR	   is	   designed	  

especially	  for	  the	  K	  computer,	  using	  KMR	  will	  benefit	  performance	  on	  the	  K	  computer.	  
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3.2	  Physis:	  An	  Implicitly	  Parallel	  Stencil	  Computation	  Framework	  

One	   of	   the	   main	   design	   goals	   of	   Physis	   is	   to	   generate	   high	   quality	   code	   optimized	   for	  

memory-‐bound	   applications	   on	   GPU	   accelerators.	   A	   classical	   optimization	   technique	   for	  

increasing	   memory-‐bound	   applications	   is	   loop	   fusion,	   which	   translates	   loops	   using	   the	   same	  

data	   arrays	   into	   a	   single	   loop	   so	   that	   accesses	   to	   the	   same	   data	   can	   be	   reused	   via	   on-‐chip	  

memories	  such	  as	  registers	  and	  caches.	  A	  similar	  technique	  can	  be	  applied	  to	  GPU	  applications	  

that	  consist	  of	  a	  call	  sequence	  of	  GPU-‐offloaded	  functions	  (called	  kernels	  in	  CUDA	  terminology).	  

By	  creating	  a	  fused	  kernel	  that	  include	  multiple	  kernels	  using	  the	  same	  data	  arrays,	  accesses	  to	  

off-‐chip	   DRAM	  memory	   can	   be	   reduced	   by	   exploiting	   on-‐chip	  memories	   such	   as	   GPU	   shared	  

memory.	   	  

	  

We	  envision	  that	  such	  code	  transformation	  technique	  can	  be	  automatically	   implemented	  with	  

high-‐level	  frameworks	  such	  as	  Physis.	  The	  Physis	  DSL,	  while	  limited	  to	  stencil	  computations	  with	  

regular	   grids,	   gives	   the	   framework	   with	   flexibility	   in	   generating	   any	   combinations	   of	   fused	  

kernels	  within	   the	   constraint	   of	   data	   dependencies	   among	   stencils.	   However,	   a	   naive	   greedy	  

approach	  to	  fusing	  kernels	  will	  not	  be	  necessarily	  effective	  due	  to	  the	  following	  challenges.	  First,	  

kernel	  fusion	  does	  not	  always	  lead	  to	  more	  efficient	  code	  even	  with	  shared	  data	  being	  cached	  

at	  on-‐chip	  memories.	  Other	  performance-‐critical	  architectural	  constraints,	  such	  as	  the	  capacity	  

of	  shared	  memory,	   latency	  to	  accessing	  the	  shared	  memory,	  and	  potential	   increase	  of	  register	  

pressure,	   need	   also	   be	   carefully	   considered	   when	   deciding	   fusing	   a	   given	   set	   of	   kernels.	  

Furthermore,	  production	  applications	  tend	  to	  contain	  a	  large	  number	  of	  kernels,	  much	  as	  loops	  

in	   CPU	   codes,	   therefore	   the	   number	   of	   potential	   combinations	   of	   fusions	   can	   be	   intractably	  

large	  with	  simple	  greedy	  approaches.	   	  

	  

To	   address	   the	   two	   challenges	   and	   achieve	   speedup	   by	   effectively	   reducing	   the	   off-‐chip	  

memory	   traffic,	   we	   formulate	   kernel	   fusion	   as	   a	   combinatorial	   optimization	   problem	   and	  

propose	  the	  use	  of	  an	  approximation	  search	  heuristic	  to	  search	  the	  exponentially	  proportional	  

space	  of	  possible	  fusions.	   	  

	  

More	  specifically,	  we	  derive	  the	  optimization	  problem	  by	  constructing	  a	  data	  dependency	  graph	  

and	   order-‐of-‐execution	   graph	   for	   the	   kernels	   in	   the	   program.	   Our	   search	   heuristic	   uses	   a	  

light-‐weight	   and	   accurate	   projection	   method	   of	   performance	   upper	   bound	   to	   evaluate	   the	  

quality	  of	  candidate	  solutions.	  The	  upper	  bound	  on	  performance	  is	  projected	  for	  potential	  fused	  

kernels	  without	  requiring	  any	  form	  of	  code	  representation.	  This	  light-‐weight	  method	  is	  essential	  

to	  enable	  fusions	  for	  applications	  with	  a	  large	  number	  of	  kernels	  and	  data	  arrays.	   	  
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Our	   main	   achievements	   so	   far	   are:	   a)	   A	   formulation	   of	   the	   kernel	   fusion	   as	   an	   optimization	  

problem,	  b)	  The	  use	  of	  a	  scalable	  search	  heuristic	  to	  search	  for	  near-‐to-‐optimal	  solutions	  in	  the	  

space	  of	  possible	  kernel	  fusions,	  c)	  Using	  a	  highly	  accurate	  codeless	  upper-‐bound	  performance	  

projection	  to	  guide	  KF	  and,	  d)	  Experimental	  evidence	  of	  the	  effectiveness	  of	  the	  kernel	  fusion	  

optimization	  when	  applied	  to	  a	  test	  suite	  and	  two	  real	  world	  weather	  applications	  with	  tens	  of	  

kernels	   and	   data	   arrays.	   As	  will	   be	   shown	   later,	   the	   introduced	   search	  method	   identified	   the	  

optimal	  kernels	   to	   fuse	   for	   the	  weather	  applications	  within	  a	   reasonable	  amount	  of	   time.	  The	  

actual	   kernel	   fusion	   transformation	   with	   two	   climate-‐modeling	   applications	   resulted	   in	   more	  

than	  1.35x	  and	  1.2x	  speedup	  on	  NVIDIA	  Kepler	  GPUs.	  

 

4.	  Schedule	  and	  Future	  Plan	  
We	   plan	   to	   continue	   the	   development	   of	   KMR	   for	   further	   simplifying	   usage	   of	   large-‐scale	  

systems.	   In	   particular,	   our	   primary	   focus	   in	   the	   coming	   years	   is	   to	   optimize	   I/O	   intensive	  

applications	  by	  further	  exploiting	  data	  locality	  on	  the	  K	  computer.	  Toward	  that	  end,	  we	  will	  first	  

try	  to	  identify	  common	  I/O	  access	  patterns	  of	  the	  computational	  science	  applications	  running	  on	  

K,	   and	   examine	   potential	   improvements	   of	   I/O	   performance	   by	   various	   static	   and	   runtime	  

techniques	   such	   as	   runtime	   code	   and	   data	  migrations.	  We	   plan	   to	   implement	   such	   advanced	  

optimizations	   with	   the	   KMR	   library	   so	   that	   user	   applications	   built	   using	   the	   KMR	   library	   can	  

transparently	   use	   our	   optimizations.	   We	   also	   plan	   to	   release	   a	   new	   version	   of	   KMR	   with	   a	  

checkpoint/restart	   mechanism	   so	   that	   KMR	   applications	   can	   continue	   execution	   even	   in	   the	  

presence	  of	  system	  failures	  due	  to,	  e.g.,	  hardware	  faults.	  

 

The	   Physis	   framework	   will	   also	   be	   further	   extended	   with	   more	   advanced	   code	   generation	  

techniques	   such	   as	   kernel	   fusion	   as	   presented	   above.	   We	   plan	   to	   realize	   the	   model-‐based	  

scalable	   kernel	   fusion	   within	   the	   framework	   so	   that	   the	   performance	   of	   stencil	   applications	  

written	  in	  Physis	  can	  be	  further	  more	  efficient.	  
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2.	  Research	  Activities	  
The	   purpose	   of	   our	   visualization	   team	   is	   to	   construct	   a	   parallel	   visualization	   environment	   for	  

large-‐scale	   datasets,	   which	   are	   generated	   from	   K	   computer,	   and	   to	   provide	   the	   visualization	  

environment	  for	  the	  users.	  Of	  course,	  the	  development	  of	  elemental	   technologies	   is	   included.	  

The	  following	  is	  the	  objectives	  of	  our	  research	  in	  FY2013.	  

1) Data	  centric	  approach	  for	  simulation	  and	  post-‐processing	  (Ono)	  

2) Development	  of	  a	  visualization	  technique	  for	  large-‐scale	  dataset	  (Nonaka)	  

3) Data	  compression	  for	  large-‐scale	  dataset	  (Bi)	  

4) Design	   of	   the	   "A-‐Cell"	   portable	   SIMD	   framework	   for	   heterogeneous	   computing,	  

development	  and	  release	  of	  a	  simulator	  for	  visualization	  and	  analysis	  of	  A-‐Cell	  system,	  and	  

partial	  development	  of	  A-‐Cell	  source-‐to-‐source	  compiler	  (Khandan)	  

 

3.	  Research	  Results	  and	  Achievements 
3.1.	  Data	  centric	  approach	  for	  simulation	  and	  post-‐processing	  

Since	  simulations	  executed	  on	  the	  K	  computer	  often	  generate	   large-‐scale	  and	  numerous	   files,	  

once	  the	  data	  files	  are	  generated	  it	  is	  hard	  to	  copy	  or	  move	  the	  data	  owing	  to	  the	  limitation	  of	  

the	  storage.	  Thus,	  it	  is	  essential	  for	  us	  to	  manage	  such	  many	  distributed	  files.	  We	  developed	  an	  

efficient	  file	  management	  library	  CIOlib	  using	  meta-‐data	  information	  so	  that	  the	  library	  allows	  us	  

to	   share	   the	   data	   between	   different	   applications	   such	   as	   simulator	   and	   post-‐processing	  

programs.	  The	  meta-‐data	   is	  described	  simple	  YAML	   like	  notation	  and	  consists	  of	   two	  types	  of	  

the	   information:	   information	   related	   to	   the	   parallel	   process	   and	   information	   related	   to	  

computed	  results.	  This	   information	  is	  described	  in	  proc.dfi	  and	  index.dfi	  files	  respectively.	  One	  

of	   the	  useful	   functions	   in	  developed	  CIOlib	   is	   file	   loading.	  The	  number	  of	  execution	  processes	  
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may	  vary	  in	  some	  cases,	  for	  instance,	  between	  simulation	  and	  data	  processing/visualization,	  or	  

the	   restart	   process	   in	   simulation.	   In	   many	   cases,	   file-‐based	   data	   processing	   after	   simulation	  

employs	  much	  fewer	  processes	  than	  the	  simulation	  itself.	  We	  consider	  and	  provide	  various	  file	  

loading	  patterns	  for	  the	  user’s	  convenience.	  Figure	  1	  shows	  an	  example	  of	  a	  file	  loading	  function	  

that	  CIOlib	  provides.	  

	  

The	  information	  included	  in	  the	  proc.dfi	  can	  automatically	  process	  the	  following	  patterns.	  

a)	  Normal	  Loading	  

The	  number	  of	  processes	  and	  the	  situation	  of	  partitioning	  are	  the	  same	  between	  the	  previous	  

and	  the	  current	  session.	  Most	  cases	  choose	  this	  pattern.	  

	  

b)	  Refinement	  Loading	  

In	  this	  refinement	  case	  as	  shown	  in	  Figure	  1,	  the	  number	  of	  processes	  is	  the	  same;	  however,	  the	  

resolution	  is	  different.	  Each	  process	  in	  the	  current	  session	  reads	  the	  same	  file	  that	  the	  process	  

has	  written	   in	  the	  previous	  session.	  However,	  because	  the	  resolution	   is	  doubled,	   interpolation	  

should	  be	  performed.	  User	  can	  overload	  the	  interpolation	  method.	  

	  

c)	  MxN	  Loading	  

M	   and	  N	   denote	   the	   number	   of	   processes	   in	   the	   previous	   and	   current	   sessions,	   respectively.	  

Even	   if	  M	  and	  N	  are	  equal	  but	   the	  partitioning	   is	  different,	   the	   loading	  pattern	  becomes	  MxN	  

loading.	  Figure	  1	  shows	  this	  pattern	  for	  the	  same	  resolution,	  and	  Figure	  1	  demonstrates	  the	  case	  

of	   different	   resolutions	   and	   different	   partitioning.	   This	   loading	   pattern	   is	   considerably	   useful	  

when	  the	  user	  changes	  the	  number	  of	  processes	  in	  a	  successive	  simulation	  process.	  

	  

d)	  Staging	  Assistance	  

In	   certain	   computational	   environments,	   the	   files	   required	   for	   computation	   need	   to	   be	  

transferred	   from	   the	   global	   file	   system	   to	   the	   local	   file	   system,	   which	   is	   a	   dedicated	   disk	  

partition	   for	   computations	   in	   a	   batch	   job,	   before	   the	   calculation	   begins.	   This	   file	   transfer	  

process	   is	   called	   a	   stage-‐in.	   In	   the	  MxN	   file	   loading	   pattern,	   each	   current	   process	  may	   need	  

different	   files	   that	   the	   process	   wrote	   in	   the	   previous	   session.	   In	   this	   case,	   the	   file	   that	   the	  

process	   needs	   must	   be	   determined	   prior	   to	   submitting	   a	   batch	   job.	   This	   procedure	   is	   also	  

performed	  using	  proc.dfi	  information.	  Figure	  1	  depicts	  an	  example.	  The	  previous	  session	  has	  M	  =	  

9	  processes	  and	  the	  current	  session	  has	  N	  =	  4.	  For	  instance,	  the	  current	  process	  of	  rank	  0	  (N{0})	  

demands	   M{0,	   1,	   3,	   4}.	   This	   relationship	   can	   be	   obtained	   from	   the	   information	   described	   in	  

proc.dfi.	  
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Figure	  1.	  Four	  file	  I/O	  patterns	  provided	  by	  CIOlib.	  

 

 

3.2	  Development	  of	  visualization	  technique	  for	  large-‐scale	  dataset	  

The	   most	   popular	   approach	   for	   visualization	   of	   large	   datasets	   is	   the	   sort-‐last	   parallel	  

visualization	   pipeline	   depicted	   in	   Fig.	   2a.	   Most	   of	   parallel	   rendering	   algorithms	   are	  

embarrassingly	  parallel	  in	  nature,	  however	  the	  images	  generated	  at	  each	  rendering	  node	  should	  

be	   composited	   together	   to	   generate	   the	   final	   image.	   Since	   it	   requires	   interprocess	  

communication	   among	   the	   entire	   nodes,	   it	   usually	   dominates	   the	   total	   cost	   of	   a	   parallel	  

rendering	   process.	   As	   shown	   in	   Fig.	   2a,	   image	   composition	   process	   works	   coupled	   with	   the	  

rendering	   process,	   and	   the	   same	   node	   used	   for	   rendering	   is	   also	   used	   for	   composition.	   As	   a	  

result,	  the	  number	  of	  rendering	  nodes	  determines	  the	  number	  of	  composition	  nodes.	  Although	  

the	   number	   of	   rendering	   nodes	   depends	   on	   several	   factors,	   it	   is	   highly	   important	   to	   have	   a	  

scalable	  image	  composition	  algorithm	  that	  works	  with	  arbitrary	  number	  of	  nodes.	   	  

	  

Parallel	   image	   composition	   has	   been	   studied	   for	   almost	   two	   decades	   and	   several	   algorithms	  

have	   been	   proposed	   so	   far.	   Currently,	   there	   exist	   efficient	   image	   composition	   algorithms	   for	  

power-‐of-‐two	   (2n)	   number	   of	   nodes.	   However,	   when	   handling	   non-‐power-‐of-‐two	   number	   of	  

nodes,	   an	   additional	   processing	   is	   usually	   applied	   causing	   performance	   penalty.	   The	   simplest	  

way	   is	  to	  execute	  as	  a	  pre-‐processing	  converting	  to	  a	  power-‐of-‐two	  number	  of	  nodes.	  Since	   it	  

can	  be	  costly,	  another	  approach	  is	  to	  distribute	  this	  processing	  overhead	  to	  the	  entire	  parallel	  

image	  composition	  process.	  As	  a	  lightweight	  pre-‐processing	  approach,	  we	  investigated	  the	  use	  

of	   2-‐3-‐4	   Decomposition	  method	   to	   convert	   a	   given	   non-‐power-‐of-‐two	   number	   of	   nodes	   to	   a	  

power-‐of-‐two	  number	  of	  nodes.	  It	  is	  worth	  noting	  that,	  in	  the	  case	  of	  the	  K	  Computer,	  to	  make	  

full	  use	  of	  the	  allocated	  computational	  resources,	  multiples	  of	  12	  (non-‐power-‐of-‐two)	  might	  be	  
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appropriate	  for	  job	  execution.	   	  

	  

The	   2-‐3-‐4	   Decomposition	   works	   by	   creating	   groups	   of	   2,	   3	   or	   4	   nodes	   as	   shown	   in	   Fig.	   2b.	  

Considering	  a	  non-‐power-‐of-‐two	  number	  of	   composition	  nodes	   (m)	  which	   is	  bounded	  by	   two	  

power-‐of-‐two	  values,	  2n	  <	  m	  <	  2n+1,	  when	  applying	  2-‐3-‐4	  Decomposition,	  it	  will	  create	  exactly	  2n-‐1,	  

that	  is,	  a	  power-‐of-‐two	  number	  of	  groups.	  By	  independently	  compositing	  each	  of	  these	  groups,	  

as	   shown	   in	  Fig.	  2c,	   it	  will	  generate	  a	  power-‐of-‐two	  number	  of	   images,	  and	  by	  using	   the	   local	  

root	   node	   at	   each	   of	   these	   groups	   it	   will	   be	   possible	   to	   apply	   any	   of	   the	   existing	   image	  

composition	  nodes	   for	  power-‐of-‐two	  number	  of	  nodes.	  The	  maximum	  performance	  penalty	   is	  

limited	   to	   the	   overhead	   of	   compositing	   four	   images.	   In	   the	   case	   of	   using	   Binary-‐Swap	   image	  

composition,	  which	  is	  probably	  the	  most	  popular	  image	  composition	  method	  for	  power-‐of-‐two	  

number	  of	  nodes,	  we	  verified	  a	  stable	  performance	  penalty	  in	  the	  range	  of	  1.5	  to	  1.75	  times	  as	  

those	  of	  Binary-‐Swap	  on	  a	  large-‐scale	  image	  composition	  environment	  of	  up	  to	  32K	  thousands	  

of	  composition	  nodes.	  It	   is	  worth	  noting	  that	  this	  decomposition	  method	  does	  not	  depend	  on	  

any	   composition	   parameter	   to	   be	   specified	   by	   the	   user,	   and	   has	   predicable	   performance	  

behavior.	   Our	   ongoing	   work	   includes	   a	   study	   to	   further	   reduce	   this	   performance	   penalty	   in	  

certain	  circumstances.	  

	  

 

a) Sort-last parallel visualization pipeline. 

 

b) An application of 2-3-4 Decomposition.  

 

c) Composition of 2-3-4 groups 

Figure	  2.	  2-‐3-‐4	  decomposition	  in	  sort-‐last	  approach.	  

