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Highly	  Parallel	  Green’s	  Func/on	  Monte	  Carlo	  (GFMC)	  for	  Nuclear	  Physics	  

•  Physics	  Problem:	  	  Solve	  for	  the	  structure	  of	  nuclei:	  ground	  state	  (energy,	  spin,	  density	  
profile),	  spectrum	  of	  excited	  states,	  magne/c	  and	  quadrupole	  moments,	  transi/on	  rates,	  …	  

	  	  	  	  	  	  	  	  to	  compare	  experiment	  and	  make	  predic/ons:	  already	  theory	  has	  predicted	  new	  states	  	  
	  	  	  	  	  	  	  	  which	  have	  then	  been	  observed.	  
•  Computa/onal	  approach:	  	  Use	  GFMC	  algorithm	  to	  solve	  the	  many-‐nucleon	  Schrödinger	  

equa/on	  for	  realis/c	  2-‐	  and	  3-‐nucleon	  interac/ons	  
–  Good:	  	  extreme	  accuracy,	  no	  basis	  expansion,	  no	  fixed	  grids	  
–  Bad:	  	  scaling.	  	  Need	  to	  keep	  track	  of	  every	  nucleon’s	  spin	  and	  isospin	  states.	  	  The	  number	  of	  states	  is	  

2A	  *	  	  	  	  	  	  	  	  	  ,	  where	  A	  =	  #	  nucleons	  and	  Z	  =	  #	  protons.	  	  Therefore	  each	  addi/onal	  nucleon	  increases	  
computa/onal	  load	  immensely.	  

•  At	  beginning	  of	  SciDAC,	  GFMC	  was	  compu/ng	  all	  of	  the	  above	  for	  A	  =	  10	  (beryllium,	  boron)	  
with	  a	  parallel	  manager/worker	  algorithm	  with	  load	  balancing	  (2000	  MPI	  processes	  on	  IBM	  
SP	  at	  NERSC)	  

–  The	  computa/on	  depended	  on	  doing	  several	  (>10)	  Monte	  Carlo	  samples	  per	  process.	  

•  Computa/onal	  challenge:	  	  
	  	  	  	  	  	  	  	  To	  solve	  12C,	  an	  important	  nucleus,	  with	  ~100,000	  processes.	  

–  Needed	  to	  use	  more	  processes	  than	  Monte	  Carlo	  samples,	  	  
	  	  	  	  	  	  	  so	  had	  to	  break	  one	  sample	  across	  mul/ple	  processes,	  	  
	  	  	  	  	  	  	  leading	  to	  fine-‐grain	  parallelism	  along	  with	  more	  complex	  	  
	  	  	  	  	  	  	  task	  scheduling	  and	  load	  balancing	  
–  Wanted	  to	  maintain	  overall	  manager/worker	  structure	  

•  Computer	  Science	  response	  via	  SciDAC:	  	  
	  	  	  	  	  	  	  	  The	  Asynchronous	  Dynamic	  Load	  Balancing	  	  library	  

) ( AZ



The	  Asynchronous	  Dynamic	  Load	  Balancing	  (ADLB)	  library	  

•  ADLB	  implements	  a	  flexible	  and	  scalable	  scheduling	  and	  load-‐balancing	  system	  for	  work	  units	  of	  
varying	  types,	  sizes,	  and	  priori/es.	  

–  Applica/on	  processes	  create	  and	  put	  	  work	  units	  into	  a	  shared	  pool	  of	  work	  units	  and	  get	  and	  process	  
work	  units	  from	  this	  pool.	  

–  There	  is	  no	  manager	  process;	  rather,	  a	  subset	  of	  applica/on	  processes	  in	  constant	  communica/on	  with	  
one	  another	  is	  used	  to	  manage	  the	  work	  unit	  pool	  in	  the	  background.	  

–  Sophis/cated	  process-‐load	  balancing,	  memory-‐usage	  load	  balancing,	  and	  message-‐traffic	  load	  
balancing	  algorithms	  are	  used	  to	  achieve	  scalability	  without	  burdening	  the	  applica/on	  programmer.	  

