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UPC++ OBJECTIVES 

§ PGAS and beyond 
•  UPC-style PGAS 
•  Asynchronous remote function invocation and 

dynamic event-driven task execution 
•  Titanium-style multidimensional arrays 

§ Easy on-ramp for existing applications 
•  Based-on C++ (and C++11 if available) 
•  Compiler-free (but the user doesn’t need to know 

how we implement it) 
•  Interoperate with existing codes, e.g., MPI/

OpenMP/CUDA/… 
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PGAS WITH COMPOSABLE EXTENSIONS 

Private  address  space


Global  address  space


Mul4-­‐threading


Local  
task  
queue


Func4on  shipping  across  nodes
 Mul4dimensional  
arrays


3	
  



OpenFabrics Alliance Workshop 2016 

C++ 
Compiler  

UPC++ 
Program 

UPC++ 
Template 
Header 

Files 

Linker 

UPC++ 
idioms are 
translated  

to C++ 

Object 
file w. 

runtime 
calls 

Exe 

GASNet 

System 
Libs 

UPC++ 
Runtime 

•  Leverage	
  C++	
  standards	
  and	
  
compilers	
  
-  Implement	
  UPC++	
  as	
  a	
  C++	
  
template	
  library	
  

- C++	
  templates	
  can	
  be	
  used	
  as	
  a	
  
mini-­‐language	
  to	
  extend	
  C++	
  
syntax	
  

• Many	
  new	
  features	
  in	
  C++11	
  
- E.g.,	
  type	
  inference,	
  variadic	
  
templates,	
  lambda	
  funcFons,	
  r-­‐
value	
  references	
  	
  

- C++	
  11	
  is	
  well-­‐supported	
  by	
  major	
  
compilers	
  

A “COMPILER-FREE” APPROACH FOR PGAS 
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RANDOM ACCESS BENCHMARK 
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// shared uint64_t Table[TableSize]; in UPC !
shared_array<uint64_t> Table(TableSize); !
!
void RandomAccessUpdate() !
{ !
  uint64_t ran, i; !
  ran = starts(NUPDATE / ranks() * myrank()); !
  for(i = myrank(); i < NUPDATE; i += ranks()) { !
    ran = (ran << 1) ^ ((int64_t)ran < 0 ? POLY : 0); !
    Table[ran & (TableSize-1)] ^= ran;!
  } !
} !

0 4 8 12 1 5 9 13 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

2 6 10 14 3 7 11 15 

Rank 0 Rank 1 

Rank 2 Rank 3 

Global data layout 

local data layout 

Main  
update 
loop 
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DYNAMIC GLOBAL MEMORY 
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§ Global	
  address	
  space	
  pointers	
  
global_ptr<Type> ptr; !
	
  

§ Dynamic	
  global	
  memory	
  alloca4on	
  
global_ptr<T> allocate<T>(uint32_t where, !
                          size_t count); !
void deallocate(global_ptr<T> ptr); !
	
  

Example:	
  allocate	
  space	
  for	
  512	
  integers	
  on	
  rank	
  2	
  
global_ptr<int> p = allocate<int>(2, 512); !
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ONE-SIDED DATA TRANSFER 

// Copy count elements of T from src to dst 
copy<T>(global_ptr<T> src, global_ptr<T> dst, !

     size_t count); !
!

// Implicit non-blocking copy !
async_copy<T>(global_ptr<T> src, global_ptr<T> dst, !

           size_t count); !
!

// Synchronize all previous asyncs!
void async_wait(); !
!
// Return 1 if previous asyncs are done; 0 otherwise !
int async_try(); !
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ASYNC TASK EXAMPLE 
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#include <upcxx.h> !
!
void print_num(int num) { !
  printf(“myrank %u, arg: %d\n”, myrank(), num); !
} !
!
int main(int argc, char **argv) { !
  ...  !
  for (int i = 0; i < upcxx::ranks(); i++) {!
    upcxx::async(i)(print_num, 123); !
  } !
  upcxx::async_wait(); !
  ... !
} !
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FINISH-ASYNC PROGRAMMING IDIOM 

using namespace upcxx; !
!
// Thread 0 spawns async tasks !
finish { !
  for (int i = 0; i < ranks(); i++) { !
    async(i)([] (int num) !
             { printf("num: %d\n”, num); }, !
             1000+i); !
  } !
} // All async tasks are completed !
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UPC++ MD ARRAY LIBRARY 

Restrict	
  	
  	
   Slice	
  (n	
  dim	
  to	
  n-­‐1)	
  

Transpose	
  

Translate	
  
(0,0)	
  

(x,y)	
  

Intersect	
   Copy	
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IRREGULAR SUBMATRIX UPDATE 