 

3.3	  Data	  compression	  for	  large-‐scale	  dataset 

In	  this	  year,	  we	  have	  proposed	  two	  methods	  for	  data	  compression	  for	  large-‐scale	  dataset.	  

	   	  

Firstly,	   we	   proposed	   a	   parallel	   data	   compression	   method	   using	   POD	   (Proper	   Orthogonal	  

Decomposition).	  However,	   this	  method	  can	  only	  deal	  with	   the	  cases	   that	  both	   the	  number	  of	  

time	   steps	   and	   the	   number	   of	   processors	   are	   power-‐of-‐two.	   Therefore,	   a	   2-‐3-‐4	   combination	  

method	  was	  proposed	  to	  resolve	  the	  problem	  of	  non-‐power-‐of-‐two.  
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3.3.1.	  A	  Study	  of	  Parallel	  Data	  Compression	  Using	  Proper	  Orthogonal	  Decomposition	  

The	   growing	   power	   of	   supercomputers	   continues	   to	   raise	   scientists’	   ability	   to	   model	   larger,	  

more	  sophisticated	  problems	  in	  science	  with	  higher	  accuracy.	  Equally	  important	  is	  the	  ability	  to	  

make	  full	  use	  of	  the	  data	  output	  from	  the	  simulations	  to	  help	  clarify	  the	  modeled	  phenomena	  

and	  facilitate	  the	  discovery	  of	  new	  phenomena.	  However,	  as	  the	  scale	  of	  computing	  has	  grown,	  

there	  has	  been	  a	  corresponding	  growth	  in	  available	  data.	  Outputting	  most	  of	  this	  data	  is	  simply	  

not	   feasible,	   which	   defeats	   the	   purpose	   of	   conducting	   large-‐scale	   simulations.	   In	   order	   to	  

address	  this	   issue	  so	  that	  more	  data	  may	  be	  collected	  and	  used	  for	  extreme-‐scale	  computing,	  

we	   have	   developed	   a	   scalable	   parallel	   data	   compression	   solution	   to	   reduce	   the	   size	   of	  

large-‐scale	  data	  with	  low	  computational	  cost	  and	  minimal	  error.	  We	  use	  the	  proper	  orthogonal	  

decomposition	  (POD)	  method	  to	  compress	  data	  because	  this	  method	  can	  effectively	  extract	  the	  

main	  features	  from	  the	  data,	  and	  the	  resulting	  compressed	  data	  can	  be	  linearly	  decompressed.	  

Our	  implementation	  achieves	  high	  parallel	  efficiency	  with	  a	  binary	  load-‐distributed	  approach	  (as	  

shown	   in	   Figure	   3),	   which	   is	   similar	   to	   the	   binary-‐swap	   image	   composition	   method.	   This	  

approach	   allows	   us	   to	   effectively	   use	   all	   of	   the	   processing	   nodes	   and	   to	   reduce	   the	  

interprocessor	   communication	   cost	   throughout	   the	   parallel	   compression	   calculations.	   The	  

results	  of	  tests	  using	  the	  K	  computer	  indicate	  the	  superior	  performance	  of	  the	  proposed	  design	  

and	  implementation.	  

	  

3.3.2.	  2-‐3-‐4	  Combination	  for	  Parallel	  Compression	  on	  the	  K	  computer	  

	  

 
 

In	  our	  previous	  research,	  a	  parallel	  compression	  method	  has	  been	  proposed.	  However,	   in	   this	  

algorithm,	   interprocessor	   communication	   can	   only	   be	   carried	   out	   in	   the	   case	   that	   both	   the	  

number	  of	   time	   steps	  and	  processors	  are	  power-‐of-‐two	   (the	  case	   in	  Figure	  3).	  Obviously,	   it	   is	  
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Figure 3 Parallel POD compression  
using our proposed binary load- 
distributed method. 

Figure 4 Two cases of non-power-of-two. (a) The 
number of time steps. (b) Both the number of 
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Figure 2: Transforming the two cases of non-power-of-two into
power-of-two. (a) The number of processors is power-of-two, while
the number of time steps is not power-of-two (PPT-TNPT). (b) Neither
the number of time steps nor processors is power-of-two (NNPT). (c)
and (d) are the transformed BPT from (a) and (b), respectively. In the
case of (b), 2 processors are enough to compress the dataset.

2 2-3-4 COMBINATION

This section describes how to get the best balance among all pro-
cessors in the first compression layer and the rest of compression
layers, respectively.

2.1 Parallel Computing Patterns

The process of parallel POD compression, which will be detailed
introduced in Section 3, can be classified into 3 patterns according
to the number of processors and the number of time steps:

• Both are Power-of-Two (BPT), in Figure 1(b),

• Processor is Power-of-Two and Time step is Non-Power-of-
Two (PPT-TNPT), in Figure 2(a),

• Neither is Non-Power-of-Two (NNPT), in Figure 2(b).

Note that the case of {Processor is Non-Power-of-Two and Time
step is Power-of-Two} does not exist. This is because that the num-
ber of processors can be easily adjusted according to the number of
time steps Most simulations belong to the last two cases. Our idea
is to transform non-power-of-two case into power-of-two case in
the first compression layer, and then use binary swap method from
the second compression layer. Therefore, the number of processors
will be used in our approach is power-of-two.

For the example of PPT-TNPT in Figure 2(a), it can be resolved
through assigning 3 time steps into processor 1 in the first compres-
sion layer, as shown in Figure 2(c). For the example of NNPT in
Figure 2(b), only two processors is enough to compress the dataset.
Each processor deals with 3 time steps in the first compression
layer, as shown in Figure 2(d). Both cases are changed into BPT
from the second compression layer. Therefore, the key idea of our
proposed 2-3-4 combination approach is to transform PPT-TNPT
and NNPT into BPT in the first compression layer. The number of
processors should be firstly decided in Section 2.2 according to the
number of time steps which has been assigned by users, and then
the partition mode x-(x+1) will be obtained in Section 2.3.

2.2 The Number of Processors

Firstly, we give several definitions used for describing our approach
in the remainder of this paper.

• nts : the number of the time steps of the input dataset.

first
layer

second
layer

POD POD

Process 2 Process 3

PODPOD

Process 0 Process 1

POD

POD POD POD POD

POD POD POD

Base0 Base1 Base2 Base3

Figure 3: An example of 2-3-4 combination. 3-4 mode is selected to
resolve this NNPT case. 4 processors are used to transform it into
BPT from the second layer. The gray arrows show the process to
decompose the data of P0 9.

• npro : the number of processors that are used for parallel POD
compression.

• n2 : the number of processors that compress datasets of two
time steps in the first compression layer.

• n3 : the number of processors that compress datasets of three
time steps in the first compression layer.

• n4 : the number of processors that compress datasets of four
time steps in the first compression layer.

• nx : the number of processors that compress datasets of x time
steps in the first compression layer. Here, nx ∈ {n2,n3,n4},
which will be explained in Section 2.3.

• x : x time steps will be compressed in one processor, where
x ∈ {2,3,4}.

From the number of the time steps of the input dataset nts, two
power-of-two boundaries can be obtained as:

2i ! nts < 2i+1, (1)

where i > 0. The number of parallel processors npro on two bound-

aries should be 2i−1 and 2i, respectively. If 2i processors are used,
some processors can only be assigned 1 time step, while POD com-
pression needs at least 2 time steps. Therefore, the number of par-
allel processors should be decided as:

npro = 2i−1. (2)

Figure 3 shows an example, the number of input time steps nts is
15, which is between 23 and 24. According to Eq. (1) and Eq. (2),
4 processors are used for this parallel POD compression.

2.3 2-3 Mode and 3-4 Mode

As described in previous sections, from the second compression
layer, each processor compress datasets of 2 time steps. On the
other hand, in the first compression layer, a x-(x+1) combination
(x ∈ {2,3}) will give a best balance for all processors. The first ob-
jective of this section is to introduce the method to select 2-3 mode
or 3-4 mode from the number of time steps nts (Eq. (1)) and pro-
cessors npro (Eq. (2)). The second objective is to give the number
of processors that compress x and x+1 time steps, respectively.

Figure 5 The data with 15 time steps are efficiently parallel 
compressed using our 2-3-4 combination approach. The best 
load balance was achieved. 



155	  

impossible	   for	  the	  general	  cases,	  Figure	  4	  shows	  two	  non-‐power-‐of-‐two	  cases.	  A	  method	  that	  

can	  fully	  resolve	  this	  problem	  with	  low	  computational	  cost	  will	  be	  very	  popular.	  In	  this	  research,	  

we	   proposed	   such	   an	   approach	   called	   2-‐3-‐4	   combination	   approach,	   which	   can	   be	   simply	  

implemented	  and	  also	  reach	  high	  performance	  of	  parallel	  computing	  algorithms.	  Furthermore,	  

our	   method	   can	   obtain	   the	   best	   balance	   among	   all	   parallel	   computing	   processors.	   This	   is	  

achieved	  by	  transferring	  the	  non-‐power-‐of-‐two	  problem	  into	  power-‐of-‐two	  problem	  to	  fully	  use	  

the	  best	  balance	  feature	  of	  the	  binary	   load-‐distributed	  method	  proposed	   in	  our	  first	   research.	  

Figure	  4	  shows	  how	  to	  transfer	  the	  two	  non-‐power-‐of-‐two	  cases	  into	  power-‐of-‐two.	  Figure	  5	  is	  

an	   example	   to	   effectively	   compress	   the	   data	   with	   15	   time	   steps	   through	   using	   our	   2-‐3-‐4	  

combination	   method.	   We	   evaluate	   our	   approach	   through	   applying	   it	   to	   the	   parallel	   POD	  

compression	  algorithm	  on	  the	  K	  computer.	  

	  

3.4	  A-‐Cell	  

An	   important	  mission	   of	   advanced	   visualization	   research	   team	   is	   to	   create	   reusable	   program	  

modules	   that	   could	   be	   used	   by	   AICS	   and	   the	   rest	   of	   HPC	   community.	   Our	   projects	   include	  

physics	   simulation	   and	   rendering.	   In	   addition	   we	   have	   lunched	   the	   new	   trend	   of	   knowledge	  

discovery	   in	  simulation	  data.	   In	  order	  to	  make	  our	  solutions	  available	  for	   larger	  portion	  of	  the	  

community	   our	   solutions	   should	   be	   completely	   portable	   and	   scalable	   to	   be	   more	   reusable.	  

Therefore	  we	  decided	  to	  focus	  on	  the	  fundamental	  problem	  of	  portability	  and	  scalability.	  Other	  

than	  the	  K	  computer,	  the	  visualization	  team	  uses	  a	  specific-‐purposed	  visualization	  cluster	  with	  

heterogeneous	  nodes	  with	   two	  high-‐end	  CPUs	  and	  one	  GPU	  per	  node.	   It	   is	  desirable	   that	  our	  

programs	  to	  be	  executable	  on	  both	  K	  computer	  and	  visualization	  cluster	  without	  modification	  

or	   additional	   setup.	   Furthermore,	   it	   is	   desired	   that	   our	   programs	   to	   be	   executed	   without	  

modification	   or	   additional	   setup	   on	   the	   next	   generation	   exa-‐scale	   supercomputer	   which	   its	  

exact	  architecture	  is	  not	  currently	  determined	  yet.	  

	  

Unfortunately,	  available	  solutions	  like	  OpenACC,	  OpenMP,	  PGAS,	  and	  Unified	  Memory	  in	  CUDA	  

C	  only	  make	   the	  problem	  deeper.	  These	   technologies	   try	   to	  present	   the	  programmer	  with	  an	  

abstraction	  of	  the	  system	  that	  looks	  and	  feels	  like	  a	  sequential	  programming	  environment.	  Then,	  

the	  compiler	  will	  be	  responsible	  for	  creating	  a	  parallel	  program	  out	  of	  user	  code.	  However,	  most	  

compilers	   fail	   to	  perform	   that	   task	  properly.	   In	   addition,	   compile-‐time	  parameters	  differ	   from	  

one	  machine	   to	   another.	   That	  makes	   the	   program	   less	   portable.	   Furthermore,	   none	   of	   these	  

technologies	  are	  portable	  between	  multi-‐core	  to	  many-‐core	  architectures	  and	  vice	  versa.	  

	  

We	   came	   up	   with	   a	   promising	   solution	   that	   we	   call	   A-‐Cell	   (asynchronous	   cells).	   A-‐Cell	   is	   a	  

high-‐level	   abstraction	   of	   fine-‐grained	   parallelism	   specifically	   designed	   to	   be	   applicable	   to	   all	  

range	   of	   parallel	   devices	   from	   super	   computers	   based	   on	   CPUs	   or	   GPUs,	   to	   network	   of	  
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embedded	  devices.	  To	  achieve	   this,	  A-‐Cell	  adopts	  a	  programming	  model	  called	  "connectionist	  

computing"	  and	  with	  that	  takes	  a	  leap	  step	  farther	  from	  Turing	  programming	  model	  compared	  

to	   aforementioned	   solutions.	   Also,	   in	   contrast	   with	   those	   other	   solutions	   that	   are	   based	   on	  

holistic	  philosophy,	  the	  philosophy	  of	  A-‐Cell	  is	  reductionist.	  An	  A-‐Cell	  encapsulates	  a	  fine-‐grained	  

task	   with	   its	   related	   variables	   and	   data	   linkage.	   A	   source-‐to-‐source	   compiler	   translates	   the	  

program	  to	  a	  set	  of	  programs	  that	  are	  compilable	  to	  the	  target	  devices.	  Execution	  of	  the	  task	  is	  

through	  massive	  instantiation	  of	  an	  A-‐Cell.	  The	  runtime	  environment	  takes	  the	  responsibility	  of	  

distributing	   A-‐Cell	   instances	   between	   all	   available	   nodes,	   CPU	   cores	   or	   GPU	   multiprocessors	  

(MPs).	  The	  runtime	  environment	  also	  assures	  synchronization	  and	  consistency	  of	  data	  between	  

A-‐Cells.	  

	  

With	  A-‐Cell	  two	  important	  inherent	  properties	  emerge,	  namely,	  Spatial	  Elasticity	  and	  Temporal	  

Elasticity.	   Spatial	   Elasticity	  makes	  A-‐Cells	   to	   fit	   in	   any	   heterogeneous	   computing	   environment	  

while	  Temporal	  Elasticity	   improves	  execution	  time	  by	  compensating	  for	  a	  part	  of	   interconnect	  

latency	  and	  the	  time	  wasted	  by	  unexpected	  system	  interrupts.	  Development	  of	  A-‐Cell	  compiler	  

based	  on	  LLVM/Clang	  compiler	  system	  has	  been	  started	  and	  it	  is	  about	  20%	  through.	  A	  simulator	  

is	   developed	  as	   a	  proof	  of	   concept	   for	  A-‐Cell	   scalability	   and	   its	   better	   time	  performance.	   The	  

simulator	  is	  released	  to	  public	  and	  is	  available	  as	  an	  open-‐source	  project.	  

	  

When	   the	   A-‐Cell	   compiler,	   runtime	   system	   becomes	   available,	   we	   will	   be	   able	   to	   produce	  

visualization	   and	   knowledge	   discovery	   solutions	   that	   are	   portable	   between	   varieties	   of	   HPC	  

environments	  and	  scalable	  to	  arbitrary	  number	  of	  nodes.	  

 

 
Figure	  6.	  Left:	  Spatial	  Elasticity,	  Right:	  Temporal	  Elasticity	  in	  A-‐Cell.	  

 

 

4.	  Schedule	  and	  Future	  Plan	  
We	   will	   release	   our	   visualization	   software	   around	   mid.	   of	   FY2014,	   and	   have	   a	   plan	   to	   give	  

lectures	   related	   our	   released	   software.	   Research	   themes	   and	   developed	   software	   will	   be	  

investigated	   further	   in	   next	   year	   continuously,	   for	   instance,	   (1)	   Completion	   and	   release	   of	  
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KnoRBA	   +	   A-‐Cell	   precompiler.	   KnoRBA	   is	   an	   original	   agent-‐based	   software	   development	  

framework	  that	  can	  be	  used	  for	  development	  of	  a	  scalable,	  extensible	  and	  portable	  knowledge	  

discovery	  solution,	  (2)	  Implementation	  of	  a	  demo	  user	   interface	  for	  wall-‐mounted	  display,	  and	  

(3)	  To	  proceed	  with	  research	  and	  implementation	  of	  multi-‐modal	  knowledge	  discovery	  and	  data	  

minding	  using	  KnoRBA	  and	  A-‐Cell. 
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workshop	  in	  Kyoto,	  Jan.	  2013.	  
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Data Assimilation Research Team 

 

1.	  Team	  members	  
Takemasa	  Miyoshi	  (Team	  Leader)	  

Shigenori	  Otsuka	  (Postdoctoral	  Researcher)	  

Koji	  Terasaki	  (Postdoctoral	  Researcher)	  

Shunji	  Kotsuki	  (Postdoctoral	  Researcher)	  

Hazuki	  Arakida	  (Technical	  Staff)	  

Juan	  J.	  Ruiz	  (Visiting	  Scientist)	  

Shinichiro	  Shima	  (Visiting	  Scientist)	  

Masahiro	  Sawada	  (Visiting	  Scientist)	  

Shu-‐Chih	  Yang	  (Visiting	  Scientist)	  

Stephen	  G.	  Penny	  (Visiting	  Scientist)	  

Keiichi	  Kondo	  (Student	  Trainee)	  

Marimo	  Ohhigashi	  (Research	  Assistant)	  

Yukie	  Komori	  (Assistant)	  

Rie	  Deguchi	  (Assistant)	  

 

2.	  Research	  Activities	  
Data	  Assimilation	  Research	  Team	  (DA	  Team)	  was	  launched	  in	  October	  2012	  and	  is	  composed	  of	  

12	  research	  and	  technical	  staff	  including	  5	  visiting	  members	  as	  of	  March	  2014.	  Data	  assimilation	  

is	  a	  cross-‐disciplinary	  science	  to	  synergize	  numerical	  simulations	  and	  observational	  data,	  using	  

statistical	  methods	  and	  applied	  mathematics.	  As	  computers	  become	  more	  powerful	  and	  enable	  

more	  precise	  simulations,	  it	  will	  become	  more	  important	  to	  compare	  the	  simulations	  with	  actual	  

observations.	   DA	   Team	   performs	   cutting-‐edge	   research	   and	   development	   on	   advanced	   data	  

assimilation	  methods	  and	  their	  wide	  applications,	  aiming	  to	  integrate	  computer	  simulations	  and	  

observational	  data	  in	  the	  wisest	  way.	  Particularly,	  DA	  Team	  will	  tackle	  challenging	  problems	  of	  

developing	   efficient	   and	   accurate	   data	   assimilation	   systems	   for	   high-‐dimensional	   simulations	  

with	  large	  amount	  of	  data.	  The	  specific	  areas	  include	  1)	  research	  on	  parallel-‐efficient	  algorithms	  

for	   data	   assimilation	   with	   the	   super-‐parallel	   K	   computer,	   2)	   research	   on	   data	   assimilation	  

methods	   and	   applications	   by	   taking	   advantage	   of	   the	   world-‐leading	   K	   computer,	   and	   3)	  

development	  of	  most	  advanced	  data	  assimilation	  software	  optimized	  for	  the	  K	  computer.	  