–  ADLB	  uses	  MPI	  and	  is	  compa/ble	  with	  MPI	  usage	  by	  the	  applica/on.	  
–  Work	  units	  can	  create	  sub-‐work	  units	  for	  ADLB	  to	  manage	  

•  Physics	  Results	  enabled:	  Solved	  for	  12C,	  including	  Hoyle	  state	  	  
	  	  	  	  	  	  	  and	  its	  decay	  rate	  to	  the	  ground	  state,	  with	  excellent	  scaling,	  	  
	  	  	  	  	  	  	  providing	  cri/cal	  test	  of	  the	  interac/ons	  
•  Current	  and	  future	  work:	  

–  More	  demanding	  computa/ons:	  response	  func/ons	  for	  12C	  on	  BG/Q	  
–  Required:	  	  larger	  work	  packages	  =>	  memory	  management	  challenges	  
–  Solu/on:	  	  new	  distributed	  memory	  management	  library	  (DMEM)	  
–  VLMPI:	  	  MPI	  extension	  for	  >	  2GB	  messages	  

•  to	  be	  used	  by	  DMEM	  to	  provide	  large	  ADLB	  work	  packages	  
•  Usable	  by	  other	  applica/ons	  

Hoyle	  state	  	  
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See	  Joe	  Carlson’s	  poster	  
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•  Introduced	  an	  adap/ve	  pseudospectral	  method	  for	  solving	  self-‐consistent	  equa/ons	  of	  nuclear	  
density	  func/onal	  theory	  in	  3D,	  without	  symmetry	  restric/ons.	  	  

•  Developed	  sophis/cated	  object-‐oriented	  templates	  which	  parse	  the	  high-‐level	  code	  into	  
distributed	  parallel	  tasks	  with	  a	  mul/-‐thread	  task	  queue	  scheduler	  for	  each	  mul/-‐core	  node.	  

•  Benchmarked	  new	  adap/ve	  mul/-‐resolu/on	  solver	  MADNESS-‐HFB	  against	  2D	  coordinate-‐space	  
solver	  using	  B-‐splines	  and	  a	  3D	  solver	  based	  on	  the	  harmonic-‐oscillator	  basis	  expansion.	  

SciDAC/NUCLEI	  Solu+on:	  	  
MADNESS-‐HFB:	  adap+ve	  mul+-‐resolu+on	  3D	  DFT	  solver	  

Cap/on:	  Single-‐par/cle	  density	  distribu/ons	  illustra/ng	  (see	  semilog	  
inset)	  the	  superior	  asympto/c	  proper/es	  of	  the	  MADNESS	  solu/ons	  
to	  DFT	  over	  conven/onal	  techniques.	  (J.C.	  Pei	  et	  al.,	  Phys.	  Rev.	  C.	  90,	  
024317	  (2014);	  Editors’	  Sugges)on)	  

•  The	  algorithm	  is	  varia/onal	  and	  is	  capable	  of	  solving	  
coupled	  complex-‐geometric	  systems	  of	  equa/ons	  
adap/vely,	  with	  func/onal	  and	  boundary	  constraints,	  
in	  a	  finite	  spa/al	  domain	  of	  very	  large	  size.	  

•  The	  new	  framework	  solves	  mul/-‐scale	  physics	  
challenges	  in	  nuclear	  and	  atomic	  problems	  involving	  
many-‐par/cle	  superfluid	  systems.	  

� � � � � �� �� �� �� ��
x, y, z (fm)

����

����

����

����

����

y

x

z

� � �� ��

<�

<�

<�

<�

<�

<�

<�

lo
g 10

(l
n)

x, y, z (fm)

l n 
(fm

-3
)