Distributed	
  Array	
  

Local	
  Array	
  

•  Dynamic	
  work	
  stealing	
  and	
  fast	
  atomic	
  
operaFons	
  enhance	
  load	
  balance	
  

•  New	
  distributed	
  array	
  abstracFon	
  delivers	
  
producFvity	
  and	
  performance	
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UPC++ FOCK SCALES TO 96K CORES 

Strong	
  Scaling	
  on	
  Edison	
  (Cray	
  XC30)	
  

20%	
  faster	
  than	
  the	
  best	
  exis0ng	
  solu0on	
  
D.	
  Ozog,	
  A.	
  Kamil,	
  Y.	
  Zheng,	
  P.	
  Hargrove,	
  J.	
  R.	
  Hammond,	
  A.	
  Malony,	
  W.	
  de	
  Jong,	
  K.	
  Yelick;	
  
"A	
  Hartree-­‐Fock	
  Applica0on	
  using	
  UPC++	
  and	
  the	
  New	
  DArray	
  Library”,	
  IPDPS	
  2016	
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•  Problem	
  
•  Massive	
  data	
  don’t	
  fit	
  in	
  single	
  memory	
  	
  
•  Dynamic	
  and	
  irregular	
  update	
  paderns	
  

•  SoluFon	
  
•  PGAS	
  +	
  Asynchronous	
  Remote	
  Task	
  
ExecuFon	
  using	
  Customized	
  App	
  Logics	
  

•  Impact	
  
•  First-­‐ever	
  whole-­‐mantle	
  seismic	
  model	
  
from	
  numerical	
  waveform	
  tomography	
  

•  Reveals	
  new	
  details	
  of	
  deep	
  structure	
  
not	
  seen	
  before	
  

ENABLED NEW SEISMIC DISCOVERY 
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3D	
  rendering	
  of	
  low-­‐
velocity	
  structure	
  
beneath	
  the	
  Hawaii	
  
hotspot	
  

Excellent	
  parallel	
  efficiency	
  for	
  strong	
  scaling	
  
due	
  to	
  near	
  complete	
  overlap	
  of	
  computaFon	
  
and	
  communicaFon	
  (IPDPS’15)	
  

Scod	
  French,	
  Barbara	
  Romanowicz,	
  "Broad	
  plumes	
  
rooted	
  at	
  the	
  base	
  of	
  the	
  Earth’s	
  mantle	
  beneath	
  
major	
  hotspots",	
  Nature,	
  2015	
  

NERSC	
  2016	
  Achievement	
  Award	
  for	
  Innova<ve	
  Use	
  of	
  HPC	
  

ConvergentMatrix: An array abstraction for distributed dense-matrix assembly with

asynchronous updates

CS294 Fall 2013: Modern Parallel Languages
Scott French

sfrench@seismo.berkeley.edu

I. INTRODUCTION

In large-scale inverse problems [1] (e.g. regression), one
must often assemble and manipulate dense matrices that are
too large to fit “in-core” on a single shared-memory com-
puter – instead requiring a distributed-memory approach.
Further, it is also common that the elements of these matrices
are themselves the result of (possibly many) distributed
computations. While the PBLAS and ScaLAPACK [2], for
example, provide a convenient abstraction for linear algebra
operations on distributed dense matrices, the problem of
distributed-matrix assembly is typically left to the user.

One particular class of assembly problem is that which
consists only of augmented assignments to distributed matrix
elements with an operator that is, or can be assumed to be
for practical purposes, commutative and associative, e.g. the
+= operator. Under this scenario, the stream of concurrent
update operations to any given matrix element may be
arbitrarily reordered, so long as each augmented assignment
is applied in isolation (i.e. is atomic w.r.t. the others). Here,
we explore the efficacy of implementing a distributed matrix
abstraction for this particular class of assembly problem
using UPC++ [3], a partitioned global address space (PGAS)
extension to the C++ language.

A. A motivating example

The above class of distributed assembly problem is
commonly encountered in inverse theory – namely, in the
assembly of a Gauss-Newton estimate for the Hessian of
a given misfit functional. For example, in the case of the
generalized least-squares misfit

�(m) =
1

2
kd� g(m)k22 + prior terms . . .

where d contains observed data, m is a proposed model,
and g(·) is the (non-linear) forward operator that predicts d
given m, the Hessian estimate is given by GTG, where G
is the typically non-sparse Jacobian of the forward operator:
Gij = @gi(m)/@mj .