	  

In	   FY2013,	   we	   focused	   on	   data	   assimilation	   research	   in	   the	   following	   aspects:	   1)	   theoretical	  

research	   on	   challenging	   problems,	   2)	   leading	   research	   on	   meteorological	   applications,	   3)	  

optimization	  of	   computational	   algorithms,	   and	  4)	   exploratory	   research	  on	  wider	   applications.	  
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We	   also	   explored	   close	   collaborations	  with	   several	   research	   teams	  within	   the	   AICS	   Research	  

Division.	  We	  have	  made	  substantial	  progress	  on	  the	  following	  research	  items:	  

[Theoretical	  research]	  

1. A	  discrete	  Bayesian	  optimization	  approach	  to	  find	  optimal	  ensemble	  sizes	  in	  a	  multi-‐model	  

ensemble	  Kalman	  filter	  (EnKF)	  was	  explored.	  

2. The	  approach	  to	  multi-‐scale	  covariance	  localization	  invented	  and	  investigated	  in	  FY2012	  was	  

further	  explored	  (2	  papers	  published).	  

3. The	  role	  of	  observation	  error	  correlations	  in	  data	  assimilation	  was	  explored.	  

4. Potential	  impact	  of	  assimilation	  order	  of	  observations	  in	  serial	  EnKF	  was	  investigated.	  

5. Particle	  filter	  methods	  to	  treat	  non-‐Gaussian	  PDF	  were	  explored.	  

[Leading	  research	  on	  meteorological	  applications]	  

6. A	  Local	  Ensemble	  Transform	  Kalman	  Filter	   (LETKF)	  experiment	  with	   large	  ensemble	  up	  to	  

10240	   members	   was	   performed	   to	   investigate	   the	   probability	   density	   function	   (PDF)	   of	  

atmospheric	  flows	  more	  precisely.	  PDF	  plays	  an	  essential	  role	  in	  data	  assimilation.	  

7. The	  LETKF	   system	  with	  a	  global	  Nonhydrostatic	   ICosahedral	  Atmospheric	  Model	   (NICAM)	  

was	   developed	   and	   tested	  with	   the	   real	   conventional	   observations,	   in	   collaboration	  with	  

Computational	  Climate	  Science	  Research	  Team.	  

8. “Big	  Data	  Assimilation”	  to	  take	  advantage	  of	  Big	  Data	  from	  both	  high-‐resolution	  simulations	  

and	  advanced	  sensors	  was	  explored.	  As	  a	  first	  step,	  next-‐generation	  phased	  array	  weather	  

radar	  data	  were	  considered	  for	  assimilation.	  

[Computational	  optimization]	  

9. The	   high-‐performance	   eigenvalue	   solver	   “EigenExa”	   was	   applied	   to	   the	   LETKF	   in	   close	  

collaboration	  with	  Large-‐scale	  Parallel	  Numerical	  Computing	  Technology	  Research	  Team.	  

10. The	  KMR	   (K	  Map	  Reduce)	  was	  applied	   to	   the	  LETKF	  workflow	   to	  maximize	   the	  efficiency	  

with	   the	  K	   computer,	   in	   close	   collaboration	  with	  HPC	  Programming	   Framework	  Research	  

Team.	  

[Wider	  applications]	  

11. A	  potential	  application	  of	  data	  assimilation	  to	  ecosystem	  simulations	  was	  explored.	  

Among	  the	  achievements,	  three	  achievements	  are	  selected	  and	  highlighted	  in	  the	  next	  section.	  

 

3.	  Research	  Results	  and	  Achievements	  
3.1.	  A	  discrete	  Bayesian	  optimization	  approach	  to	  multi-‐model	  EnKF	  

No	   simulation	   can	   be	   perfect,	   and	   data	   assimilation	   fills	   the	   gap	   between	   the	   imperfect	  

simulations	   and	   real	   phenomena.	   Multi-‐model	   ensemble	   may	   account	   for	   uncertainties	   of	  

simulation	  models,	  and	  previous	  studies	  in	  meteorological	  data	  assimilation	  showed	  advantage	  

of	  multi-‐model	  ensemble	  Kalman	  filter	  (EnKF)	  in	  reducing	  the	  impact	  of	  the	  model	  errors.	  
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In	   the	   previous	   studies,	   the	   ensemble	   sizes	   for	   each	   model	   are	   prescribed	   subjectively,	   for	  

example,	   uniformly	   distributed	   to	   each	  model	   (Fig.	   1	   left).	   In	   this	   study,	  we	   adopt	   a	  Bayesian	  

filter	   approach	   to	   a	  multi-‐model	   EnKF	   to	   find	   the	   optimal	   combination	   of	   ensemble	   sizes	   for	  

each	  model	   (Fig.	   1	   right).	  We	   developed	   an	   effective	   inflation	  method	   to	  make	   the	   Bayesian	  

filter	  work	  without	  converging	  to	  a	  single	  imperfect	  model.	  
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Figure	  1.	  Schematic	  showing	  the	  motivation	  for	  the	  Bayesian	  optimization	  approach	  to	  

multi-‐model	  EnKF.	  Four	  models	  (Model	  1-‐4)	  are	  considered.	  

 

F	  =	  9F	  =	  7

F	  =	  6, 10

Assimilation	  steps
 

Figure	  2.	  Results	  of	  the	  Bayesian	  optimization	  approach	  to	  multi-‐model	  EnKF.	  The	  largest	  center	  

figure	  shows	  time	  series	  of	  true	  F	  (black	  dashed,	  right	  axis)	  and	  the	  estimated	  ensemble	  sizes	  

(solid	  lines,	  left	  axis)	  for	  F=6	  (black),	  7	  (red),	  9	  (green),	  and	  10	  (blue).	  The	  smaller	  four	  panels	  on	  

both	  sides	  show	  the	  snapshot	  of	  PDF	  of	  each	  model	  at	  chosen	  instances	  (shown	  by	  arrows).	  
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As	  a	   first	   step,	  we	   tested	   the	  proposed	  approach	  with	   the	  40-‐variable	  Lorenz-‐96	  model.	   Four	  

different	  values	  of	  the	  model	  parameter	  F	  (F	  =	  6,	  7,	  9,	  10)	  were	  used	  to	  mimic	  the	  multi-‐model	  

ensemble.	  When	  the	  true	  F	  had	  temporal	  variations	  F	  =	  8	  +	  sin(t),	  the	  proposed	  system	  followed	  

the	  temporal	  change	  successfully	  (Fig.	  2),	  and	  the	  RMSE	  was	  improved.	  

 

3.2.	  Multi-‐scale	  covariance	  localization	  

Following	  the	  theoretical	  development	  of	  the	  dual-‐localization	  approach	  in	  FY2012,	   in	  FY2013	  a	  

number	   of	   experiments	   were	   performed	   using	   an	   Atmospheric	   General	   Circulation	   Model	  

(AGCM)	   with	   intermediate	   complexity	   known	   as	   the	   SPEEDY	   model,	   having	   led	   to	   two	  

publications	  (Miyoshi	  and	  Kondo	  2013;	  Kondo	  et	  al.	  2013).	  The	  main	  findings	  are	  highlighted	   in	  

this	  report.	  

 
Figure	  3.	  Improvements	  (%)	  of	  1-‐year-‐average	  analysis	  RMSE	  of	  DLOC	  over	  CTRL	  for	  (a)	  zonal	  

wind	  at	  the	  4th	  model	  level	  (~500	  hPa),	  (b)	  temperature	  (K)	  at	  the	  2nd	  model	  level	  (~850	  hPa),	  

(c)	  specific	  humidity	  at	  the	  lowest	  level	  (~950	  hPa),	  and	  (d)	  surface	  pressure.	  Red	  (blue)	  

indicates	  advantage	  (disadvantage)	  of	  DLOC.	  Adapted	  from	  Fig.	  6	  of	  Miyoshi	  and	  Kondo	  (2013).	  

 

The	  newly	  proposed	  dual-‐localization	  method	   (DLOC)	   indicates	   astonishing	   improvements	   for	  

all	   variables	   compared	   with	   the	   regular	   single	   localization	   (CTRL)	   (Fig.	   3).	   DLOC	   uses	   two	  

localization	  parameters,	   and	   the	   sensitivity	   to	   the	   two	   localization	  parameters	   is	   investigated.	  

The	  results	  show	  that	  the	  dual-‐localization	  approach	  outperforms	  traditional	  single	  localization	  

with	  relatively	  wide	  choices	  of	  the	  two	  localization	  scales	  by	  about	  400-‐km	  ranges	  (Fig.	  4).	  This	  
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suggests	   that	   we	   could	   avoid	   fine	   tuning	   of	   the	   two	   localization	   parameters.	   We	   started	  

adapting	   DLOC	   to	   a	   real	   typhoon	   case	   using	   the	  WRF-‐LETKF	   system	   and	   obtained	   improved	  

representation	  of	  heavy	  rainfalls	  at	  meso-‐convective	  scales.	  Here,	  WRF	  stands	  for	  the	  Weather	  

and	   Research	   Forecasting	   model,	   a	   widely-‐used	   community	   numerical	   weather	   prediction	  

model.	  

 

Figure	  4.	  Analysis	  RMSEs	  of	  dual	  localization	  with	  various	  localization	  scale	  parameters,	  

averaged	  for	  a	  year	  from	  0000	  UTC	  1	  February	  1982	  to	  0000	  UTC	  1	  February	  1983	  for	  (a)	  zonal	  

wind	  (m	  s-‐1)	  at	  the	  4th	  model	  level,	  (b)	  temperature	  (K)	  at	  the	  second	  model	  level	  and	  (c)	  

specific	  humidity	  (g	  kg-‐1)	  at	  the	  lowest	  model	  level.	  The	  RMSEs	  of	  CTRL	  are	  0.900	  m	  s-‐1,	  0.366	  K	  

and	  0.258	  g	  kg-‐1,	  respectively.	  The	  shaded	  areas	  indicate	  improvements	  of	  DLOC	  over	  CTRL.	  

Adapted	  from	  Fig.	  5	  of	  Kondo	  et	  al.	  (2013).	  

 

3.3.	  Developing	  the	  NICAM-‐LETKF	  system	  

The	   local	   ensemble	   transform	   Kalman	   filter	   (LETKF)	   was	   applied	   to	   the	   Nonhydrostatic	  

ICosahedral	   Atmospheric	   Model	   (NICAM).	   Taking	   advantage	   of	   the	   existing	   LETKF	   code	   for	  

efficient	  development,	  our	  first	  version	  of	  the	  NICAM-‐LETKF	  prototype	  system	  (Fig.	  5)	  has	  the	  

LL-‐to-‐ICO	  grid	  conversion	  and	   its	   inverse,	  where	  LL	  and	   ICO	  represent	  Longitude-‐Latitude	  and	  

ICOsahedral	   grid	   structures	   for	   the	   existing	   LETKF	   code	   and	   NICAM,	   respectively.	   Without	  

making	  substantial	  changes	  to	  the	  existing	  codes,	  the	  grid	  conversions	  act	  as	  adapters	  between	  

the	   existing	  NICAM	   and	   LETKF.	  With	   this	   prototype,	  we	   assimilated	   successfully	   the	  National	  

Centers	  for	  Environmental	  Prediction	  (NCEP)	  PREPBUFR	  observational	  data,	  a	  dataset	  from	  the	  

NCEP	   operational	   Global	   Data	   Assimilation	   System	   (GDAS)	   containing	   global	   conventional	  

observations	  such	  as	   reports	   from	  surface	  stations,	   ships,	  ocean	  buoys,	  weather	  balloons	  and	  

aircrafts,	  and	  satellite-‐based	  winds.	  
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Figure	  5.	  Flow-‐chart	  of	  the	  NICAM-‐LETKF	  prototype	  system.	  

	  

After	  5	  days	  of	  data	  assimilation,	  the	  NICAM-‐LETKF	  produced	  the	  analysis	  with	  high	  correlation	  

with	   other	   analysis	   data	   from	   operational	   numerical	  weather	   prediction	   centers	   (Fig.	   6).	   This	  

confirms	  the	  successful	  implementation	  of	  the	  NICAM-‐LETKF	  data	  assimilation	  system.	  

	  

We	   also	   started	   making	   substantial	   changes	   to	   the	   LETKF	   interface,	   so	   that	   the	   LL-‐ICO	   grid	  

conversions	  are	  no	   longer	  needed.	  This	  will	   reduce	   the	  significant	   I/O	  and	   interpolation	  errors	  

due	  to	  the	  grid	  conversions.	  We	  developed	  a	  preliminary	  version	  of	  the	  NICAM-‐LETKF	  without	  

LL-‐ICO	  conversions,	  and	  confirmed	  that	  the	  computer	  time	  was	  reduced	  by	  about	  40%	  (Fig.	  7). 

 

 
Figure	  6.	  500-‐hPa	  geopotential	  height	  analysis	  on	  0000	  UTC	  6	  November	  2011	  from	  the	  

NICAM-‐LETKF	  (left,	  the	  5th	  day	  of	  data	  assimilation),	  European	  Reanalysis	  ERA	  Interim	  (middle),	  

and	  Japanese	  Climate	  Data	  Assimilation	  System	  (right).	  
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Figure	  7.	  Computational	  time	  of	  the	  two	  versions	  of	  NICAM-‐LETKF	  at	  a	  G-‐level	  6	  (112	  km)	  

resolution	  using	  200	  nodes	  of	  the	  K	  computer.	  Left:	  prototype	  version	  with	  LL-‐ICO	  grid	  

conversions,	  Right:	  new	  version	  without	  grid	  conversion.	  

	  

3.4.	  Application	  of	  KMR	  (K	  Map	  Reduce)	  to	  LETKF	  workflow	  

The	  LETKF	  workflow	  had	  a	  large	  number	  of	  small	  jobs,	  and	  we	  applied	  KMR	  (K	  Map	  Reduce)	  to	  

optimize	   the	   workflow.	   KMR	   is	   developed	   and	  maintained	   by	   HPC	   Programming	   Framework	  

Research	   Team,	   and	   this	  work	   is	   a	   good	   example	   of	   interdisciplinary	   collaborations	   between	  

computer	  science	  and	  computational	  science	  within	  AICS	  Research	  Division.	  

The	  WRF-‐LETKF	  system	  has	  N	  separate	  jobs	  for	  ensemble	  forecasting,	  where	  N	  is	  the	  ensemble	  

size	  (Fig.	  8).	  We	  have	  a	  single	  job	  for	  the	  LETKF.	  Here,	  we	  consider	  WRF-‐LETKF	  as	  an	  example,	  

but	  the	  results	  and	  discussions	  can	  be	  generalized	  to	  any	  model.	  When	  N	  =	  41,	   it	  took	  about	  2	  

hours	   to	   complete	   the	   41-‐member	   ensemble	   forecasts	   (Fig.	   9).	   For	   robustness,	  we	  measured	  

the	  timing	  4	  times	  and	  took	  the	  median.	  The	  median	  of	  the	  run	  time	  of	  the	  WRF	  forecast	  was	  

about	  2	  minutes,	  and	  the	  submitted	  job	  had	  a	  size	  of	  15	  nodes	  for	  an	  hour.	  An	  hour	  may	  sound	  

too	   long,	  but	  occasionally,	   it	   could	   take	  up	   to	   an	  hour,	   so	  we	  had	   to	   assign	   an	  hour	   to	   avoid	  

unexpected	   failure.	   Due	   to	   the	   limit	   of	   the	   number	   of	   simultaneous	   job	   submissions	   in	   the	   K	  

computer,	   we	   could	   submit	   either	   15	   or	   20	   jobs	   simultaneously.	   Therefore,	   we	   had	   almost	   2	  

hours	  of	  the	  wait	  time	  to	  compete	  all	  41	  WRF	  forecasting	  jobs	  (Fig.	  9).	  

	  

This	  situation	  may	  be	  ameliorated	  by	  applying	  the	  KMR.	  “Map	  Reduce”	  fits	  very	  well	  with	  the	  

LETKF	  workflow	  (Fig.	  8),	  and	  can	  easily	  combine	  the	  N	  forecasting	  jobs	  into	  one.	  We	  applied	  the	  

KMR	  and	  combined	  the	  41	  small	  jobs	  (15	  nodes	  for	  an	  hour)	  into	  a	  single	  large	  job	  (630	  nodes	  for	  
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an	  hour).	  The	   total	   computational	   request	   is	   very	   similar	   (630	  node-‐by-‐hour	  product),	  but	   the	  

number	  of	  jobs	  is	  different	  (41	  vs.	  1).	  As	  a	  result,	  we	  could	  accelerate	  the	  total	  wall-‐clock	  time	  to	  

be	  about	  8	  minutes	   (compared	  with	   120	  minutes!)	   (Fig.	   10).	  For	   robustness,	  we	  measured	   the	  

timing	  9	   times	   and	   took	   the	  median.	  What	   is	   different	   is	   the	  wait	   time.	   The	  K	   computer	  wait	  

time	   in	   the	   queue	   turned	   out	   to	   be	   much	   smaller	   for	   630	   nodes	   for	   an	   hour,	   rather	   than	  

submitting	  15	  or	  20	  jobs	  simultaneously	  for	  15	  nodes	  for	  an	  hour.	  
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Figure	  8.	  Schematic	  showing	  LETKF	  workflow.	  Blue	  and	  red	  boxes	  indicate	  each	  process	  and	  job,	  

respectively.	  “Input”	  processes	  generate	  input	  data	  to	  the	  WRF	  forecast,	  “WRF”	  processes	  

compute	  the	  forecast,	  “LETKF”	  process	  is	  data	  assimilation,	  and	  “Output”	  processes	  convert	  

the	  file	  formats.	  

 

Job	  WRF	  1	  (queuing) (running)

Job	  WRF	  2	  (queuing) (running)

Job	  WRF	  M	  (queuing) (running)

...

