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What is the purpose of a supercomputer?  
•  Improve our understanding of scientific and 

technologically important phenomenon 
•  Improve the quality of life through technological 

innovation, simulations, data processing 
u  Data Mining 
u  Image processing  
u  Simulations – financial modeling, weather, biomedical 

•  Economic benefits 
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What is the world’s fastest supercomputer? 

•  Top500 #1, Tianhe– 2 @ NUDT (China)   
 

top500.org 
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Tianhe -2  
•  Developed at National University of Defense 

Technology in Changsha, China 
•  #1 on Top500.org 
•  3.12 Million cores 
•  54.9 Pflop/sec peak 
•  17.8 MW power (+6MW for cooling) 
•  1 PB memory (250 Bytes) 
•  Kylin Linux 
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Performance differs across application domains 
u  Collela’s 7 dwarfs, patterns of communication and 

computation that persist over time and across 
implementations 

u  Structured grids 
•  Panfilov method 

u  Dense linear algebra 
•  Matrix multiply, Vector-Mtx Mpy  

Gaussian elimination 
u  N-body methods 
u  Sparse linear algebra 

•  In a sparse matrix, we take 
advantage of knowledge about the 
locations of non-zeros, improving 
some aspect of performance 

u  Unstructured Grids 
u  Spectral methods (FFT) 
u  Monte Carlo 

+= * 
C[i,j] A[i,:] B[:,j] 
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Application-specific knowledge is important 
•  There currently exists no tool that can convert a serial 

program into an efficient parallel program  
… for all applications … all of the time… on all hardware  

 

•  The more we know about the application… 
… specific problem … math/physics ... initial data … 
… context for analyzing the output… 
… the more we can improve productivity 

•  Issues 
!  Data motion and locality 
!  Load balancing 
!  Serial sections 

Scott B. Baden /CSE 260/ Winter 2014 7 



The top 4 supercomputers 
•  Top500.org,  November 2013 
•  Collaborative efforts 
•  Tens to hundreds of millions of $ 

K Computer 
705K 
11.3 (10.5) PF/s 
12.7 MW 
#1 11/11 

Titan 
561K (Nvidia K20x+Opteron) 
27.2 (17.6) PF/s 
8.2 MW 
#1 11/12 

Sequoia 
1.58M cores 
20.1 (17.2) PF/s 
7.9 MW 
#1 6/12 

Tianhe 2 
3.12M cores 
54.9 (33.9) PF/s 
17.8   MW 
#1 since 6/13 
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Up and beyond to Exascale 

•  In 1961, President Kennedy mandated a 
landing on the Moon by the end of the decade 

•  July 20, 1969 at tranquility base 
   “The Eagle has landed” 

•  The US Govt set an ambitious schedule to 
reach 1018 flops by 2018  

•  DOE is taking the lead in the US, EU also 
engaged 

•  Massive technical challenges 
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The Challenges to landing “Eagle” 
•  High levels of parallelism within and across nodes 

u  1018 flops using NVIDIA devices @ 1012 flops 
u  106 devices. 109+ threads 

•  Power consumption: ≤ 20 MW nearly there today, 
with “just” 0.05 ExaFlops  
u  Power consumption 1-2nJ/op today → 20pJ @Exa 
u  Data storage & access consumes most of the energy 

•  Ever lengthening communication delays 
u  Complicated memory hierarchies 
u  Raise amount of computation per unit of communication 
u  Hide latency, conserve locality 

•  Reliability and resilience 
u  Blue Gene L’s MTBF measured in days 

•  Application code complexity; domain specific languages 
u  NUMA processors, not fully cache coherent on-chip 
u  Mixture of accelerators and conventional cores 
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Technological trends 
•  Growth: cores/socket rather than sockets 
•  Memory/core is shrinking 
•  Complicated software-managed  

parallel memory hierarchy 
•  Cost of communication increasing relative 

to computation 

Intel Sandybridge, anandtech.com 
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Trend: data motion costs are rising 
•  Increase amount of computation performed 

per unit of communication 
u  Conserve locality, “communication avoidng” 

•  Hide latency 
•  Many threads 

 

Year 

Processor 

Memory 

Bandwidth 

Latency 

Tera 

Exa??? 
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A Crosscutting issue: Hiding latency 

•  Little’s law [1961] 
u  The number of threads must equal the parallelism times the latency 

    T = p ×λ 
u  p and λ are increasing with time 

•   Difficult  to implement 
u  Split phase algorithms 
u  Partitioning and scheduling 

•  The state-of-the-art enables but 
 doesn’t support the activity 

•  Distracts from the focus on the 
domain science 

•  Implementation policies entangled with 
 correctness issues 

u  Non-robust performance 
u  High development costs 
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Motivating application 

•  Solve Laplace’s equation in 3 
dimensions with Dirichlet Boundary 
conditions 
 

Δϕ = ρ(x,y,z),  ϕ=0 on ∂Ω 
    

•  Building block: iterative solver using 
Jacobi’s method (7-point stencil) 