Often, for inverse problems considering large numbers
of data, the Jacobian G (dimd ⇥ dimm where dimd �
dimm) is too large to form explicitly and we instead
form GTG (dimm ⇥ dimm) directly. Typically, column-
strided panels of the Jacobian, denoted G(i), are produced

GtG[ix,ix] += GtG_i[:,:]

L
o
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Figure 1. A schematic illustration of the strided update operation discussed
in the text.

concurrently by distributed computations – one for each
datum i of size k, such that G(i) is k ⇥ n, where (1) n
is typically an order of magnitude smaller than dimm due
to thresholding of small partial-derivative values, and (2) k
is at least an order of magnitude smaller than n. For each i,
the (smaller) symmetric matrix GT

(i)G(i) must be “added”
to the global GTG, with the mapping between elements
given by a strided slicing operation; or, in pseudocode
GtG[ix,ix] += GtG_i[:,:] where ix is an indexing
array (see Fig. I-A).

II. DESIGN

A. Requirements

An implementation of a distributed dense-matrix abstrac-
tion tailored to the class of assembly problem detailed above
should provide:

1) Support for distribution schemes common in parallel
dense linear algebra (i.e. cyclic, block, block-cyclic);

2) Distributed augmented-assignment operations (for
commutative and associative operators), which are
applied in isolation of each other;

3) Generality, with no fixed assumptions regarding sym-
metry or rank of updates;

4) Minimal need for synchronization, with the exception
of a barrier-like “freeze” operation, which is guaran-
teed to return only after all updates have been applied
and the distributed matrix has converged to its final
value; and
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ALTERNATIVE IMPLEMENTATION: MPI-3 RMA 

upcxx::async 
(general functions)!

•  Explicit buffer management!
•  Customized update function 

with domain knowledge!
•  Progress at both source and 

target is controllable!
•  One way bulk data movement 

can be guaranteed!

MPI_Accumulate !
(general data types)!

•  Opaque internal MPI buffers!
•  Generalized MPI data types + 

pre-defined merge ops!
•  Progress is impl.-specific and 

not controllable at target!
•  Data may take more than one 

trip to ensure passive target (ex: 
bulk accumulate in foMPI)!

vs.!

More opportunities to exploit
problem / domain specific knowledge
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ADAPTIVE MESH REFINEMENT 

§ AMR	
  allows	
  the	
  method	
  to	
  
dynamically	
  adapt	
  the	
  mul4level	
  
grid	
  hierarchy	
  on	
  which	
  the	
  
equa4ons	
  are	
  solved.	
  

§ Finer	
  level	
  composed	
  of	
  union	
  of	
  
regular	
  subgrids	
  but	
  the	
  union	
  may	
  
be	
  irregular	
  

§ Intensive	
  and	
  dynamic	
  data	
  
exchange	
  communica4on	
  required	
  

•  Between	
  levels	
  
•  Neighbors	
  within	
  the	
  same	
  level	
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BOXLIB AMR FRAMEWORK 
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§ BoxLib	
  mostly	
  wriden	
  in	
  C
++	
  and	
  Fortran	
  90	
  with	
  
MPI+OpenMP	
  
• BoxLib	
  development	
  effort	
  
esFmated	
  by	
  SLOCCount:	
  
70.77	
  Person-­‐Years	
  
($24.77M)	
  

§ Need	
  an	
  incremental	
  
adopFon	
  strategy	
  with	
  
maximum	
  code	
  reuse	
  

§ CollaboraFon	
  and	
  
integraFon	
  are	
  key!	
  

121244	
  

96949	
  

34018	
  

5753	
  
4184	
  

3100	
  

1324	
  

795	
  
208	
  

cpp	
  

f90	
  

fortran	
  

python	
  

ansic	
  

perl	
  

objc	
  

sh	
  

yacc	
  

Source	
  Lines	
  of	
  Code	
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ACTIVE MESSAGES SIMPLIFY COMMUNICATION 
WORKFLOW 
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Isend	
  for	
  
data	
  

P0	
   P1	
   P2	
   P3	
  

MPI_Alltoall	
  to	
  
figure	
  out	
  who	
  
needs	
  to	
  talk	
  to	
  
whom	
  

Isend	
  for	
  
metadata	
  

Irecv	
  for	
  
metadata	
  

Prepare	
  the	
  
requested	
  data	
  

Launch	
  a	
  
remote	
  task	
  to	
  
request	
  data	
  

Remote	
  task	
  execuFon:	
  	
  
•  Prepare	
  the	
  requested	
  

data	
  
•  Put	
  the	
  data	
  directly	
  to	
  

the	
  requester’s	
  buffer	
  
•  Signal	
  the	
  requester	
  for	
  

compleFon	
  

P0	
   P1	
   P2	
   P3	
  
Original	
  CommunicaFon	
  Padern	
  in	
  BoxLib	
   AcFve	
  Message	
  Model	
  in	
  BoxLib	
  

Irecv	
  for	
  
data	
  

In	
  the	
  following	
  example,	
  P2	
  needs	
  data	
  from	
  P0.	
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PGAS FOR EFFICIENT COMMUNICATION AND DATA 
SHARING WITHIN A NODE 
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Pure	
  Message	
  Passing	
  
Model:	
  no	
  data	
  sharing	
  	
  

Pure	
  MulF-­‐threading	
  
Model:	
  share	
  all	
  data	
  

PGAS	
  Model:	
  selecFvely	
  
share	
  data	
  

•  Pure	
  message	
  passing	
  model	
  is	
  good	
  for	
  data	
  protecFon	
  
and	
  parallel	
  network	
  injecFon.	
  