Job	  WRF	  M+1	  (queuing) (running)

Job	  WRF	  M+2	  (queuing) (running)...
Job	  WRF	  41	  (queuing) (running)

Max	  number	  of	  job	  submission
(M	  =	  15	  or	  20)

120	  min

Allocation	  for	  each	  job:
15	  nodes	  x	  60	  min

2 min

 
	  

Figure	  9.	  Wall-‐clock	  time	  for	  computations	  of	  the	  41-‐member	  WRF	  ensemble	  forecasts.	  
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Figure	  10.	  Wall-‐clock	  time	  for	  the	  same	  WRF	  ensemble	  forecasts	  as	  Fig.	  9,	  but	  with	  KMR	  

combining	  the	  41	  separate	  jobs	  into	  one.	  

 

4.	  Schedule	  and	  Future	  Plan	  
In	  FY2013,	  Team	  had	  three	  additional	  full-‐time	  research	  and	  technical	  staff	  and	  accepted	  visiting	  

researchers,	   leading	   to	   a	   substantial	   growth.	   We	   started	   working	   on	   a	   wide	   range	   of	   data	  

assimilation	   research	   on	   theoretical	   explorations,	   leading	   meteorological	   applications,	  

algorithmic	   optimization,	   and	   wider	   applications.	   Our	   active	   research	   efforts	   started	   making	  

impact	  on	   the	   scientific	   communities,	   and	  we	  are	   in	   a	  good	   shape	   in	  making	  progress	  on	   the	  

research	  items	  of	  the	  AICS	  road-‐map.	  In	  FY2014,	  we	  will	  further	  extend	  and	  strengthen	  what	  we	  

have	  achieved	   so	   far,	   and	  also	  will	   keep	   seeking	  new	  challenges.	  Making	   the	  most	  use	  of	  Big	  

Data	   is	   an	   important	  emerging	  direction,	   and	  we	  are	   taking	   the	   lead	   in	  what	  we	  call	   the	  “Big	  

Data	  Assimilation”	  concept.	  We	  will	  keep	  updating	  ourselves	  with	  the	  most	  recent	  movements	  

and	   trends	   in	   the	   scientific	   community	   and	   society,	   while	   making	   substantial	   progress	   on	  

traditional	  research.	  

	  

Team	  will	  have	  a	  few	  more	  additional	  research	  staff	  in	  FY2014.	  Team	  is	  still	  young	  and	  spinning	  

up,	  but	  will	  keep	  the	  consistent	  and	  competitive	   level	  of	  productivity,	  aiming	  to	  be	  one	  of	  the	  

world’s	  leaders	  in	  the	  field	  of	  data	  assimilation.	  
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2.	  Research	  Activities	  
Electronic	   structure	   calculations	   are	   now	   indispensable	   not	   only	   for	   theoretical	   chemists,	   but	  

also	  for	  experimental	  chemists	  to	  understand	  chemical	  phenomenon.	  Density	  functional	  theory	  

(DFT)	   is	   a	   major	   tool	   to	   tackle	   chemical	   phenomenon	   theoretically.	   DFT	   efficiently	   calculate	  

electronic	  structure	  with	  high	  accuracy,	  and	  its	  algorithm	  is	  suitable	  for	  parallel	  computing.	  DFT	  

now	  plays	  an	   important	   role	   in	  applications	  of	  molecular	   science	   running	  on	   the	  K	  Computer.	  

However,	   conventional	   DFT	   could	   not	   describe	   important	   properties	   such	   as	   van	   der	   Waals	  

interaction	  and	  optical	  property,	  such	  as	  non-‐linear	  optics	  and	  charge-‐transfer	  excitation,	  which	  

are	  essential	  for	  accurate	  calculations	  for	  large	  scaled	  molecular	  systems.	   	  

	  

We	  have	  developed	  long-‐range	  corrected	  density	  functional	  theory	  (LC-‐DFT),	  which	  overcomes	  

the	  drawbacks	  of	  conventional	  DFT	  mentioned	  above.	  Recently,	  we	  found	  that	  LC-‐DFT	  obtains	  

accurate	  energies	  of	  highest	  occupied	  molecular	  orbital	  (HOMO)	  and	  lowest	  occupied	  molecular	  

orbital	  (HOMO).	  The	  development	  of	  LC-‐DFT	  had	  a	  large	  impact	  in	  theoretical	  chemistry	  and	  the	  

number	  of	  research	  based	  on	  LC-‐DFT	  is	  growing	  intensively.	  However,	  LC-‐DFT	  has	  yet	  difficulty	  

in	  describing	  photochemical	  reactions.	  Photochemical	  process	  includes	  avoided	  crossing	  among	  

electronic	  states,	  spin-‐forbidden	  transitions,	  and	  state	  transitions	  between	  high	  and	  low	  spins.	  

These	  properties	  cannot	  be	  calculated	  accurately	  by	  LC-‐DFT	  so	  far.	  

	  

The	  objective	  of	  our	  project	   is	  to	  establish	  LC-‐DFT	  to	  be	  a	  standard	  electronic	  structure	  theory	  

by	   expanding	   its	   capability.	   We	   feature	   new	   developments	   of	   photo-‐	   and	   electro-‐chemical	  

reaction	   theories	   and	   its	   high-‐speed	   computational	   algorithms	   for	   next-‐generation	  

supercomputer	  “K”,	  and	  the	  elucidations	  of	  significant	  reaction	  mechanisms	  and	  the	  designs	  of	  

new	   functional	  materials	   in	   photo	   and	  electrochemistry.	  We	   also	   aim	   to	   increase	   reliability	   of	  

electronic	  structure	  calculation	  by	  improving	  the	  accuracy	  of	  LC-‐DFT.	    
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3.	  Research	  Results	  and	  Achievements 
3.1.	  Singularity-‐free	  hybrid	  functional	  with	  a	  Gaussian	  attenuating	  exact-‐exchange	  (Gau-‐PBE)	  in	  

a	  plane-‐wave	  basis	  

Integrable	  singularity	  in	  the	  exact	  exchange	  calculations	  for	  hybrid	  density	  functionals,	  is	  an	  old	  

and	  well-‐known	  problem	  in	  plane-‐wave	  basis	  widely	  used	  for	  electronic	  structure	  calculation	  of	  

solid-‐state	   systems.	  We	  need	   to	   overcome	   this	   problem	   for	   accurate	   calculation	  of	  materials,	  

because	   DFT	   using	   plane-‐wave	   basis	   is	   one	   of	   the	   major	   tools	   to	   tackle	   them.	   Recently,	   we	  

developed	   a	   hybrid	   functional	   named	  Gau-‐PBE,	  which	   uses	   a	  Gaussian	   function	   as	   a	  modified	  

Coulomb	   potential	   for	   the	   exact	   exchange	   in	   Gaussain-‐type-‐orbital	   software	   mainly	   used	   for	  

electronic	  structure	  calculation	  of	  isolated	  molecules.	  We	  have	  further	  developed	  methods	  and	  

efficient	  program	  for	  electronic	  structure calculation	  of	  solid-‐state	  systems.	  Our	  new	  method	  is	  

implemented	   in	  a	  plane-‐wave-‐based	  software,	  Quantum	  ESPRESSO,	  widely	  used	  for	  electronic	  

structure	   calculation	   of	   materials.	   We	   found	   the	   modified	   Coulomb	   potential	   of	   Gaussian	  

function	  enables	  the	  exact	  exchange	  calculation	  in	  plane-‐wave	  basis	  to	  be	  singularity-‐free	  and,	  

as	  a	   result,	   the	  Gau-‐PBE	   functional	   shows	   faster	  energy	  convergence	  on	  k	  and	  q	  grids	   for	   the	  

Figure	  1.	  Calculated	  bandgap	  vs	  observed	  gap	  (Taken	  from	  J.-‐W.	  Song,	  G.	  Giorgi,	  

K.Yamashita,	  K.	  Hirao,	  J.	  Chem.	  Phys.,	  138,	  241101	  (2013)).	  
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exact	  exchange	  calculations.	  Also,	  a	  tight	  comparison	  (same	  k	  and	  q	  meshes)	  between	  Gau-‐PBE,	  

and	   two	   other	   well-‐known	   hybrid	   functionals,	   i.e.	   PBE0	   and	   HSE06,	   indicates	   our	   new	  

implemented	   functional	   as	   the	   least	   computational	   time	   consuming	   method	   (Figure	   1).	   The	  

Gau-‐PBE	   functional	   employed	   in	   conjunction	   with	   a	   plane	   wave	   basis	   provides	   bandgaps,	   an	  

important	  property	  for	  material	  development,	  with	  higher	  accuracy	  than	  the	  PBE0	  and	  HSE06	  in	  

agreement	  with	  bandgaps	  accurately	  calculated	  using	  Gaussian-‐type-‐orbitals.	  We	  found	  our	  new	  

method	  promising	  for	  calculation	  of	  solid-‐state	  systems.	  

	  

3.2.	  Long-‐range	  corrected	  density	  functionals	  combined	  with	  local	  response	  dispersion	  

Density	   functional	   theory,	   in	   general,	   underestimates	   the	   weak	   van	   der	   Waals	   type	   of	  

intermolecular	   interactions.	   This	   is	   crucial	   in	   electronic	   structure	   calculation	   for	   large-‐sized	  

molecular	  systems,	  which	  include	  the	  above	  weak	  interaction.	  We	  optimized	  parameters	  of	  the	  

local	   response	   dispersion	   (LRD)	   method	   applied	   to	   the	   long-‐range	   corrected	  

exchange-‐correlation	   functionals	   (LC-‐BOP12+LRD	   and	   LCgau-‐BOP+LRD)	   on	   the	   interaction	  

energy	   for	   the	   complexes	   in	   the	   recently	   compiled	   S66	   database.	   The	   new	   parameter	  

optimization	   leads	   to	  highly	   accurate	   calculation	   for	   large	   systems.	  We	   found	   that	   calculation	  

using	   our	   new	   parameter	   is	   comparable	   with	   the	   computationally	   demanding	   high-‐level	  

wavefunction-‐based	  methods	  reported	  in	  Řezáč	  et	  al.	  (J.	  Chem.	  Theory	  Comput.	  2011,	  7,	  2427).	  

Our	  calculations	  with	  the	  S66	  intermolecular	  complexes	  at	  equilibrium	  geometries	  suggest	  that	  

LC-‐BOP12+LRD	   and	   LCgau-‐BOP+LRD	   are	   well-‐balanced	   and	   lower	   cost	   alternatives	   to	   the	  

methods	   reported	   in	   the	  database.	  Further,	   critical	   test	  using	   the	  S66X8	  database	   (with	  eight	  

nonequilibrium	  points)	  and	   the	  HBC6	  and	  NBC10	  database	  shows	  LC+LRD	  method	  with	  newly	  

optimized	  parameters	   is	   a	  promising	  candidate	   for	  dealing	   large	  molecular	   systems	  with	   such	  

weak	  interactions.  

 

3.3.	   Analysis	   of	   difference	   between	   intra-‐	   and	   inter-‐molecular	   charge	   transfer	   excitations	   in	  

long-‐chained	  polyene	  

Charge	  transfer	  excitation	  plays	  an	  important	  role	  in	  various	  photochemical	  processes.	  It	  is	  still	  a	  

challenge	  to	  describe	  charge	  transfer	  excitation	  for	  large-‐scaled	  molecular	  systems.	  For	  critical	  

analysis	  of	  the	  performance	  of	  electronic	  structure	  calculation	  on	  charge	  transfer	  excitation,	  we	  

performed	   intra-‐	   and	   inter-‐molecular	   charge	   transfer	   (CT)	   excitation	   calculations	   of	  

H2N–(CH=CH)n–NO2	   (a)	   and	   its	   equidistant	   [H2N–H…H–NO2]	   complex	   (b)	   using	   EOM-‐CCSD	  

(n=1–9),	   time-‐dependent	   (TD)	   LC-‐DFT	   (n=1–10).	   It	   was	   shown	   that	   LC-‐BOP	   and	   LCgau-‐BOP	  

outperform	  all	  the	  tested	  DFT	  functionals	  on	  inter-‐	  and	  intra-‐CT	  excitation	  energy	  and	  oscillator	  

strength,	  regardless	  of	  CT	  interaction	  distance	  (R).	  Decomposition	  of	  TD-‐DFT	  optical	  excitation	  

energies	   of	   (a)	   and	   (b)	   into	   HOMO–LUMO	   gap	   and	   excitonic	   binding	   energy	   disclosed	   that	  

HOMO–LUMO	   gap	   reduction	   resulting	   from	   delocalization	   of	   HOMO	   and	   LUMO	   through	  
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bridged	   polyene	   conjugation	   is	   mainly	   responsible	   for	   the	   decreasing	   of	   intra-‐molecular	   CT	  

excitation	   energy	   with	   polyene	   chain	   length,	   while	   inter-‐molecular	   CT	   increases	   linearly	   with	  

–1/R,	  which	  is	  wholly	  due	  to	  the	  decrease	  in	  excitonic	  energy	  between	  HOMO	  and	  LUMO	  (Figure	  

2).	  The	  analysis	  provided	  wide	  understanding	  of	  charge	  transfer	  excitation	  and	  clues	  for	  further	  

improvement	   of	   charge	   transfer	   excitation	   calculation.	   We	   found	   that	   success	   of	   exchange	  

correlation	   functional	   on	   long-‐distanced	   intra-‐molecular	   CT	   calculations	   depends	   on	   correct	  

descriptions	  of	  (1)	  Koopmans’	  energy	  of	  donor	  and	  acceptor	  and	  (2)	  excitonic	  energy	  between	  

donor	   and	   acceptor,	   and	   (3)	   correct	   far-‐nucleus	   asymptotic	   behavior,	   –1/R.	  We	   found	   that	   LC	  

scheme	  can	  satisfy	  (3),	  but	  needs	  an	  appropriate	  choice	  of	  long-‐range	  parameter	  able	  to	  satisfy	  

(1)	  and	  (2).	  On	  the	  other	  hand,	  the	  pure,	  conventional	  hybrid,	  and	  screened	  hybrid	  functionals	  

show	  near-‐zero	  intra-‐	  and	  inter-‐molecular	  excitonic	  energy	  regardless	  of	  R,	  which	  means	  optical	  

band	   gap	   coincide	   with	   HOMO–LUMO	   gap.	   Therefore,	   we	   conclude	   that	   100	   %	   long-‐range	  

Hartree–Fock	  exchange	  inclusion	  is	  indispensable	  for	  correct	  descriptions	  of	  intra-‐molecular	  CT	  

excitations	   as	   well	   as	   inter-‐molecular	   CT.	   Our	   results	   indicate	   that	   bandgap	   calculation	   using	  

conventional	  hybrids	  and	  screened	  hybrid	  functionals	  need	  reconsideration.	   	  

 

3.4.	   Path	   integral	   molecular	   dynamics	   simulation	   of	  

hydrogen	   maleate	   anion	   based	   on	   range	   separated	  

density	  functional	  theory	  

Ab	   initio	   path	   integral	   molecular	   dynamics	   (PIMD)	  

simulation	   based	   on	   range	   separated	   DFT	   was	  

performed	   to	   understand	   the	   nuclear	   quantum	  

effect	   on	   the	   out-‐of-‐plane	   ring	   deformation	   of	  

hydrogen	   maleate	   anion	   (Figure	   3)	   and	   investigate	  

the	   existence	   of	   a	   stable	   structure	   with	   ring	  

deformation,	  which	  was	   suggested	   in	   experimental	  

observation	   (Fillaux	   et	   al.,	   Chem.	   Phys.	   1999,	   120,	  

Figure	  2.	  LUMO	  of	  H2N–(CH=CH)10–NO2	  obtained	  by	  LC-‐BOP	  (Taken	  from	  J.-‐W.	  Song,	  K.	  

Hirao,	  Theor.	  Chem.	  Acc.	  133,	  1438(1-‐9)	  (2014)).	  

Figure	  3.	  Hydrogen	  malonate	  anion	  

and	  its	  ring-‐deformed	  structure.	  
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387−403).	  The	  isotope	  effect	  and	  the	  temperature	  effect	  are	  studied	  as	  well.	  In	  our	  preliminary	  

static	   calculation,	   we	   found	   that	   range	   separated	   DFT	   outperforms	   MP2	   and	   conventional	  

hybrid	  DFT.	  Thus,	  range	  separated	  DFT	  was	  used	  for	  our	  PIMD	  simulation.	  We	  first	  investigated	  

the	  nuclear	  quantum effect	  on	   the	  proton	   transfer.	   In	   static	   calculation	  and	  classical	  ab	   initio	  

molecular	  dynamics	  simulations,	  the	  proton	  in	  the	  hydrogen	  bond	  is	  localized	  to	  either	  oxygen	  

atom.	  On	  the	  other	  hand,	  the	  proton	  is	  located	  at	  the	  center	  of	  two	  oxygen	  atoms	  in	  quantum	  

ab	   initio	   PIMD	   simulations.	   The	   nuclear	   quantum	   effect	   washes	   out	   the	   barrier	   of	   proton	  

transfer.	  We	   next	   examined	   the	   nuclear	   quantum	  effect	   on	   the	  motion	   of	   hydrogen	  maleate	  

anion.	   Principal	   component	   analysis	   revealed	   that	   the	   out-‐of-‐plane	   ring	   bending	  modes	   have	  

dominant	  contribution	  to	  the	  entire	  molecular	  motion.	   In	  quantum	  ab	   initio	  PIMD	  simulations,	  

structures	  with	  ring	  deformation	  were	  the	  global	  minimum	  for	  the	  deuterated	  isotope	  at	  300	  K.	  

We	  analyzed	  the	  out-‐of-‐plane	  ring-‐bending	  mode	  further	  and	  found	  that	  there	  are	  three	  minima	  

along	  a	  ring	  distortion	  mode.	  We	  successfully	  found	  a	  stable	  structure	  with	  ring	  deformation	  of	  

hydrogen	   maleate	   for	   the	   first	   time,	   to	   our	   knowledge,	   using	   theoretical	   calculation.	   The	  

structures	   with	   ring	   deformation	   found	   in	   quantum	   simulation	   of	   the	   deuterated	   isotope	  

allowed	  the	  proton	  transfer	  to	  occur	  more	  frequently	  than	  the	  planar	  structure.	  Static	  ab	  initio	  

electronic	  structure	  calculation	  found	  that	  the	  structures	  with	  ring	  deformation	  have	  very	  small	  

proton	  transfer	  barrier	  compared	  to	  the	  planar	  structure.	  We	  suggest	  that	  the	  “proton	  transfer	  

driven”	   mechanism	   is	   the	   origin	   of	   stabilization	   for	   the	   structure	   with	   out-‐of-‐plane	   ring	  

deformation.	  