HFODD(1140)
HFODD(1540)
MADNESS

y

x

z
110Mo

See	  George	  Fann’s	  poster	  



J,'%$+/;'(.*+#'",(&7'0,<(F$&7((
Y*"./X'%(*.+',&"$./'1(?0,((

@,"+/+"#(".%(?*.%"9'.&"#(@7<1$+1(

Hr'+/;'(=$'#%(K7'0,<(
B@$0.#'11T(@$0.?*#T(

%'#&"?*#TZD(

O>[$.$/0(
9".<[>0%<(&7'0,<4(

1&,*+&*,'(s(,'"+/0.1(

E09@*&"/0."#(2+$'.+'4(
=*##<('U@#0$&(%$1,*@/;'((

&'+7.0#06$'1(

O@@#$'%(8"&7'9"/+14(
)'FI$9@,0;'%(

"#60,$&791(

1&,*+&*,'(s(,'"+/0.1(

E09@*&"/0."#(2+$'.+'4(E09@*&"/0."#(2+$'.+'4(E09@*&"/0."#(2+$'.+'4(



)''%(,6$040)-$10#*/0.1(0?('U&,'9'(.*+#'",(1<1&'91((
&0(%';'#0@(.'U&[6'.',"/0.(.*+#'",('.',6<(%'.1$&<(?*.+/0."#(

•! J7<1$+14()''%(&0(10#;'(#",6'(.'*&,0.(%,0@1($.('U&',."#(X'#%1(&0(@,0>'(&7'($101@$.[
%'@'.%'.+'(0?(&7'(.*+#'0.[.*+#'0.(B))D(".%(&7,''[.*+#'0.(B^)D($.&',"+/0.1(>*&(
&7'1'(1<1&'91('U7"*1&("(.0%'W1(9'90,<(?0,(&7'($.@*&(8[1+7'9'(^)($.&',"+/0.1(

•! E2IO@@#$'%(8"&74(S';'#0@("#60,$&791(&0(+09@,'11T(1&0,'(".%(%'+09@,'11(^)(
$.&',"+/0.1(0.(K$&".W1(CJG1(

•! J,$0,(&0(2+$SOET(.'*&,0.(%,0@1(F$&7(90,'(&7".(d](.'*&,0.1(+0*#%(.0&(>'(10#;'%(+#01'(
'.0*67(&0(+0.;',6'.+'(

t'@#',(1*@',.0;"(B)O2OD(

HU&,'9'(.*+#'",(1<1&'91(N(.0&("++'11$>#'($.(&7'(#">0,"&0,<(

)'*&,0.(1&",(u@"1&"v()*+#'$(>'<0.%(.'*&,0.(%,$@(#$.'(

J,
0&

0.
(.

*9
>'

,(

)'*&,0.(.*9>',(



•! S'90.1&,"&'1(@,'%$+/;'(@0F',(0?(
,6$040)-$.*+#'",(1&,*+&*,'(&7'0,<A(

•! J,0;$%'1(,'1*#&1(?0,(.'U&(6'.',"/0.(
.*+#'",('.',6<(%'.1$&<(?*.+/0."#1(

•! 5'"%1(&0($9@,0;'%(@,'%$+/0.1(?0,(
"1&,0@7<1$+"#(,'"+/0.1(

•! S'90.1&,"&'1(&7"&(&7,''[.*+#'0.(
B^)D($.&',"+/0.1($.('U&,'9'(.'*&,0.(
1<1&'91(",'(1$6.$X+".&#<(F'"Q',(
&7".(@7'.09'90#06<(@,'%$+&1(

•! C*$%'1(?*&*,'('U@',$9'.&1("&(SlH[
1@0.10,'%(,",'[$10&0@'(?"+$#$/'1(

AN(./.+*(F?2'%1%(!%"2'*/(I&O%'(

>5-"43$*#,#&$&4&5%0&*$-7$4&"#5-4$
*?*#&.*$04$,$@A$'&B$2,5.-40+$
-*+0((,#-5C$$8-(03$5&3$30,.-43*$,43$
6("&$3-#*$*0%407?$5&*"(#*$10#2$DDEFD$
04#&5,+)-4*$3&50G&3$75-.$+205,($
&H&+)G&$I&(3$#2&-5?$5&(,#&3$#-$J;9C$
K4*&#$30*!(,?*$#2&$5,)-$-7$DDEFD$#-$
DD$,(-4&C$;205,($5&*"(#*$(0&$6&#1&&4$
#2-*&$-7$:BL=EMKN$,43$:BL=EKOPT(#1-$
!2&4-.&4-(-%0+,($04#&5,+)-4*$w^xC$

E t
o
t

/(
1
0

M
eV
⇥

N
4
/3
)

0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

N
4 6 8 10 12 14 16 18 20 28 40 50

NN+3N-ind.�(�,7��NCSM)�
NN+3N-full��(�,7��NCSM)�
NN+3N-ind.�(⇤CCSD(T))�
NN+3N-full�(⇤CCSD(T))�
AV8’�(QMC)
AV8’+UIX�(QMC)
AV8’+IL7�(QMC)