•  Pure	
  mulF-­‐threading	
  model	
  is	
  good	
  for	
  sharing	
  data	
  and	
  
intra-­‐node	
  communicaFon.	
  

•  PGAS	
  (process-­‐shared-­‐memory)	
  provides	
  both	
  advantages.	
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COMMUNICATION PERFORMANCE IMPROVEMENT 
IN BOXLIB 

17.89	
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25.46	
  
28.02	
  

19.28	
  

0	
  

5	
  

10	
  

15	
  

20	
  

25	
  

30	
  

Flat	
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Flat:	
  use	
  only	
  one	
  programming	
  model.	
  
Hierarchical:	
  use	
  one	
  programing	
  model	
  but	
  handle	
  on-­‐node	
  
communica4on	
  through	
  shared-­‐memory	
  (e.g.,	
  MPI+MPI)	
  

Fill	
  Boundary	
  Benchmark	
  -­‐	
  2048	
  Cores	
  on	
  Cori	
  
UPC++	
  
MPI	
  

Flat	
  UPC++	
  is	
  
beEer	
  than	
  
MPI+X.	
  

Lower	
  is	
  
beder	
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FULL APPLICATION PERFORMANCE: COMPRESSIBLE 
ASTROPHYSICS (CASTRO) 
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CASTRO	
  –	
  2048	
  Cores	
  on	
  Cori	
  
UPC++	
  
MPI	
  

Flat:	
  use	
  only	
  one	
  programming	
  model.	
  
Hierarchical:	
  use	
  one	
  programing	
  model	
  but	
  handle	
  on-­‐node	
  

communica4on	
  through	
  shared-­‐memory.	
  	
  	
  

The	
  best	
  UPC++	
  version	
  
(Hierarchical)	
  is	
  18%	
  
faster	
  than	
  the	
  best	
  
MPI	
  version	
  (flat).	
  

Image	
  Credit:	
  Ken	
  Chen,	
  
University	
  of	
  California,	
  Santa	
  
Cruz	
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HABANERO-UPC++ 

DRAM	
  

L3	
   L3	
  

L2/
L1	
  

L2/
L1	
  

L2/
L1	
  

L2/
L1	
  

GMEM	
   GMEM	
  

Network	
  
Card	
  

ALU	
   ALU	
   ALU	
   ALU	
  

SMs	
  SMs	
  

•  Represent	
  machine	
  layout	
  as	
  a	
  graph.	
  
•  Tasks	
  are	
  each	
  associated	
  with	
  a	
  
locale;	
  worker	
  threads	
  have	
  staFc	
  
locale	
  paths	
  along	
  which	
  they	
  search	
  
for	
  tasks	
  (generalized	
  load	
  balancing).	
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DISTRIBUTED LOAD BALANCING 
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MPI UPC HabaneroUPC++

•  A	
  simple	
  API	
  to	
  declare	
  a	
  “locality-­‐free”	
  task,	
  which	
  can	
  
parFcipate	
  in	
  distributed	
  load-­‐balancing	
  

•  Habanero-­‐UPC++	
  runFme	
  uses	
  a	
  novel	
  distributed	
  work-­‐
stealing	
  strategy	
  that	
  maximizes	
  balance	
  and	
  minimizes	
  
overheads	
   UTS	
  Benchmark	
  Performance	
  (T3WL)	
  

Lower	
  is	
  be\er	
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SUMMARY 

§  Communicate	
  more	
  o]en	
  	
  
•  use	
  non-­‐blocking	
  one-­‐sided	
  operaFons	
  

§  Move	
  computa4on	
  instead	
  of	
  data	
  	
  
•  use	
  async	
  and	
  event-­‐driven	
  execuFon	
  

§  Express	
  algorithms	
  with	
  high-­‐level	
  data	
  structures	
  
•  E.g.,	
  use	
  Titanium-­‐style	
  mulFdimensional	
  arrays	
  

§  Easy	
  on-­‐ramp	
  
•  interoperate	
  w.	
  exisFng	
  MPI+OpenMP	
  codes	
  

UPC++: https://bitbucket.org/upcxx/upcxx
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