 

4.	  Schedule	  and	  Research	  Plans 
In	  the	  next	  fiscal	  year,	  we	  will	  continue	  our	  effort	  to	  expand	  the	  capabilities	  of	  LC-‐DFT.	  We	  will	  

develop	   the	   order-‐N	   calculation	   algorithm	   of	   LC-‐DFT	   to	   calculate	   large	   molecular	   systems	  

quantitatively	  with	  much	  less	  computational	  time.	  We	  will	  then	  apply	  this	  algorithm	  to	  excited	  

state	   calculations	  on	   time-‐dependent	  density	   functional	   theory	   (TDDFT).	  We	  will	   also	  develop	  

open-‐shell	  spin-‐orbit	  TDDFT	  to	  calculate	  molecular	  systems	  including	  metal	  atoms.	  Furthermore,	  

we	   will	   develop	   a	   new	   method	   to	   calculate	   the	   nonadiabatic	   coupling	   among	   different	  

electronic	   states,	   and	   carry	   out	   nonadiabatic	   coupling	   calculations	   based	   on	   TDDFT	   to	  

reproduce	   photochemical	   reactions	   comprehensively.	  We	   are	   also	   planning	   to	   apply	   Gau-‐PBE	  

and	  Gau-‐PBEh	  methods	   to	   solid-‐state	   calculations	  of	   real	   systems.	  We	  also	  aim	   to	  extend	  our	  

TD-‐DFT	  based	  on	  LC-‐DFT	  to	  solid-‐state	  calculations	  as	  well.	  
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[6]	   “Communication:	   Singularity-‐free	   hybrid	   functional	   with	   a	   Gaussian	   attenuating	  
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Computational Disaster Mitigation and Reduction Research Unit 

 

1.	  Unit	  members	  
Muneo	  Hori	  (Unit	  Leader)	  

Hideyuki	  O-‐tani	  (Postdoctoral	  Researcher)	  

Jian	  Chen	  (Postdoctoral	  Researcher)	  

 

2.	  Research	  Activities	  
Computational	  disaster	  mitigation	  and	  reduction	  research	  unit	  is	  aimed	  at	  developing	  advanced	  

large-‐scale	  numerical	  simulation	  of	  natural	  disasters	  such	  as	  an	  earthquake,	  tsunami	  and	  heavy	  

rain,	  for	  Kobe	  City	  and	  other	  urban	  areas	  in	  Hyogo	  Prefecture.	  Besides	  for	  the	  construction	  of	  a	  

sophisticated	  urban	  area	  model	  and	  the	  development	  of	  new	  numerical	  codes,	  the	  unit	  seeks	  to	  

be	  a	  bridge	  between	  Science	  and	  Local	  Government	  for	  the	  disaster	  mitigation	  and	  reduction.	   	  

 

Our	  research	  unit	  addressed	  the	  following	  research	  objects	  in	  this	  fiscal	  year:	   	  

	  

2.1	  Development	  of	  next-‐generation	  urban	  model	  for	  Kobe	  city	   	   	  

An	  urban	  model	  is	  used	  as	  input	  data	  of	  natural	  disaster	  simulation.	  The	  reliability	  of	  simulations	  

depends	  largely	  on	  the	  quality	  of	  the	  model.	  We	  seek	  to	  develop	  a	  next-‐generation	  urban	  model	  

for	  Kobe	  City;	   the	   current	  model	   is	   constructed,	   based	  on	  open-‐source	  data	  of	   a	   target	   area.	  

More	   detailed	   data	   about	   the	   urban	   area,	   which	   are	   managed	   and	   maintained	   by	   local	  

governments,	  are	  to	  be	  used	  to	  construct	  the	  model.	  

 

2.2	  Numerical	  simulations	  for	  stability	  analysis	  of	  liquefaction	   	  

Liquefaction	  is	  a	  kind	  of	  disastrous	  ground	  failure	  induced	  by	  earthquake.	  Reliable	  prediction	  of	  

liquefaction	   is	   of	   great	   significance	   especially	   for	   regions	   near	   a	   port	   where	   the	   potential	   of	  

liquefaction	  occurrence	  is	  high.	  We	  develop	  a	  finite	  element	  method	  for	  liquefaction	  and	  study	  

the	   stability	   of	   perturbations	   in	   the	   form	   of	   plane	   wave	   and	   in	   the	   form	   of	   spherical	   wave	  

numerically.   

 

3.	  Research	  Results	  and	  Achievements	  
3.1	  Development	  of	  next-‐generation	  urban	  model	  for	  Kobe	  city	  

Integrated	   Earthquake	   Simulation	   (IES)	   requires	   detailed	   information	   about	   an	   individual	  

building,	  such	  as	  structure	  type,	  construction	  year	  and	  material/structure	  properties,	  in	  order	  to	  

make	  a	  seismic	  response	  analysis	   (SRA)	  model.	  External	  configuration	  of	  buildings	   is	  stored	   in	  

commercial	  GIS	  (Geographic	  Information	  System),	  but	  other	  information	  is	  not	  available	  unless	  
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local	  government	  allows	  us	  to	  use	  their	  data.	  With	  the	  courtesy	  of	  Kobe	  City	  Government,	  we	  

are	   able	   to	   use	   the	   data	   set	   of	   some	   information	   for	   registered	   personal	   buildings	   and	   local	  

government	   facilities.	   We	   are	   extracting	   information	   that	   is	   required	   to	   make	   a	   more	  

sophisticated	   SRA	   model	   from	   these	   data	   sets,	   and	   developing	   a	   smart	   program	   which	   is	  

capable	  to	  handle	  the	  data	  sets	  to	  this	  end.	  In	  this	  fiscal	  year,	  we	  have	  completed	  a	  prototype	  of	  

such	   program	   for	   the	   automated	   construction	   of	   an	   urban	   area.	   A	   new	   urban	   area	  model	   is	  

made	  for	  the	  city	  of	  Kobe,	  by	  using	  this	  prototype	  which	  is	  applied	  to	  multiple	  data	  sets	  of	  CAD	  

(Computer	  Aided	  Design)	  of	  structures	  and	  building	  registry	  of	  Kobe	  City.	  

	  

3.1.1	  Template	  fitting	  methodology	  to	  utilize	  the	  CAD	  data	  of	  buildings 

In	   CAD,	   configuration	   data	   of	   one	   building	   are	   given	   as	   a	   set	   of	   polygons.	   The	   polygons	   are	  

independent	  since	  it	  is	  sufficient	  for	  design	  purpose	  if	  they	  are	  located	  at	  proper	  positions.	  No	  

information	  about	  connection	  between	  polygons	   is	   included	   in	  CAD.	   It	   is	  a	  challenging	  task	  to	  

utilize	  CAD	  data	  to	  automatically	  construct	  an	  SRA	  model,	  by	  properly	  guessing	  connections	  of	  

polygons;	   for	   instance,	   a	   model	   of	   finite	   element	   method	   analysis	   must	   consist	   of	   model	  

elements	  and	  those	  connections.	   	  

	  

We	   have	   developed	   a	   method	   for	   automatic	   construction	   of	   a	   sophisticated	   SRA	   model,	  

improving	  a	  shape	  recognition	  methodology	  that	  is	  based	  on	  a	  template-‐based	  floor;	  see	  Figure	  

1.	  In	  the	  developed	  method,	  an	  adequate	  number	  of	  floor	  arrangements	  are	  precomposed	  as	  a	  

template	   set	   and	  one	  of	   the	   templates	   is	   selected	   for	   each	   floor	   footprint	  which	   is	   extracted	  

from	  CAD	  data;	   see	   Figure	   2.	   The	   advantage	  of	   the	  developed	  method	   is	   that	   it	   ensures	  high	  

robustness	  in	  the	  following	  two	  meanings:	  1)	  it	  can	  properly	  convert	  CAD	  data	  to	  an	  SRA	  model;	  

Figure	  1.	  Schematic	  flow	  of	  a	  template-‐fitting	  process.	  
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and	  2)	  it	  can	  judge	  the	  failure	  of	  data	  conversion	  due	  to	  lack	  of	  a	  proper	  template.	     

 

3.1.2	  Utilization	  of	  official	  building	  registry	  in	  urban	  model	  

Official	  building	  registry	  provides	   information	  about	  building	  date,	  structure	  type,	   the	  number	  

of	   stories,	  and	  so	  on.	  Since	  official	  building	   registry	   is	  maintained	   just	   for	   taxation	   in	   Japan,	   it	  

often	   lacks	   accurate	   information	   about	   the	   location	   of	   individual	   buildings	   and	   cannot	   be	  

directly	  utilized	  for	  the	  automatic	  construction	  of	  urban	  models.	  We	  have	  developed	  a	  method	  

to	  make	   attribute	   data	   of	   individual	   buildings	  with	   latitudes	   and	   longitudes,	   relating	   the	   land	  

identification	  numbers	  to	  the	  corresponding	  location	  on	  the	  cadastral	  map. 

Figure	  3.	  Attribute	  data	  of	  individual	  buildings	  with	  latitudes	  and	  longitudes.	  

Figure	  2.	  Automatic	  floor	  shape	  recognition	  against	  CAD	  data	  of	  buildings.	  
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3.1.3	  Combination	  of	  CAD	  data	  and	  official	  registry	  of	  buildings	  

Different	  types	  of	  GIS	  data	  have	  different	  accuracy	  of	   location	   information.	  Hence,	   it	   is	  not	  an	  

easy	   task	   to	   accurately	   combine	   information	   stored	   in	  different	  GIS	  data.	  We	  perform	  proper	  

combining	  of	  CAD	  data	  with	  official	  building	  registry,	   in	  order	   to	  construct	  an	  urban	  model	  of	  

Kobe	  City;	  see	  Figures	  3	  and	  4.	  

 

3.2	  Numerical	  simulations	  for	  stability	  analysis	  of	  liquefaction	  

Liquefaction	  could	  be	  regarded	  as	  an	  unstable	  phenomenon	  in	  the	  sense	  that	  shaking	  induces	  a	  

sudden	   transition	  of	   ground	  behavior	   from	   solid	   to	   liquid.	   It	   is	   a	   result	   of	   non-‐linear	   coupling	  

between	  soil	  and	  underground	  water.	  We	  develop	  a	  numerical	  analysis	  method	  which	  is	  able	  to	  

capture	  an	  unstable	  solution,	  to	  analyze	  the	  stability	  of	  the	  governing	  equations	  of	  a	  coupling	  

problem	  of	  soil	  and	  underground	  water.	  

	  

3.2.1	  Mathematical	  model	  

As	  the	  first	  step,	  we	  study	  an	  idealized	  mathematical	  model	  to	  analyze	  the	  stability	  of	  a	  coupling	  

problem	   solution	   of	   soil	   deformation	   and	   water	   pressure.	   Denoting	   by	   	   and	   	   the	  

perturbations	   of	   the	   increments	   of	   soil	   displacement	   and	   water	   pressure,	   the	   governing	  

equations	  of	  the	  coupling	  problem	  are	  expressed	  as 

Figure	  4.	  Combination	  results	  of	  CAD	  data	  and	  official	  registry	  of	  buildings.	  
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(1) 

where , , and  are	   density,	   elasto-‐plasticity	   and	   permeability;  and  are	   spatial	   and 

temporal	  differentiation; and ⋅  and : stand	  for	  the	  first	  and	  second-‐order	  contraction. 

3.2.2	  Numerical	  analysis	  

In	   the	   fiscal	   year	   of	   2012,	   via	   theoretical	   analysis,	  we	   show	   that	   perturbations	   in	   the	   form	   of	  

plane	  wave	  are	  always	  stable	  if	  dilatancy	  is	  ignored,	  while,	  as	  the	  degree	  of	  dilatancy	  increases,	  

perturbations	   in	   the	   form	  of	  plane	  wave	  could	  propagate	   in	  an	  unstable	  manner.	   In	   this	   fiscal	  

year,	  a	  finite	  element	  code	  for	  the	  coupling	  problem	  has	  been	  fully	  developed.	  A	  key	  feature	  of	  

this	  code	  is	  that	  it	   is	  able	  to	  model	  the	  detaching	  effect	  of	  soil	  particles,	  which	  results	  in	  sharp	  

drops	  in	  the	  stiffness	  of	  elasticity	  observed	  in	  liquefaction	  phenomenon.	  Table	  1	  summarizes	  the	  

material	  parameters	  which	  are	  used	  in	  the	  present	  numerical	  analysis.	  

 

Table	  1.	  Material	  properties	  for	  code	  verification.	  

 Young’s modulus 

E (MPa) 

Poisson’s ratio 

v 

Density 

𝝆 (kg/m3) 

Permeability 

𝒌 (m3s/kg) 

Case 1 50 0.4 2000 1.02e-8 

Case 2 32 0.4 2000 1.28e-8 

Case 3 12.5 0.4 2000 2.04e-8 

 

Figure	  5.	  Convergence	  of	  wave	  velocity.	  
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(1) Code	  verification:	  Convergence	  of	  wave	  velocity	  

A	  closed	  form	  expression	  of	  the	  wave	  velocity	  is	  derived	  for	  plane	  wave	  without	  dilatancy.	  We	  

design	  three	  test	  cases	  of	  different	  wave	  velocities	  to	  verify	  our	  code.	  The	  wave	  velocities	  that	  

are	   computed	   by	   using	   the	   developed	   code	   are	   in	   good	   agreement	   with	   the	   closed	   form	  

solutions;	   the	   relative	   error	   in	   computing	   the	   wave	   velocity	   converges	   0	   as	   the	  

degree-‐of-‐freedom	  of	  the	  model	  increase;	  see	  Figure	  5.	  

	  

(2) Effect	  of	  dilatancy	  in	  plane	  wave	  case	  

An	   initial	  perturbation	   in	   the	  displacement	   field	   is	  prescribed	   symmetrically	   at	   the	   center	  of	   a	  

cubic	  domain.	  When	  the	  degree	  of	  dilatancy	  is	  small,	  the	  initial	  perturbation	  propagates	  stably	  

from	  the	  center	   to	  the	  boundaries	  of	   the	  domain.	  As	  the	  degree	   increases,	  unstable	  solutions	  

are	   found	   for	   the	   displacement	   increment	   and	   the	   pressure	   increment;	   see	   Figure	   6.	   The	  

numerical	  code	  succeeds	  to	  capture	  this	  unstable	  solution	  of	   the	  coupling	  problem,	  which	  we	  

think	  corresponds	  to	  the	  occurrence	  of	  liquefaction.	  

	  

(3) Spherically	  symmetric	  perturbations	  

For	   spherically	   symmetric	   perturbations,	   it	   is	   difficult	   to	   obtain	   analytical	   solution	   for	   the	  

stability	  problem.	  This	  problem	   is	   tackled	  by	   the	  numerical	   code	  we	  developed.	   For	   simplicity	  

and	   to	   preserve	   symmetry,	   initially	   a	   perturbation	   of	  water	   pressure	   is	   prescribed.	  When	   the	  

dilatancy	   is	   small,	   the	  amplitude	  of	   the	  perturbation	  decays	  as	   it	  propagates.	  The	  solutions	  of	  

displacement	   and	   water	   pressure	   are	   stable.	   When	   the	   dilatancy	   is	   large,	   the	   perturbation	  

grows	  exponentially.	  Unstable	  solutions	  of	  displacement	  and	  water	  pressure	  are	  captured;	  see	  

Figure	  7.	  

 

Figure	   6.	   Large	   dilatancy.	   Perturbations	   in	   the	   form	   of	   plane	   wave	   propagate	  

unstably;	  left)	  evolution	  of	  displacement	  increment;	  right)	  evolution	  of	  displacement	  

increment.	  
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(4) Detaching	  effect:	   	   	  

With	   the	   developed	   numerical	   code,	   the	   detaching	   of	   soil	   particle	   during	   liquefaction	   can	   be	  

analyzed.	  Unstable	  solutions	  of	  displacement	  are	  suppressed	  by	   implementation	  of	  detaching.	  

The	  influence	  of	  detaching	  on	  pressure	  changes,	  whether	  a	  detaching	  criterion	  is	  for	  tensile	  or	  

compressional	  stress.	  As	  for	  compression	  stress,	  the	  loss	  in	  compression	  stress	  due	  to	  detaching	  

is	   compensated	  by	  an	   increase	  of	  water	  pressure	  with	   respect	   to	   the	  normal	   (non-‐detaching)	  

case.	   As	   for	   tensile	   stress,	   the	   stress	   loss	   is	   due	   to	   the	  weakening	   of	   tensile	   stress,	   which	   is	  

compensated	  by	  the	  decrease	  of	  water	  pressure.	  Figure	  8	  shows	  the	  results	  of	  the	  both	  cases.	  

 

Figure	   8.	   Trial	   of	   detaching	   simulation,	   solutions	   along	   the	   central	   line	   parallel	   to	   the	  

x-‐axis:	   left)	  Detaching	  with	   respect	   to	   tensile	   criterion;	   right)	  Detaching	  with	   respect	   to	  

compression	  criterion.	  

Figure	   7.	   Large	   dilatancy.	   Perturbations	   in	   the	   form	   of	   spherical	   wave	   propagate	  

unstably:	  left)	  evolution	  of	  displacement	  increment;	  right)	  evolution	  of	  displacement	  

increment.	  
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4.	  Schedule	  and	  Future	  Plan	  
Improvement	  of	  the	  next-‐generation	  urban	  models	  for	  Kobe:	  

In	  the	  fiscal	  year	  of	  2014,	  we	  are	  going	  to	  improve	  the	  prototype	  of	  the	  next-‐generation	  urban	  

model	   for	   Kobe	   City,	   developing	   more	   accurate	   combination	   method	   between	   different	   GIS	  

data.	   	  

	  

Liquefaction	  hazards	  assessment:	   	  

In	  the	  fiscal	  year	  of	  2014,	  we	  are	  going	  to	  incorporate	  into	  IES	  an	  advanced	  finite	  element	  code	  

for	  soil	  dynamics	  simulation.	  Methods	  to	  generate	  ground	  models	  and	  input	  files	  from	  borehole	  

data	   will	   be	   established.	   Trail	   run	   for	   a	   target	   site	   of	   Kobe	   City	   will	   be	   conducted	   to	   assess	  

liquefaction	  hazards. 
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2.	  Research	  Activities	  
Biological	  molecular	  complexes	  of	  such	  as	  proteins	  and	  RNAs	  are	  of	  great	  interest	  in	  the	  area	  of	  

molecular	  biology	  as	  they	  are	  involved	  in	  cell	  replication,	  gene	  transcription,	  protein	  synthesis,	  

regulation	   of	   cellular	   transport	   and	   other	   core	   biological	   functions.	   Those	   systems	   undergo	  

large	  conformational	  transitions	  to	  achieve	  functional	  processes.	  Therefore	  characterization	  of	  

structures	   of	   these	   macromolecular	   complexes	   is	   crucial	   to	   understand	   their	   functional	  

mechanisms,	   and	   play	   an	   important	   role	   in	   the	   development	   of	   new	   drugs	   to	   treat	   human	  

disease.	   	  