(N
N

+
3N

)/
N

N

0.96

0.98

1.00

1.02

4 8 12 16

Chiral
UIX

IL7

E2IO@@#$'%(8"&7(wdx4((

J7<1$+1("++09@#$179'.&1(w]x4(

OW(
SK(

O( S(

)'*&,0.(.*9>',(B)D(

S'+09@,'11$0.(&,".1?0,9'%(0.(K$&".(CJG1(

wdx(SA(l,<1@"<';T(:A(J0y',T(JA(8",$1T(8A(2010.Q$."T(kAJA(!",<T(2A(_$.%',T(OA(E"#+$T(kA(5".67"99',(".%(3A(30&7T(-HHH(]q&7(-JSJ2R(s(J7S(=0,*9T(d^zn(B]ed^D((
w]x(:A(J0y',T(2A(=$1+7',T(JA(8",$1T(kAJA(!",<T(2A(_$.%',T(OA(E"#+$T(kA(5".67"99',(".%(3A30&7T(J7<1A(5'yA(_q^oT(mmn(B]edmD(
w^x(JA(8",$1T(kAJA(!",<T(2A(C".%0#XT(kA(E",#10.T(2AEA(J$'@',T(J7<1A(3';A(E{qT(enm^d{(B]ed^D(

mz|(0?("*&70,1(
",'(6,"%(1&*%'.&1(",'(6,"%(1&*%'.&1(

=*&*,'(F0,Q4(HU&'.%(".%("@@#<(&7'1'(&'+7.$Y*'1(&0(.*+#'",(%0*>#'(>'&"[%'+"<(((



B:%&%,&7'7#E7.F0&87$'$7N>#$76'H0$'&N(./.+*(:0.?E>$%/0.'#.;7$%:/0.'
:%&:>&%/0.F'H0$'.>:&7%$'F;$>:;>$7 

•! J7<1$+14()''%(+0.;',6'%(,6$040)-$+0.X6*,"/0.($.&',"+/0.(10#*/0.1(0?(#$67&(.*+#'$((
((((((B)9"U(a(de(".%(">0;'D(&0(%'1+,$>'('U@',$9'.&1T(@,'%$+&(?*&*,'(0>1',;"/0.1(".%(
((((((;"#$%"&'(&7'0,'/+"##<[%',$;'%(1&,0.6($.&',"+/0.1(
•! E2I8"&74(S';'#0@('L+$'.&(".%(1+"#">#'($&',"/;'(10#;',1(?0,('U&,'9'[1+"#'('$6'.;"#*'((
((((((@,0>#'91(?0,(.*+#'",(@7<1$+1(B8=S.(+0%'D(
•! J,$0,(&0(2+$SOET(0*,('$6'.10#;',1(,".($.'L+$'.&#<(0.(90,'(&7".(neee(@,0+'11'1(

*"7'!"%&&7.E7'#.'%'A>;F"7&&V'
C%2#6'$#F7'#.'3%;$#X'6#37.F#0.%&#;<';$%.F&%;7F';0'#.:$7%F76':032>;%/0.%&',>$67.'



*020&0E<-%L%$7'3%22#.E'%.6':033>.#:%/0.'"#6#.E'
:03,#.7'H0$'F:%&%,&7'7#E7.F0&87$'#.'.>:&7%$'F;$>:;>$7'I5)G.J 

!! S,"1/+"##<(,'%*+'%(+099*.$+"/0.(0;',7'"%1(
!! 2$6.$X+".&(1@''%[*@1(0;',('",#$',(;',1$0.(0?(8=S.(B*@(&0(zU(0.(d{Teee(+0,'1D(
!! O#901&(@',?'+&(1&,0.6(1+"#$.6(0.(*@(&0(g]eeTeee(+0,'1((
!! =*&*,'4(?*,&7',(,'%*+'(+099*.$+"/0.(0;',7'"%1(s(9"Q'('L+$'.&(*1'(0?(90,'(&7,'"%1I.0%'(
!! =*&*,'4(%';'#0@I"@@#<(+09@#'U(1<99'&,$+(9"&,$U('$6'.10#;',(?0,(+0*@#$.6(&0(&7'(+0./.**9(

Topology-aware mapping of processes to the physical processors 
becomes more important as the gap between computational power 
and bandwidth widens. Communication groups are optimized through 
a column-major ordering of processes on the triangular grid [1,2]. 