	  

Experimentally,	   X-‐ray	   crystallography	   has	   been	   the	   primary	   tool	   to	   study	   protein	  

conformations,	  providing	   high-‐resolution	   structures.	   Even	   though	   it	   is	   at	   low	   resolution,	   cryo	  

electron	  microscopy	  (EM)	  has	  been	  providing	  critical	  information	  on	  structure	  and	  dynamics	  of	  

large	  biological	  molecules.	  More	  recently,	  large	  efforts,	  such	  as	  in	  Riken/Spring	  8	  have	  focused	  

on	   developing	   intense	   X-‐ray	   free-‐electron	   laser	   (XFEL)	   light	   sources,	   which	   offer	   a	   new	  

possibility	   to	   image	  single	  biological	  macromolecules.	  Since	  crystallization	   is	  not	  necessary	   for	  

such	   a	   protein	   structure	   analysis,	   it	   would	   be	   possible	   to	   investigate	   the	   structure	   of	  

macromolecular	   complexes	  and	  proteins	  under	  various	  physiological	   conditions	  or	   to	  observe	  

elementary	  steps	  of	  a	  biochemical	  function.	  However,	  the	  technology	  is	  still	  at	  early	  stage	  and	  it	  

cannot	  yet	  achieve	  atomic	  level	  resolution	  such	  as	  obtained	  by	  X-‐ray	  crystallography.	  

	  

Computationally,	  methods	  have	  been	  developed	  to	  predict	  structures	  from	  low-‐resolution	  data	  

such	   as	   cryo-‐EM	   either	   using	   rigid	   body	   fitting	   or	   flexible	   deformations	   of	   known	   atomic	  

structures.	  In	  addition,	  even	  when	  structures	  of	  the	  molecules	  are	  unknown,	  atomic	  models	  can	  

be	  predicted	  using	  homology	  modeling	  and	  ab	  initio	  predictions.	  While,	  ab	  initio	  prediction	  still	  

remains	   difficult	   for	   large	   proteins,	   success	   in	   predicting	   small	   proteins	   have	   been	   observed.	  

Finally,	   algorithms	   to	   analyze	   protein/proteins	   interactions	   also	   have	   shown	   success	   in	  

predicting	  proteins	  complexes.	  

	  

Our	  research	  focuses	  on	  the	  development	  of	  computational	   tools	   to	  study	  biological	  systems,	  
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more	   specifically,	   to	   help	   in	   their	   3D	   structural	   determination	   using	   various	   experimental	  

techniques	  and	   to	  analyze	   their	  potential	   interactions	  with	  small	  molecules	   in	  order	   to	  design	  

new	  drugs.	   	  

	  

The	   ultimate	   line	   of	   our	   interdisciplinary	   research	   is	   too	   bring	   experimental	   data	   as	   obtained	  

from	   X-‐ray,	   cryo-‐EM	   and	   XFEL	   with	   development	   and	   applications	   of	   computational	   tools	  

through	  the	  K	  computer	  to	  acquire	  knowledge	  on	  the	  structure	  of	  a	  physiologically	   important	  

protein	   complexes	   that	   are	   unattainable	   with	   existing	   experimental	   techniques,	   and	   to	  

contribute	   to	   development	   of	   drug	   design	   and	   medical	   treatment	   in	   collaboration	   with	  

pharmaceutical	  companies.	    

 

3.	  Research	  Results	  and	  Achievements	  
3.1.	  Dynamical	  information	  embedded	  into	  cryo-‐EM	  2D	  raw	  data	   	  

Cryo-‐EM	   Single-‐Particle	   Analysis	   (SPA)	   is	   a	   method	   to	   study	   the	   structure	   and	   dynamics	   of	  

macromolecular	   assemblies.	   Three-‐dimensional	   (3D)	   structures	   are	   computed	   from	   a	   large	  

number	  of	  two-‐dimensional	  (2D)	  images	  collected	  by	  transmission	  electron	  microscopy.	  SPA	  has	  

shown	  to	  be	  promising	  in	  capturing	  heterogeneous	  conformations	  of	  the	  same	  macromolecular	  

complex.	  To	  study	  dynamics,	  a	  logical	  solution	  is	  thus	  to	  acquire	  EM	  images	  of	  a	  heterogeneous	  

population	   of	   conformations	   of	   the	   same	   macromolecular	   complex	   and	   then,	   to	   use	   image	  

analysis	  methods	  to	  separate	  the	  mixed	  particles	  

into	  classes	  (2	  or	  3)	  with	  similar	  conformations	  of	  

particles	  and,	  finally,	  to	  analyze	  the	  3D	  structures	  

computed	   from	   each	   of	   the	   image	   classes.	   This	  

approach	   is	   suited	   if	   the	   system	   is	   expected	   to	  

have	  a	   few	  distinct	   conformations	   (for	   example,	  

with	   and	   without	   ligand).	   However,	   if	   the	  

conformational	   transition	   is	   continuous,	   such	  

approaches	   cannot	   capture	   the	   intermediate	  

conformations.	   We	   developed	   a	   new	   hybrid	  

approach	   that	   utilizes	   molecular	   mechanics	  

algorithms	   to	   simulate	   conformational	   dynamics	  

and	  use	  the	  resulting	  conformations	  to	  extract	  the	  

dynamical	  information	  from	  cryo-‐EM	  images.	  More	  

specifically,	   a	   conformational	   ensemble	   is	  

generated	   by	   molecular	   mechanics	   approaches	  

such	  as	  normal	  mode	  analysis.	  For	  each	  EM	  image,	  a	  conformation	  that	  matches	  most	  closely	  is	  

Figure	   1.	   Computed	   deformation	   amplitudes	  
projected	   on	   to	   the	   three	   most	   important	  
principal	  with	   reconstructed	  volumetric	   form	  
of	   the	   pseudoatomic	   structure	   displaced	  
along	  the	  lines	  yellow,	  red	  and	  green	  line.	   	  
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identified	  (see	  Figure	  1).	  Through	  clustering	  of	  image/conformation	  pairs,	  the	  3D	  conformational	  

variations	  embedded	   in	  EM	   images	  are	   revealed.	  The	  performance	  of	   the	  method	  was	  shown	  

using	   synthetic	   data	   of	   two	  different	  molecular	   complexes	   (E.	   coli	   70S	   ribosome	   and	   Tomato	  

Bushy	  Stunt	  Virus	  (TBSV))	  and	  using	  experimental	  cryo-‐EM	  data	  of	  the	  TBSV. 

 

3.2.	  Annotating	  cryo-‐EM	  low	  resolution	  structure	  with	  high-‐resolution	  X-‐ray	  data	   	  

Cryo-‐EM	   experiments	   produces	   low-‐to-‐medium	   resolution	   structures	   (usually	   in	   the	   range	  

between	   20	   and	   4	   Å)	   but	   allows	   studying	   large	   (diameter	   larger	   than	   10	   nm	   and	   molecular	  

weight	   sometimes	   of	   several	   mega-‐Daltons)	   and	   flexible	   macromolecular	   complexes	  

inaccessible	   to	   X-‐ray	   and	   NMR	   techniques.	   Because	   the	   data	   is	   at	   low-‐resolution,	   in	   order	   to	  

obtain	   higher-‐resolution	   information,	   know	  X-‐Ray	   structure	   are	   often	   combined	  with	   cryo-‐EM	  

data	  which	   is	  some	  cases	  requires	  X-‐ray	  structure	  deformation	  (flexible	  fitting).	  Flexible	  fitting	  

of	   X-‐ray	   structure	   into	   cryo-‐EM	  maps	   requires	   first	   a	   rigid	   body	   fitting	   of	   the	   X-‐ray	   structure	  

followed	  by	  deformation	  to	  fit	  the	  density	  map.	  In	  collaboration	  with	  Dr.	  Sugita’s	  team,	  we	  have	  

been	   implementing	   the	  algorithms	   in	  GENESIS	   to	  perform	   flexible	   fitting	  of	   atomic	   structures	  

using	   either	   full	   atom	   or	   coarse	   grained	   model	   description	   of	   the	   molecule	   into	   such	  

low-‐resolution	   data.	   Using	   generalized	   ensemble	   algorithms	   embedded	   in	   GENESIS,	   such	   as	  

replica	  exchange	  (REMD),	  the	  accuracy	  and	  efficiency	  of	  fittings	  can	  be	  enhanced.	  

 

 

3.3.	  Computational	  tools	  to	  analyze	  XFEL	  experimental	  data	  

Since	  XFEL	  measurement	  can	  be	  at	  a	  single	  molecular	  level,	  and	  not	  averaged,	  its	  data	  contains	  

the	   information	   regarding	   the	   dynamics	   and	   conformational	   variations.	   In	   this	   regard,	   it	   is	  

similar	   to	   cryo-‐EM	   single	   particle	   analysis,	   yet	   XFEL	   has	   a	   potential	   to	   provide	  more	   detailed	  

information;	   it	   has	   higher	   transmissibility	   and	   no	   aberration	   issue	   and	   high	   resolution	   is	  

attainable	   with	   “diffraction	   before	   destruction”	   effect.	   We	   started	   to	   explore	   new	  

methodologies	   and	   develop	   computational	   tools	   to	   analyze	   XFEL	   data	   to	   extract	   dynamical	  

Figure	   2.	   A	   result	   of	   flexible	   fitting	  
using	   GENESIS.	   The	   original	  
structure	   is	   deformed	   using	  
molecular	  dynamics	  simulation	  to	  fit	  
the	  low-‐resolution	  data.	  Fitting	  with	  
REMD	   provides	   structure	   with	  
better	   agreement	   (lower	   RMSD)	  
with	  the	  target	  structure.	  
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2 conformations of the ribosome 

information.	   This	   work	   is	   in	   collaboration	   with	   Dr.	   Jonic,	   CNRS,	   who	   has	   been	   developing	  

algorithms	   to	  analyze	  2D	   images	   from	  cryo-‐EM	  experiments.	  The	  goal	   is	   to	  examine	  how	  well	  

XFEL	   experiments	   can	   reveal	   conformational	   variations	   in	   samples.	   Simulated	  diffraction	  data	  

were	   generated	   for	   incident	   beams	   with	   random	   orientation	   for	   several	   biological	   systems	  

adopting	  several	   conformations	   (elongation	   factor,	   ribosome,	  cowpea	  chlorotic	  mosaic	  virus).	  

Similarities	   in	   conformation	   were	   analyzed	   for	   both	   2D	   real	   image	   data	   recovered	   from 

diffraction	  pattern	  and	   from	  diffraction	  pattern	  directly.	  We	  

found	   that	   XFEL	   can	   differentiate	   conformation	   with	   a	   2	   Å	  

resolution	  but	  that	  the	  laser	  intensity	  affects	  the	  accuracy	  of	  

detections.	    

 

3.4.	  Structure	  function	  of	  proteins,	  study	  of	  small	  heat	  shock	  proteins	  

The	  small	  heat	  shock	  proteins	  (sHSPs)	  are	  a	  virtually	  ubiquitous	  and	  diverse	  group	  of	  molecular	  

chaperones	   that	  can	  bind	  and	  protect	  unfolding	  proteins	   from	   irreversible	  aggregation.	   It	  has	  

been	   suggested	   that	   intrinsic	   disorder	   of	   the	  N-‐terminal	   arm	   (NTA)	   of	   sHSPs	   is	   important	   for	  

substrate	  recognition.	  To	  investigate	  conformations	  of	  the	  NTA	  that	  could	  recognize	  substrates,	  

we	  performed	  replica	  exchange	  molecular	  dynamics	  simulations.	  Behavior	  at	  normal	  and	  stress	  

temperatures	  of	  the	  dimeric	  building	  blocks	  of	  dodecamerics	  HSPs	  from	  wheat	  (Ta16.9)	  and	  pea	  

(Ps18.1)	   were	   compared	   because	   they	   display	   high	   sequence	   similarity,	   but	   Ps18.1	   is	   more	  

efficient	   in	   binding	   specific	   substrates.	   In	   our	   simulations,	   the	   NTAs	   of	   the	   dimer	   are	   highly	  

flexible	   and	   dynamic,	   however,	   rather	   than	   exhibiting	   highly	   extended	   conformations	   they	  

retain	   considerable	   α-‐helical	   character	   and	   contacts	   with	   the	   conserved	   α-‐crystallin	   domain	  

(ACD).	  Network	  analysis	  and	  clustering	  methods	  defined	  two	  major	  NTA	  conformational	  forms,	  

designated	  either	  “open”	  or	  “closed”	  based	  on	  the	  relative	  position	  of	  the	  two	  NTAs	  in	  a	  dimer	  

(see	  Figure	  4).  

Figure	   3.	  For	  each	   10	  sample,	   the	  
correct	   conformation	   shows	   a	  
higher	   score	   (red	  point)	   than	   the	  
wrong	  conformation/orientation.	  

XFEL 
simulated 
diffraction 
pattern 
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The	  equilibrium	  constant	  for	  a	  closed	  to	  open	  transition	  displays	  significant	  difference	  between	  

Ta16.9	  and	  Ps18.1	  with	  the	   latter	  one	  showing	  more	  open	  forms	  at	  elevated	  temperature.	  The	  

Ps18.1	   NTAs	   are	   predominantly	   open	   and	   have	   more	   hydrophobic	   solvent	   accessible	   surface	  

than	   the	   Ta16.9	   NTAs,	   correlated	   with	   more	   effective	   chaperone	   activity.	   NTA	   hydrophobic	  

patches	  are	  comparable	   in	   size	   to	   the	  area	  buried	   in	  many	  protein-‐protein	   interactions,	  which	  

would	  enable	  sHSPs	  to	  bind	  early	  unfolding	  intermediates.	  Reduced	  dimeric	  interactions	  of	  the	  

Ps18.1	   NTAs	   and	   with	   the	   ACD	   contribute	   to	   the	   differences	   in	   dynamics	   and	   hydrophobic	  

surface	  area	  between	  the	  two	  sHSPs.	  These	  data	  support	  a	  major	   role	   for	   the	  conformational	  

equilibrium	  of	  the	  NTA	  in	  substrate	  binding	  and	  indicate	  features	  of	  the	  NTA	  that	  contribute	  to	  

sHSP	  chaperone	  efficiency.	  

 

4.	  Schedule	  and	  Future	  Plan 
We	  plan	  to	  continue	  to	  develop	  tools	  to	  analyze	  XFEL	  data	  in	  order	  to	  get	  structural	  information	  

of	  biological	  molecules.	   In	  particular,	  we	  aim	  to	  develop	  computational	  algorithms	  that	  would	  

provide	  the	  shape	  of	  the	  biological	  molecules.	  Such	  algorithms	  will	  require	  the	  use	  of	  simplified	  

representation	   of	   the	   biological	   molecules	   as	   well	   as	   a	   multi-‐step	   optimization	   procedure	   to	  

build	   a	   shape	   that	   would	   be	   in	   agreement	   with	   the	   diffraction	   pattern	   obtained	   from	   XFEL	  

experiments.	   	  

 

In	  addition,	  we	  aim	  to	  characterize	  dynamical	  information	  embedded	  within	  raw	  low-‐resolution	  

data	   obtained	   from	   cryo-‐EM.	   This	   research	   is	   an	   on-‐going	   collaboration	  with	  Dr.	   Slavica	   Jonic	  

(CNRS,	  Paris).	  Macromolecular	   structure	  determination	  by	  cryo-‐electron	  microscopy	   (EM)	  and	  

single	   particle	   analysis	   are	   based	   on	   the	   assumption	   that	   imaged	   molecules	   have	   identical	  

structure.	   With	   the	   increased	   size	   of	   processed	   datasets	   it	   becomes	   apparent	   that	   many	  

complexes	  coexist	  in	  a	  mixture	  of	  conformational	  states	  or	  contain	  flexible	  regions.	  Algorithms	  

have	  been	  developed	  to	  yield	  estimates	  of	  voxel-‐by-‐voxel	  variance	  of	  a	  structure	  reconstructed	  

from	   the	   set	   of	   its	   projections.	   Such	   variances	   will	   be	   compared	   from	   enhanced	   sampling	  

Figure	  4.	  Network	  representation	  
of	  open	  (green)	  and	  closed	  (red)	  
clusters	  defined	  by	  conformations	  
of	  Ta16.9	  and	  Ps18.1	  dimers	  at	  
300,	  315	  and	  319	  K.	  
Representative	  structure	  of	  the	  
prevalent	  open	  conformation	  of	  
Ps18.1	  and	  close	  conformation	  of	  
Ta16.9	  are	  also	  shown.	  
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molecular	  dynamics	   simulations	  of	  biological	  molecules.	  Such	   type	  of	  approach	  could	   later	  on	  

be	  extended	  to	  data	  from	  XFEL	  experiments	  as	  well.	  

 

As	   our	   research	   focuses	   on	   developing	   computational	   tools	   to	   analyze	   low-‐resolution	  

experimental	  data,	  we	  intend	  to	  establish	  collaborations	  with	  experimental	  groups	  in	  Japan	  and	  

abroad	  in	  order	  to	  study	  structure,	  function	  and	  dynamics	  of	  biological	  molecules.	  

	  

On	   the	   longer	   term	  we	  plan	   to	   establish	  methodology	   to	   build	   structure	   from	   low-‐resolution	  

structural	  data	  without	  a	  priori	  knowledge	  of	  the	  overall	  structure	  of	  the	  molecular	  complexes,	  

since	  potential	  targets	  of	  the	  structural	  analysis	  by	  low	  resolution	  experimental	  techniques	  are	  

multiprotein/RNA	  complexes.	  Although	  it	  is	  difficult	  to	  acquire	  the	  crystal	  structure	  of	  the	  whole	  

complex,	  the	  atomic	  structure	  of	  each	  component	  protein	  and	  RNA	  may	  be	  known.	  Moreover,	  

for	   small	   proteins,	   even	   when	   there	   is	   no	   structure,	   their	   structures	   can	   be	   predicted	   in	  

relatively	   high	   precision	   using	   homology	  modeling.	   Therefore,	   if	   such	   structures	   are	   correctly	  

combined	   into	   a	  model	   of	   the	   complex	   that	   fits	   the	   three-‐dimensional	   electron	   density	  map	  

obtained	  from	  low-‐resolution	  experimental	  techniques,	  the	  atomic	  structure	  of	  a	  complex	  could	  

be	   obtained.	   A	   computational	   framework	   using	  multiscale	   simulations,	  which	  would	   combine	  

the	  representations	  at	  different	  resolution	  from	  all	  the	  atoms	  to	  coarse-‐grained	  representations	  

as	  well	  as	  protein-‐protein	  docking	  algorithms	  will	  be	  developed	  for	  such	  purpose.	   	  
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2.	  Research	  Activities 
The	   K	   computer	   is	   a	   distributed-‐memory	   parallel	   computer	   system	   consisting	   of	   82,944	  

compute	  nodes	  and	  has	  played	  a	  central	  role	  of	  the	  High	  Performance	  Computing	  Infrastructure	  

(HPCI)	   initiative	  granted	  by	  the	  Ministry	  of	  Education,	  Culture,	  Sports,	  Science	  and	  Technology	  

(MEXT).	   HPCI	   has	   achieved	   an	   integrated	   operation	   of	   the	   K	   computer	   and	   other	  

supercomputer	   centers	   in	   Japan	   and	   has	   enabled	   seamless	   accesses	   of	   a	   cluster	   of	  

supercomputers	   including	   the	   K	   computer	   from	   users’	   machines.	   HPCI	   has	   also	   provided	  

large-‐scale	  storage	  systems	  which	  can	  be	  accessed	  from	  all	  over	  Japan.	   	  

 

System	   Operations	   and	   Development	   Team	   (SODT)	   has	   conducted	   the	   research	   and	  

development	  on	  advanced	  management	  and	  operations	  of	  the	  K	  computer.	  While	  analyzing	  the	  

operational	   statistics	   collected	   during	   the	   shared	   use,	   SODT	   has	   improved	   the	   system	  

configuration,	  such	  as	  the	  job	  scheduling,	  the	  file	  system,	  and	  users’	  environments.	  For	  example,	  

it	   is	   very	  difficult	   to	  achieve	  higher	   system	  utilization	  because	   the	  K	  computer	  has	   to	  process	  

various	   sizes	   and	   types	   of	   jobs	   simultaneously.	   SODT	   has	   responded	   flexibly	   to	   the	   user’s	  

requests	  and	  made	  analysis	  of	  the	  operational	  status,	  and	  then	  has	  realized	  high	  level	  utilization	  

approximately	  76%	   in	  FY2013.	  Furthermore,	  SODT	  has	  developed	  tools	   that	  support	  the	  use	  of	  

the	  K	  computer.	  

	  

SODT	  has	  conducted	  research	  in	  cooperation	  with	  the	  research	  team	  of	  RIKEN	  Spring-‐8	  Center	  

and	  RIKEN	  AICS	  for	  big	  data	  processing	  on	  the	  K	  computer.	  The	  K	  computer	  is	  used	  to	  analyze	  

the	  huge	  data	  transmitted	  from	  RIKEN	  Harima	  where	  SACLA	  XFEL	  facility	  is	  located.	  
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SODT	  also	  helps	  users	  handle	  the	  K	  computer	  and	  utilize	  the	  K	  computer	  resources	  effectively	  

by improving	   the	   system	   software.	   This	   support	   has	   been	   conducted	   together	   with	   the	  

Software	  Development	  Team. 

 

3.	  Research	  Results	  and	  Achievements  
3.1	  Improvements	  of	  system	  software	  of	  the	  K	  computer	  

We	  have	  fixed	  and	  improved	  many	  points	  of	  the	  system	  software	  through	  the	  shared	  use.	  Here,	  

we	  describe	  the	  main	  activities	  in	  FY2013.	  

	  

l Analyzing	  Operation	  Statistics	  and	  Job	  Scheduling	  

We	   have	   analyzed	   logs	   of	   jobs	   executed	   on	   the	   K	   computer	   and	   have	   performed	   job	  

scheduling	  simulation	  using	   the	  simulator	  which	  can	  simulate	   the	   job	  scheduling	  same	  as	  

real	   job	   scheduler	   on	   the	   K	   computer.	   Referring	   these	   results,	   we	   have	   tuned	   some	  

parameters	  of	  the	  scheduler	  (such	  as	  scheduling	  map,	  file	  staging	  timing	  and	  so	  on).	  

 

In	  order	  to	  evaluate	  the	  results	  of	   the	   job	  scheduling,	  we	  have	  visualized	  the	  scheduling	  map.	  

Figure	  1	  shows	  the	  number	  and	  size	  of	  jobs	  executed	  on	  the	  K	  computer	  during	  one	  week	  from	  

October	  24	  to	  October	  31,	  2013.	  Since	  the	  scheduler	  allocates	  a	  job	  to	  nodes	  shaped	  a	  rectangle	  

Figure	  1.	  Job	  execution	  situation	  on	  the	  K	  computer.	  
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in	   logical	  3dimensional	  coordinate	  of	  the	  K	  computer,	  the	  nodes	  allocated	  to	  one	  job	  could	  be	  

scattered	  on	  this	  figure.	  The	  boxes	  with	  the	  same	  color	  on	  the	  same	  vertical	  axis	  correspond	  to	  

the	   same	   job.	   The	  width	   of	   a	   rectangle	   denotes	   the	   elapsed	   time	   from	   the	   start	   time	   to	   the	  

termination	   time.	   The	   black	   area	   shows	   the	   nodes	   either	   waiting	   for	   job	   execution	   or	   for	  

maintenance.	  The	  one-‐ninth	  of	  the	  K	  computer	  that	  corresponds	  to	  upper	  area	  of	  this	  figure	  is	  

assigned	  for	  a	   resource	  group	  “Small”	  which	   is	  a	   limited	  resource	  only	   for	  small-‐sized	   job.	  On	  

the	   other	   side,	   eight-‐ninth	   one	   is	   assigned	   for	   a	   resource	   group	   “Large.”	   As	  we	   can	   see	   this	  

figure,	  the	  K	  computer	  can	  process	  many	  jobs	  in	  various	  sizes	  simultaneously	  which	  contributes	  

for	   high	   ratio	   of	   the	   node	   utilization.	   During	   this	   week,	   approximately	   3,600	   and	   3,000	   jobs	  

were	   processed	   in	   Small	   and	   Large	   respectively,	   and	   the	   total	   node	   utilization	   was	  

approximately	  86%.	  

 

	  

Figure	   2	   shows	   average	  waiting	   times	  with	   respect	   to	   both	   job	   sizes	   and	   elapsed	   times	   in	   FY	  

2013.	  The	  average	  waiting	  times	  are	  directly	  proportional	  to	  both	  elapsed	  time	  and	  number	  of	  

nodes.	  It	  means	  that	  a	  fairness	  of	  opportunity	  for	  job	  execution	  has	  been	  kept.	   	  

	  

The	  average	  waiting	  time	   in	  September	  2013	  was	  very	   longer	   than	  that	   in	  other	  months.	  Each	  

group	  had	  appropriate	  compute	  resources	  for	  a	  year,	  and	  the	  resources	  were	  divided	  into	  two	  

periods:	   from	   April	   to	   September	   and	   from	   October	   to	   March	   of	   the	   next	   year.	   In	   order	   to	  

consume	  the	  remaining	  compute	  resources	  before	  the	  resources	  will	  be	  expired	  many	  jobs	  are	  

submitted	   at	   the	   end	   of	   the	   periods.	   At	   the	   job	   congestion	   in	   September	   2013	   we	   adjusted	  

system	   parameters,	   such	   as	   the	  maximum	   number	   of	   jobs	   executed	   simultaneously	   for	   each	  

user	  group	  and	  the	  waiting	  time	  has	  been	  reduced.	  But	   job	  congestion	  has	  occurred	  for	   large	  

scale	   jobs	  in	  March	  2014.	  We	  have	  to	  analyze	  the	  operational	  statistics	  more	  and	  need	  to	  tune	  

the	  parameters.	  

 

	  

	  

Figure	  2.	  Average	  waiting	  time.	  
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Figure	  3	  shows	  the	  compute	  node	  usage	  in	  FY	  2013.	  We	  have	  achieved	  approximately	  76%	  node	  

usage	  in	  FY2013.	  This	  is	  more	  than	  15%	  higher	  than	  last	  year’s.	   	  

 

l MPI	  libraries	  and	  System	  tools	  

	   MPI	  libraries	  for	  the	  K	  computer	  are	  optimized	  for	  Tofu	  interconnect.	  But	  most	  of	  them	  are	  

the	   most	   effective	   when	   3D	   torus	   is	   specified.	   Since	   many	   jobs	   on	   the	   K	   computer	   are	  

executed	   with	   1D	   or	   2D	   torus	   we	   extended	   some	   MPI	   libraries	   to	   be	   able	   to	   perform	  

effectively	  on	  1D	  or	  2D	  torus.	  

Figure	  3.	  Details	  of	  resource	  usage	  in	  FY2013.	  

Figure	  4.	  Performance	  of	  Broadcast	  on	  2D	  torus.	  
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Figure	  4	  shows	  the	  performance	  of	  original	  Broadcast	  and	  improved	  Broadcast	  on	  2D	  torus.	  This	  

graph	  indicates	  that	  the	  improved	  Broadcast	  is	  about	  5	  times	  as	  fast	  as	  original	  one	  using	  128KiB	  

message	  size.	   	  

	  

We	  have	  developed	  tools	  that	  support	  the	  use	  of	  the	  K	  computer.	  “Waiting	  for	  the	  K”	  is	  a	  tool	  

that	  enables	  users	  to	  know	  the	  estimated	  waiting	  time	  for	  the	  job	  execution	  and	  the	  available	  

node	  information	  of	  the	  job	  execution.	  We	  have	  also	  been	  developing	  another	  system	  tools	  that	  

can	  enhance	  the	  job	  management.	  Using	  these	  tools,	  users	  will	  be	  able	  to	  submit	  many	  jobs	  at	  

once.	  

 

3.2	  Cooperative	  research	   	  

l Big	  data	  processing	  on	  the	  K	  computer	  

This	   research	   is	   conducted	   by	   collaboration	   between	   the	  RIKEN	   Spring-‐8	   Center	   and	   the	  

RIKEN	  AICS.	  The	  goal	  of	  this	  project	  is	  to	  establish	  the	  path	  to	  discover	  the	  3D	  structure	  of	  

a	  molecule	  from	  a	  number	  of	  XFEL	  snapshots.	  Each	  snapshot	  size	  is	  around	  20	  Mbytes,	  but	  

may	  vary	  depending	  on	   the	   resolution	  of	   image	   sensor.	  However,	   the	  number	  of	   images	  

required	  to	  develop	  a	  3D	  structure	  of	  a	  molecule	  is	  millions,	  resulting	  20	  PBytes	  of	  data	  size	  

in	  total.	  The	  K	  computer	   is	  used	  to	  analyze	  the	  huge	  data.	  SODT	  cooperates	  with	  the	  big	  

data	   transfer	   from	   SACLA	   to	   the	   K	   computer.	   Further,	   each	   image	   is	   classified	   into	  

thousands	   of	   images	   to	   have	   every	   possible	   snapshot	   orientations	   and	   to	   reduce	   the	  

quantum	  noise.	  

	   	  

3.3	  User	  support	  

We	   have	   conducted	   the	   user	   support,	   such	   as	   the	   user	   management	   and	   the	   consulting	  

services.	  

l User	  management	  

The	  K	  computer	  has	  170	  or	  more	  groups	  and	  2,000	  or	  more	  users	  at	  the	  end	  of	  March,	  2014.	  

The	   number	   of	   HPCI	   users	   and	   AICS	   researchers	   are	   approximately	   1,750	   and	   250	  

respectively.	  The	  number	  of	  daily	  active	  users	  is	  approximately	  120.	  

	  

l Consulting	  services	  

We	   support	   users	   through	   “the	   K	   support	   desk”	   and	   provide	   users	   the	   technical	  

information	  on	  the	  K	  computer	  including	  system	  environments,	  system	  tools,	  and	  software	  

libraries.	   The	   consulting	   services	   have	   been	   conducted	   together	   with	   the	   Software	  

Development	   Team.	   Figure	   5	   indicates	   the	   consultation	   number	   in	   FY2013	   and	   the	  

consultation	  number	  in	  FY2013	  is	  approximately	  230. 
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4.	  Schedule	  and	  Future	  Plan	  
We	   continue	   to	   improve	   the	   system	   software	   of	   the	   K	   computer	   and	   to	   provide	   the	   user	  

support.	   The	   improved	   system	   software	   that	   supports	   the	   use	   of	   the	   K	   computer	   will	   be	  

released	  in	  FY2014.	  
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2.	  Research	  Activities	  
The	  K	  computer	  is	  one	  of	  the	  most	  massively	  parallel	  supercomputers	  in	  the	  world.	  In	  order	  to	  

utilize	   and	   operate	   the	   K	   computer	   efficiently,	   it	   is	   important	   to	   develop	   performance	  

improvement	   techniques	  and	   to	  enhance	  middleware	  capabilities	  well	   suited	   to	  K	   computer’s	  

large-‐scale	   concurrency.	   We	   developed	   some	   techniques	   for	   performance	   improvement	   by	  

examining	   several	   actual	   applications	   in	   various	   science	   fields.	   We	   also	   evaluated	   the	   K	  

computer	  middleware	  and	  obtained	  several	  issues	  to	  be	  improved.	   	  

 

We	  have	  performed	  the	  following	  activities	  this	  fiscal	  year.	  

i. Verification	  of	  computational	  capabilities	  of	  the	  K	  computer	  by	  measuring	  performance	  

of	  some	  kernel	  codes	  extracted	  from	  real	  applications	  such	  as	  FrontFlow/blue,	  NICAM,	  

and	  PHASE	  

ii. Technical	  support	  to	  the	  Registered	  Institution	  for	  Facilities	  Use	  Promotion	  or	  RIST	  and	  

to	  users	  who	  conduct	  research	  on	  enhancement	  of	  the	  K	  computer	  capabilities	  

iii. Evaluation	  of	  middleware	  of	  the	  K	  computer	  to	  clarify	  weak	  points	  to	  be	  refined	  in	  the	  

next	  release	  of	  the	  middleware.	  

iv. Development	  of	  original	  middleware	  such	  as	  K-‐scope,	  KITRA,	  and	  a	  visualization	  tool	  of	  

TofuPA.	   	  

	  

We	   have	   also	   studied	   performance	   tuning	   of	   high	   performance	   conjugate	   gradient	   method	  

(HPCG)	   that	   is	   a	   candidate	   for	   ranking	   high	   performance	   system	   as	   a	   substitute	   for	   LINPACK	  

benchmark	  program.	   	  

 

The	  details	  of	  our	  activities	  are	  described	  in	  the	  following	  sections.	  
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3.	  Research	  Results	  and	  Achievements	  
3.1.	  Performance	  Tuning	  of	  Applications	  

3.1.1	  Identification	  of	  performance	  degradation	  of	  FrontFlow/blue	  and	  NICAM	  

We	  found	  two	  kinds	  of	  performance	  degradation	  in	  execution	  of	  an	  application	  FrontFlow/blue	  

that	  had	  not	  been	  reported	  before	  and	  tracked	  down	  these	  issues.	  One	  was	  that	  it	  took	  much	  

longer	  time	  for	  a	  specific	   input	  data	  than	  for	  any	  other	  data.	  The	  other	  one	  was	  that	  multiple	  

measurement	   time	   for	   the	   same	   input	   data	   was	   not	   constant	   but	   fluctuated,	   though	   it	   was	  

expected	   to	   be	   constant.	   After	   careful	   and	   precise	   investigation,	   we	   found	   that.	   dynamic	  

memory	  allocation	  and	  de-‐allocation	  were	  carried	  out	   frequently	   for	   the	  specific	   input	  data	   in	  

the	  former	  case,	  and	  the	  application	  program	  should	  be	  modified	  not	  to	  issue	  frequent	  memory	  

operations.	  As	  for	  the	  latter	  case,	  a	  daemon	  called	  “pdflush,”	  which	  writes	  calculated	  data	  onto	  

hard	  disks	  and	  is	  executed	  at	  an	  appropriate	  period,	  took	  time	  in	  one	  of	  the	  multiple	  processes	  

and	   this	   cannot	   be	   controlled	   by	   application	   users	   because	   the	   daemon	   was	   controlled	   by	  

operating	  system.	  The	  timing	  of	  invoking	  the	  pdflush	  should	  be	  synchronized	  for	  every	  process	  

by	  any	  means.	  

	  

The	  Non-‐hydrostatic	   Icosahedral	   Atmospheric	  Model	   (NICAM)	   is	   an	   application	   for	   simulating	  

global	  climate.	   It	  consists	  of	   two	  parts;	  one	   is	  calculation	  of	  global	  convection	  on	  the	  basis	  of	  

fluid	  dynamics	  and	  the	  other	  one	  is	  calculation	  of	  phase	  transitions	  based	  on	  cloud	  microphysics.	  

We	   found	   that	   the	   numbers	   of	   floating-‐point	   operations	   in	   parallel	   tasks	   varied	  widely,	   then	  

load	   imbalance	  among	  the	  parallel	  tasks	  was	  occurred.	  We	  are	  studying	  how	  to	  suppress	   load	  

balance	  for	  the	  code.	  

 

3.1.2	  Efficient	  use	  of	  the	  six-‐dimensional	  Tofu	  interconnect	  

Communication	  costs	   in	  applications	  become	  relatively	  higher	  with	   the	   increasing	  the	  number	  

of	  parallel	  processors,	  and	  therefore	  parallel	  efficiency	  becomes	  worth	  for	  large	  scale	  jobs.	  We	  

found	  an	  efficient	  use	  of	  the	  six-‐dimensional	  Tofu	  interconnect,	  which	  provides	  multiple	  routes	  

among	  compute	  nodes.	   	  

	  

To	  obtain	  higher	  performance	  on	  the	  K	  computer,	  hybrid	  parallelization	  with	  threads	  and	  MPI	  

parallelization	   and	   two-‐way	   parallelization	   were	   found	   to	   be	   efficient	   for	   some	   applications.	  

Two-‐way	   parallelization	   means	   that	   application	   is	   parallelized	   in	   two	   disjoint	   discretization	  

spaces,	   e.g.	   wave	   functions	   and	   energy	   bands	   in	   the	   density	   functional	   theory	   application	  

PHASE.	  Thanks	  to	  the	  Tofu	  interconnect,	  we	  succeeded	  in	  mapping	  these	  two	  parallel	  directions	  

onto	   two	   orthogonal	   MPI	   communicators,	   respectively,	   each	   of	   which	   is	   three-‐dimensional	  

mesh	  network	  topology,	  by	  the	  following;	  
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1. appropriate	  MPI	  rank	  mapping	  by	  the	  specified	  mapfile,	  

2. dynamic	  allocation	  of	  sub-‐communicators	  by	  using	  a	  six-‐dimensional	  rank	  query	  tool	  which	  

is	  specific	  for	  the	  K	  computer.	  

We	   found	   that	   communication	   time	   in	   three-‐dimensional	   FFT	   and	   diagonalization	   of	   PHASE	  

halved	  and	  obtained	  good	  total	  performance.	  

	  

3.1.3	  Development	  of	  a	  benchmark	  suite	  for	  checking	  degradation	  of	  compilers	   	  

It	   is	   important	   to	   check	   whether	   system	   performance	   is	   improved	   or	   not	   after	   updates	   of	  

system	  software,	  such	  as	  OS	  kernel,	  compilers,	  and	  libraries,	  are	  carried	  out	  with	  the	  improved	  

and/or	  bug-‐fixed	  version.	  It	  sometimes	  induces	  performance	  degradation	  without	  any	  noticing.	   	  