[1] H.M. Aktulga,C. Yang,E.G. Ng,P. Maris,J.P. Vary, "Improving the Scalability of a Symmetric Iterative Eigensolver for Multi-core Platforms”, CCP&E 25 (2013) 
[2] D. Oryspayev, H.M. Aktulga, M. Sosonkina, P. Maris and J.P. Vary, “Performance Analysis of Distributed Symmetric Sparse Matrix Vector Multiplication  
Algorithm for Multi-core Architectures,” CCP&E (2015) (in press) 
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ab	  ini+o	  configura/on	  interac/on	  
	  results	  enabled	  by	  improved	  eigensolver	  (MFDn) 

[1] P. Maris, J.P. Vary, A. Calci, J. Langhammer, S. Binder and R. Roth, “12C properties with evolved chiral three-nucleon interactions,” Phys. Rev. C 90, 014314 (2014) 
[2] P. Maris, M.A. Caprio and J.P. Vary, “Emergence of rotational bands in ab-initio no-core configuration interaction calculations of the Be isotopes,” Phys. Rev. C91, 
014310 (2015) 
[3] J.P. Vary, P. Maris, H. Potter, M.A. Caprio, R. Smith, S. Binder, A. Calci, S. Fischer, J. Langhammer, R. Roth, H.M. Aktulga, E. Ng, C. Yang, D. Oryspayev, M. Sosonkina,  
E. Saule and U. Catalyurek, “Ab Initio No Core Shell Model – Recent Results and Further Prospects,” Proceedings International Conference ‘Nuclear Theory in the 
Supercomputing Era – 2014’, Khabarovsk, Russia, June 23-27, 2014. Eds. A.M. Shirokov and A.I. Mazur. Pacific National University (Khabarovsk, Russia, 2015), p. 71.  
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Carbon-‐12	  excita/on	  spectra	  without	  and	  with	  	  
ini/al	  chiral	  3N	  interac/on	  for	  two	  Nmax	  values,	  	  
compared	  with	  experiment	  [1,3].	  
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Rota/onal	  parameters	  A,	  a	  and	  Ex	  for	  ground	  and	  excited	  bands	  of	  the	  Be	  	  
isotopes	  [2,3].	  Brackets	  highlight	  difference	  between	  	  experimental	  results	  	  
(horizontal	  bars)	  and	  calcula/ons	  with	  extrapola/on	  (parallel	  triangles)	  	  
to	  the	  infinite	  matrix	  limit.	  	  Dots	  represent	  calcula/ons	  used	  for	  extrapola/ons.	  



Navratil et al (2007); Jurgenson et al 
(2011) 
Binder et al (2014) 
Epelbaum et al (2014) 

Epelbaum et al (2012) 

Maris et al (2014) 
Wloch et al (2005) 

Hagen et al (2014) 
Bacca et al (2014) 
Maris et al (2011) 

Nuclear physics challenge: Accurate radii and 
binding energies for heavier nuclei(

!032>;%/0.%&'U$0,&73V(7'";$',(.*+#'$(F$&7("(7$67(+09@*&"/0."#('U@'.1'(.''%(&0(
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Computational challenges: Quantify 
uncertainties and optimize N3LOsat	  

Remaining	  challenge:	  Lower	  the	  computa/onal	  expense	  for	  more	  precise	  coupled-‐cluster	  
calcula/ons	  of	  medium-‐mass	  nuclei	  that	  enter	  the	  objec/ve	  func/on.	  Couple	  automa/c	  
deriva/ves	  with	  op/miza/on	  rou/ne	  POUNDerS	  to	  understand	  theore/cal	  uncertain/es	  and	  
correla/ons	  between	  op/miza/on	  parameters	  (low-‐energy	  constants	  of	  the	  interac/on).	  	  

Solu/on:	  simultaneous	  op/miza/on	  of	  NN	  and	  3N	  forces	  with	  input	  from	  selected	  
nuclei	  up	  to	  A	  =	  25	  (NNLOsat).	  The	  computa/onal	  challenge	  was	  met	  by	  speeding	  up	  
coupled-‐cluster	  calcula/ons	  of	  finite	  nuclei,	  and	  by	  a	  scheduler	  for	  the	  computa/on	  of	  
a	  large	  number	  of	  observables	  required	  for	  this	  study.	  	  
[A.	  Ekström	  et	  al.,	  Phys.	  Rev.	  C	  91,	  051301(R)	  (2015)]	  	  



Addi/onal	  PHYS-‐CS/AM	  projects	  underway	  within	  SciDAC/NUCLEI:	  
	  
Prepare	  for	  next-‐genera/on	  leadership	  class	  facili/es:	  

	  NERSC: 	  	  	  	  	  	  Maris,	  Vary,	  Papadimitriou,	  Ng,	  Yang	  -‐	  NESAP	  Award	  
	  OLCF: 	  	  	  	  	  	  Hagen,	  Jensen,	  et	  al,	  CAAR	  Award	  
	  ALCF:	  	  	  	  	  	  	  	  	  	  	  	  	  Pieper,	  Lusk,	  et	  al,	  Proposal	  for	  THETA	  Early	  Science	  Award	  

	  
Integrate	  POUNDerS	  with	  MFDn:	  Sosonkina,	  Wild,	  Maris,	  Shirokov,	  et	  al	  
	  
Develop	  workflow	  so~ware	  for	  Coupled	  Channels	  applica/ons,	  Jensen,	  et	  al	  
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 INCITE = Critical resources for NUCLEI 

Application Production Run 
Sizes Resource 
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AGFMC:  Argonne 
Green’s Function 
Monte Carlo 

262,144 cores  
@ 10 hrs 

Mira 
! ! X !         

MFDn:  Many 
Fermion Dynamics - 
nuclear 

260K cores @ 4 hrs  
500K cores @ 1.33 

hrs 

Titan 
Mira ! X ! !         

NUCCOR:  Nuclear 
Coupled-Cluster Oak 
Ridge, m-scheme & 
spherical 

100K cores @ 5 hrs 
(1 nucleus, multiple 

parameters) 

Titan 

! X ! !         

DFT Code Suite:  
Density Functional 
Theory, mean-field 
methods 

100K cores @  
10 hrs 

(entire mass table, fission 
barriers) 

Titan 

X ! ! !         

MADNESS:  
Schroedinger, 
Lippman-Schwinger 
and DFT 

40,000 cores @ 12 
hrs (extreme asymmetric 

functions) 

Titan 

X X ! !         

NCSM_RGM:  
Resonating Group 
Method for scattering 

98,304 cores @ 8 hrs Titan 
X X ! !         

•! Ab initio Methods (CC, GFMC, NCSM) "pushing 
the limits to calculate larger nuclei 

•! Density Functional Theory " reasonable time to 
solution to calculate the entire mass table 

Adapted from slide by Hai Ah Nam, LASL 
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AGFMC:  
Green’s Function 
Monte Carlo
MFDn
Fermion Dynamics - 
nuclear

NUCCOR:  
Coupled-Cluster Oak 
Ridge, m-scheme & 
spherical
DFT Code Suite:  
Density Functional 
Theory, mean-field 
methods
MADNESS:  
Schroedinger
Lippman
and DFT
NCSM_RGM:  
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Conclusions	  and	  Outlook	  

•  Disrup/ve	  progress	  in	  leadership-‐class	  machines	  required	  new	  modes	  	  
	  of	  PHYS-‐CS/AM	  collabora/on	  to	  achieve	  first-‐rate	  science	  

•  Case	  Studies	  of	  PHYS-‐CS/AM	  collabora/ons	  within	  NUCLEI	  illustrate	  
	  successful	  integrated	  approach	  to	  achieve	  scien/fic	  and	  technical	  progress	  

•  Large	  number	  of	  new	  collabora/ons	  formed	  in	  NUCLEI	  and	  36	  joint	  	  
	  PHYS-‐CS/AM	  publica/ons	  produced	  to	  date*	  

•  Yearly	  INCITE	  awards	  since	  2008	  have	  enabled	  this	  scien/fic	  progress	  

•  Funding	  via	  SciDAC	  cri/cal	  for	  the	  success	  of	  this	  new	  paradigm	  

*see:	  hyp://compu/ngnuclei.org	  for	  lis/ng	  of	  publica/ons	  