	  

We	  developed	   a	   tool	   to	   check	  whether	   computation	  performance	  of	   applications	   degrade	  or	  

not	   by	   comparing	   computation	   time	  of	   a	   suite	   of	   applications	   on	   a	   new	   system	  environment	  

with	  that	  on	  the	  previous	  one.	  It	  can	  detect	  the	  degradation	  by	  measuring	  computation	  time	  of	  

several	  applications.	  By	  checking	  the	  performance,	  we	  can	  decide	  whether	  the	  updated	  system	  

environment	  should	  be	  open	  to	  users	  or	  not.	  

	   	  

We	   found	   the	   compiler	   version	   K-‐1.2.0-‐15	   gave	   performance	   degradation	   to	   two	   applications,	  

NICAM	  and	  PHASE,	  by	  using	  the	  check	  suite	  tool	  and	  we	  could	  pull	  the	  release	  of	  the	  version	  off.	  

We	  are	  extending	  the	  tool	  to	  check	  other	  system	  software.	  

 

3.1.4	  Evaluation	  of	  a	  mechanism	  for	  automatic	  measurements	  of	  performance	   	  

In	  order	  to	  operate	  the	  K	  computer	  efficiently,	  it	  is	  important	  to	  analyze	  properties	  of	  jobs	  that	  

are	   submitted	   and	   run	   on	   the	   K	   computer.	   We	   tested	   a	   method	   to	   collect	   application	  

characteristics	   automatically	   and	   evaluated	   the	   feasibility	   to	   collect	   hardware	   counter	  

information	   and	   performance	   information	   during	   system	   operations.	   We	   also	   evaluated	  

negative	   impacts	   of	   the	   data	   collection	   because	   such	   a	   data	   collection	   may	   affect	   system	  

operations	   and	   application	   performance.	   According	   to	   our	   analysis,	   automatically	   collected	  

results	   for	  execution	  time,	  memory	  throughput,	  and	  performance	  of	   floating-‐point	  operations	  

were	  consistent	  with	  manually	  collected	  results	   from	  precision	  performance	  analyzer	   function	  

data.	   Thus,	  we	   conclude	   that	   our	   collecting	  method	   provides	   results	  with	   sufficient	   accuracy	  

and	  without	  negative	  impact	  for	  the	  system	  operations.	  However,	  when	  file	  I/O	  occurred	  during	  

measurement	   the	   results	   tend	  to	  deviate	   from	  the	  correct	  value.	  We	  plan	  to	  evaluate	   the	   flat	  

MPI	   model	   using	   multiple	   processes	   within	   a	   node,	   so	   we	   need	   to	   establish	   an	   evaluation	  

method	  for	  those	  situations.	  

	  



208	  

3.1.5	  Evaluation	  of	  flat	  MPI	  applications	  

We	  observed	  that	  electric	  power	  consumption	  exceeded	  the	   limit	  while	  a	   flat	  MPI	  application	  

was	  executed	  on	  the	  full	  system	  of	  the	  K	  computer.	  The	  total	  amount	  of	  memory	  access	  of	  the	  

flat	  MPI	  application	  was	  found	  to	  vary	  largely	  according	  to	  the	  number	  of	  MPI	  processes	  in	  an	  

LSI	  socket,	  on	  which	  there	  rare	  eight	  cores.	  We	  concluded	  that	  memory	  access	  by	  the	  flat	  MPI	  

application	  on	   the	   full	   node	  produced	   large	  power	   consumption.	   Though	  we	  have	   to	   analyze	  

the	   relation	   between	   power	   consumption	   and	   executions	   of	   flat	   MPI	   applications	   more	  

precisely,	  such	  the	  applications	  should	  be	  treated	  more	  carefully	  when	  they	  are	  run	  on	  the	  full	  

node	  for	  the	  meanwhile.	   	  

	  

3.2	  User	  Support	  

We	  provide	  a	  user	   support	   service	  named	  “K	  support	  desk”	   for	   the	  Registered	   Institution	   for	  

Facilities	   Use	   Promotion,	   or	   Research	   Organization	   for	   Information	   Science	   and	   Technology	  

(RIST)	  and	  for	  users	  who	  conduct	  research	  on	  enhancement	  of	  the	  K	  computer	  capabilities.	  The	  

total	  number	  of	  inquiries	  was	  approximately	  1500.	  The	  system	  was	  improved	  according	  to	  some	  

requests.	   	  

	   	  

We	  regularly	  held	  meetings	  with	  RIST	  as	  part	  of	  the	  service,	   in	  which	  we	  discussed	  application	  

porting	  to	  the	  K	  computer,	  numerical	  methods,	  and	  performance	  analysis.	  We	  could	  share	  skills	  

and	  experiences	  each	  other	  through	  the	  meetings,	  and	  exchanged	  and	  resolved	  technical	  issues	  

related	  to	  improving	  application	  performance.	  

 

3.3	  Classification	  of	  Applications	  and	  Evaluation	  of	  the	  K	  computer	  Middleware	  

We	   classified	   optimization	   methodology	   by	   examining	   typical	   kernels	   appeared	   in	   user	  

applications.	   We	   also	   evaluated	   and	   developed	   middleware	   programs	   such	   as	   compilers,	  

mathematical	  libraries,	  and	  programming	  support	  tools.	  The	  details	  are	  described	  below.	  

	  

3.3.1	  Run-‐time	  characteristics	  of	  user	  applications	  

Keys	   for	   improving	  user	  applications	  efficiently	  are	   to	  uncover	   the	  potential	  parallelizability	   in	  

application	  programs	  and	  make	  use	  of	  features	  of	  processor	  core	  as	  much	  as	  possible.	   	  

	  

Firstly,	  we	  classified	  user	  procedures	  such	  as	   functions,	  subroutines,	  and	   loops	   into	  19	  kernels	  

listed	   in	   Table1	   according	   to	   six	   measures	   of	   byte/flop	   value,	   data	   locality,	   inter-‐iteration	  

dependency	   of	   loops,	   loop	   body	   size,	   thread	   parallelizability,	   and	   process	   parallelizability.	  

Selected	  kernels	   are	   listed	   in	   Table	   1.	   Then	  we	   selected	  part	  of	   applications	   as	   representative	  

kernels,	  each	  of	  which	  consumes	  a	  short	  computation	  time.	   	  
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Secondly,	  we	  evaluated	  kernel	  characteristics	  in	  computations	  by	  using	  hardware	  performance	  

counter	  information.	  Finally,	  we	  developed	  a	  particular	  method	  for	  thoroughly	  bringing	  out	  the	  

potential	  parallelizability	  of	  each	  kernel	  and	  an	  optimal	  method	  to	  improve	  the	  kernels.	  

	  

Table.	  1	  Selected	  kernels	  from	  representative	  application	  programs	  

Applications	   Kernels	   Features	  

Structural	  analysis	  
code	  by	  FEM	  

Quadruple	  precision	  FMA	  
Matrix	  multiplication,	  no	  
multi-‐threading	  

Heat	  flux	  evaluation	   Matrix	  multiplication,	  no	  
multi-‐threading	  

Semiconductor	  
analysis	  

The	  function	  for	  OpenMP	  
multi-‐threading	   Forking	  to	  outside	  of	  a	  parallel	  region	  

Timer	  routine	  
Using	  the	  clock	  function	  in	  the	  
standard	  library	  

Dot	  function	   Small	  loop	  body,	  small	  number	  of	  
loop	  iterations	  

The	  region	  generating	  
coefficients	  matrixes	  and	  the	  
region	  updating	  physical	  
parameters	  

Small	  number	  of	  loop	  iterations,	   	  
large	  number	  of	  IF	  statements	  

The	  upper	  loop	  region	  in	  setLRAV	  
Using	  pointers	  to	  the	  other	  pointer	  
variables	  

updateModelSemiConAV	  
Large	  loop	  body,	  loop	  includes	  IF	  
statements	  

Fluid	  analysis	  code	  
OpenFOAM	  

Avg	   Using	  vector	  
Centre	   Using	  templates	  
findSharedBasePoint	   Using	  templates	  

simpleFoam	   Small	  loop	  body,	  no	  inter-‐iteration	  
dependency	  loop	  

Hartree-‐Fock	  method	  
in	  Quantum	  
chemistry	  

Two-‐electron	  integral	  kernel	   Large	  loop	  body,	  small	  number	  of	  
loop	  iterations	  

Dynamic	  allocation	  of	  array	  
variables	  

All	  threads	  concurrently	  issue	  malloc	  
instructions	  for	  allocating	  small	  
memory	  space	   	  

Weather	  and	  climate	  
simulation	  code	  

Evaluation	  of	  deposition	  and	  
melting	  

Large	  loop	  body,	  no	  software	  
pipelining,	  SIMD	  not	  effective	  

Evaluation	  of	  water	  state	  
transition	  in	  atmosphere	  

Large	  loop	  body,	  no	  software	  
pipelining,	  SIMD	  not	  effective	  

Terminal	  velocity	  evaluation	  
Small	  loop	  body,	  partial	  software	  
pipelining,	  SIMD	  effective	  

Fluid	  analysis	  code	  by	  
FEM	  

Subroutine	  grad3x	   Arithmetic	  only	  kernel	  (I/O	  
instructions	  not	  included)	  

Subroutine	  gdcomx	   Kernel	  for	  inter-‐node	  communications	  

 
3.3.2	  Findings	  of	  deficiency	  of	  compiler	  capabilities	  

Compilers	   should	   generate	   optimized	   codes	   that	   make	   use	   of	   CPU	   features	   at	   a	   maximum.	  

However,	  present	  compilers	  do	  not	  always	  generate	  the	  codes	  so	  as	  to	  bring	  out	  those	  features	  
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due	   to	   compilers	   analysis	   deficiency.	  We	   analyzed	   codes	   generated	   by	   compilers	   and	   studied	  

how	   to	  write	   source	   codes	   to	   obtain	   faster	   object	   codes.	   Some	   findings	  were	   deficiencies	   in	  

optimizing	   loop	  exchanges,	   loop	  blocking,	   in-‐line	  expansion	  functions,	  and	  software	  pipelining	  

functions.	  We	  also	  found	  out	  that	  an	  intrinsic	  function	  SQRT	  of	  Fortran	  should	  be	  used	  to	  obtain	  

higher	  performance,	  instead	  of	  a	  direct	  statement	  of	  the	  power	  of	  1/2	  in	  a	  source	  program.	  

	  

We	   also	   listed	   issues	   to	   be	   improved	   in	   the	   next	   release	   of	   middleware	   and	   requested	   the	  

improvement	  to	  Fujitsu	  Ltd.  

 

3.3.3	  Development	  of	  tools	  for	  the	  K	  computer	  

We	   studied	   three	   middleware	   tools	   that	   are	   efficient	   to	   improve	   user	   programs	   on	   the	   K	  

computer.	   Those	   are	   a	   Fortran	   static	   analysis	   tool	   “K-‐scope”,	   a	   cache	   memory	   emulation	  

software	  “KITRA”,	  and	  a	  visualization	  tool	  of	  performance	  information	  of	  Tofu.	   	  

	  

A) K-‐scope:	  Fortran	  static	  analysis	  tool	  

We	   have	   to	   understand	   the	   structure	   of	   an	   application	   program,	   when	  we	  want	   to	   improve	  

performance	  of	  the	  program.	  We	  developed	  a	  static	  analysis	  tool	  for	  Fortran	  source	  program,	  

called	  K-‐scope,	  by	  which	  the	  structure	  such	  as	  loops,	  conditional	  branches,	  and	  procedure	  calls	  

can	  be	  displayed	  as	  a	   tree	   structure.	  The	   tools	  have	  already	  been	  opened	  via	  our	  web	  site	  as	  

open-‐source	  software	  under	  the	  Apache	  license	  version	  2.0.	  

	  

We	  improved	  and	  enhanced	  the	  tools	  this	  year	  as	  follows:	  

1. Visualization	  function	  of	  performance	  profiling	  data	  

To	   identify	  bottlenecks	  of	  application	  programs,	  we	  have	  to	  analyze	  both	  source	  code	  and	  

performance-‐profiling	   data.	   We	   added	   a	   feature	   for	   analyzing	   performance-‐profiling	   data	  

that	  is	  based	  on	  the	  visualization	  of	  Fujitsu	  profiling	  data	  together	  with	  the	  source	  code.	  

2. Provision	  of	  a	   remote	  server	   for	  parsing	  source	  code	  (This	  work	  was	  done	   in	  collaboration	  

with	  the	  HPC	  Usability	  Research	  Team	  in	  AICS.)	  

K-‐scope	   uses	   an	   intermediate	   code	   generated	   by	   the	   XcalableMP	   compiler	   to	   offload	   a	  

parsing	   of	   the	   Fortran	   source	   code.	   However,	   a	   binary	   package	   of	   XcalableMP	   is	   only	  

available	  for	  major	  Linux	  distributions,	  and	  it	   is	  quite	  difficult	  for	  application	  users	  to	   install	  

the	  XcalableMP	  compiler	  on	  their	  environments.	  To	  resolve	  this	  problem,	  we	  developed	  an	  

offloading	  mechanism	  that	  uploads	  the	  source	  code,	  parses	  it	  on	  a	  remote	  server	  on	  which	  

XcalableMP	  is	  installed,	  and	  then	  imports	  the	  intermediate	  code	  to	  K-‐scope.	  

	  
B) KITRA:	  Cache	  memory	  emulator	  

We	   can	   obtain	   a	   rough	   behavior	   of	   an	   application	   program	   executed	   on	   the	   K	   computer	   by	  
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several	  profiling	  tools.	  Especially,	  a	  precise	  PA	  tool,	  which	  can	  measure	  some	  hardware	  behavior	  

such	   as	   the	   number	   of	   floating-‐point	   operations	   and	   total	   number	   of	   cache	   miss	   hit	   in	   a	  

specified	   range	   of	   the	   code.	   However,	   information	   of	   cache	   miss	   hit	   of	   every	   array	   variable	  

cannot	  be	  provided.	  To	  improve	  performance	  of	  the	  code,	  we	  have	  to	  know	  cache	  replacement	  

behavior	  in	  detail.	   	  

	  

We	  developed	  a	  cache	  memory	  emulation	  software	  “KITRA”,	  which	  allocates	  a	  small	  memory	  

buffer	   working	   as	   a	   cache	   memory.	   It	   emulates	   a	   least	   recently	   used	   (LRU)	   algorithm	   for	  

controlling	   cache	  miss/hit.	  When	   a	   load/store	   operation	   is	   executed	   for	   some	   variables	   in	   an	  

application,	   KITRA	   captures	   the	   source/destination	  memory	   addresses	  of	   the	   variables,	   and	   it	  

emulates	   the	   cache	   miss/hit	   on	   its	   own	   buffer	   using	   the	   LRU	   algorithm.	   The	   detailed	   cache	  

miss/hit	   information	   is	  reported	  with	  the	   line	  number	  of	  the	  source	  code	  and	  the	  name	  of	  the	  

array	   in	  which	   the	  memory	   access	   occurred.	  We	   are	   now	   evaluating	   a	   preliminary	   version	   of	  

KITRA	  by	  applying	  it	  to	  several	  kernels	  of	  actual	  applications.	  

	  

C) Prototype	  tool	  for	  visualization	  of	  TofuPA	  

TofuPA	   provides	   us	   information	   of	   hardware	   counter	   regarding	  message	   traffics	   on	   the	   Tofu	  

interconnect.	  It	  includes	  physical	  coordinates	  of	  a	  six-‐dimensional	  mesh/torus	  network.	  We	  have	  

developed	  the	  visualization	  tool	  of	  TofuPA	  in	  2012.	  It	  can	  displayed	  all	  of	  the	  traffics	  on	  the	  Tofu	  

interconnect,	  but	  we	  need	  to	  know	  traffics	  of	  each	  application	  which	   is	  run	  on	  a	  part	  of	  the	  K	  

computer.	  

	  

This	  year	  we	  improved	  the	  tool	  so	  that	  it	  can	  display	  the	  traffics	  of	  each	  job	  as	  well	  as	  MPI	  rank	  

mapping	   information.	   This	   tool	   is	   efficient	   to	   improve	   application	   performance	   as	   high	   as	  

possible	   by	   controlling	   communication	   paths	   and	   communication	   order	   to	   reduce	  

communication	   conflict.	  However,	   it	   is	   quite	   complicated	   to	  use	   for	   general	   users.	   Therefore,	  

we	  studied	  how	  to	  apply	  the	  tool	  to	  applications	  and	  gave	  users	  a	  guideline	  of	  communication	  

optimization	  by	  using	  the	  tool.	   	  

	  

3.4	  Study	  on	  a	  novel	  benchmark	  program	  HPCG	  for	  supercomputers	  

We	  evaluated	  and	  optimized	  a	  novel	  benchmark	  program	  HPCG	  for	   supercomputers	  on	   the	  K	  

computer.	  This	  program	  can	  measures	  performance	  information	  of	  a	  supercomputer	  using	  the	  

preconditioned	   conjugate	   gradient	   (CG)	   method	   to	   solving	   a	   system	   of	   linear	   equations,	   in	  

which	   the	   coefficient	   matrix	   is	   sparse.	   Unlike	   the	   famous	   conventional	   benchmark	   program	  

LINPACK,	   the	   score	   from	  HPCG	  depends	  on	  not	  only	   CPU	  performance	  but	   also	  memory	   and	  

network	   bandwidth.	   We	   obtained	   a	   pre-‐released	   version	   of	   HPCG	   code	   before	   its	   official	  

announcement	  at	  SC13	  and	  examined	  it.	  We	  achieved	  speedup	  of	  twelve	  times	  in	  terms	  of	  total	  
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calculation	  time	  by	  applying	  several	  improvement	  techniques	  to	  original	  code.	  Our	  results	  were	  

reported	  by	  the	  proponent	  of	  HPCG	  at	  SC13.	  We	  have	  invited	  to	  the	  HPCG	  special	  workshop	  held	  

on	  March	  2014	  and	  presented	  the	  results	  in	  detail. 

 

4.	  Schedule	  and	  Future	  Plan	  
Our	  activities	  aim	  at	  providing	  an	  environment	  in	  which	  users	  can	  obtain	  high	  capabilities	  of	  the	  

K	  computer	  easily.	  To	  realize	  this,	  we	  will	  continue	  to	  study	  and	  evaluate	  characteristics	  of	  the	  K	  

computer	   hardware	   and	   applications	   from	   viewpoints	   of	   computer	   science.	  We	   also	   improve	  

the	  middleware	  on	  the	  K	  computer.	  
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