Ω 

  ∂Ω  
for (i,j,k) in 1:N x 1:N x 1:N 
    u’[i][j][k] = (u[i-1][j][k] + u[i+1][j][k] + 
                     u[i][j-1][k] + u[i][j+1][k] + 

           u[i][j][k+1] + u[i][j][k-1]    )   / 6.0 

ρ≠0 
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Classic message passing implementation 
•  Decompose domain into sub-regions, one per process 

u  Transmit halo regions between processes  

u  Compute inner region after communication completes 

•  Loop carried dependences impose a strict ordering on communication 
and computation 
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Latency tolerant variant  
•  Only a subset of the domain exhibits loop carried dependences with 

respect to the halo region 
•  Subdivide the domain to remove some of the dependences 
•  We may now sweep the inner region in parallel with 

communication 
•  Sweep the annulus after communication finishes 
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Message Passing Interface 

MPI_Init(); MPI_Comm_rank();MPI_Comm_size(); 
Data initialization 
MPI_Send/MPI_Isend 
MPI_Recv/MPI_Irecv 
Computations 
MPI_Finalize(); 
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A few implementation details 
•  Some installations of MPI cannot realize overlap 

with MPI_IRecv and MPI_Isend 
•  We can use multithreading to handle the overlap 
•  We let one or more processors (proxy thread(s)) 

handle communication 
S. Fink, PhD thesis, UCSD, 1998 
Baden and Fink, “Communication overlap in multi-tier 
parallel algorithms,” SC98 
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A performance model of overlap 
•  Assumptions 

p = number of processors per node 
running time = 1.0 
f < 1 = communication time  

        (i.e. not overlapped) 
 

1 - f 

  
f 

T = 1.0 
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Performance  
•  When we displace computation to make way for the proxy, 

computation time increases  
•  Wait on communication drops to zero, ideally 

•  When f < p/(2p-1): improvement is (1-f)x(p/(p-1))-1 

•  Communication bound: improvement is 1/(1-f) 

1 - f 

  
f 

T = 1.0 T = (1-f)x(p/(p-1)) 

  
f 

Dilation 
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Processor Virtualization 
•  Virtualize the processors by 

overdecomposing 
•  AMPI [Kalé  et al.]  
•  When an MPI call blocks, thread 

yields to another virtual process 
•  How do we inform the scheduler 

about ready tasks? 
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  Observations  
•  The exact execution order depends on the data 

dependence structure: communication & computation 
•  We don’t have to hard code a particular overlap 

strategy 
•  We can alter the behavior by changing the data 

dependences, e.g. disable overlap, or by varying the 
on-node decomposition geometry 

•  For other algorithms we can add priorities to force a 
preferred ordering 

•  Applies to many scales of granularity (i.e. memory 
locality, network, etc.) 
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Tarragon - Non-SPMD, Graph Driven Execution 
•  Pietro Cicotti [Ph.D., 2011] 
•  Automatically tolerate communication delays 

via a Task Precedence Graph 
u  Vertices =  computation 
u  Edges    =  dependences 

•  Inspired by Dataflow and Actors 
u  Parallelism ~ independent tasks 
u  Task completion ⇋  Data Motion  

 

T0 

T1 
T2 

T3 
T4 

T5 

T6 

T7 

T8 

T9 

T10 

T11 

T12 

T13 

•  Asynchronous task graph model of execution 
u  Tasks run according to availability of the data 
u  Graph execution semantics  independent of the 

schedule 
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Graph execution semantics 
•  Parallelism exists among independent tasks 
•  Independent tasks may execute concurrently 
•  A task is runnable when its data dependences have been met  
•  A task suspends if its data dependences are not met   
•  Computation and data motion are coupled activities 
•  Background services manage graph execution  
•  The scheduler   determines which task(s) to run next 
•  Scheduler and application are only vaguely aware of one another 
•  Scheduler  doesn’t affect graph execution semantics 
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Bamboo 
•  How to leverage Tarragon in existing code? 

u  Deterministic procedure for translating MPI code 
to Tarragon, using dynamic and static information 
about MPI call sites 

•  Bamboo: custom, domain specific-translator 
built using ROSE      

           Tan Nguyen (UCSD) 
u  Daniel Quinlan (LLNL), Eric Bylaska (PNNL) 

John Weare (UCSD)  
 

	
  

MPI 
Bamboo 
translator Tarragon 
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Bamboo Transformations 
•  Outlining 

u  TaskGraph definition: fill various Tarragon 
methods with input source code blocks 

•  MPI Translation: capture MPI calls and 
generate calls to Tarragon 
u  Some MPI calls removed, e.g. Barrier(), Wait() 
u  Conservative static analysis to determine task 

dependencies 
•  Code reordering: reorder certain code to 

accommodate Tarragon semantics 
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Example with directives 
Olap-region Send block Recv block Compute block 

(optional in most cases) 

#prama bamboo 
olap 

#pragma bamboo 
send 

#pragma bambo 
receive 

#pragma bamboo 
compute 

2. BAMBOO

2.1 Introduction to Bamboo
Scalable applications are generally written under the SPMD

(Same Program Multiple Data) model, and implemented
with MPI [24]. This practice has persisted for a nearly two
decades because no suitable alternative has gained general
acceptance. MPI enables the application programmer to
cater optimizations that benefit performance from heuris-
tics, in particular, involving data motion and locality. Do-
main specific knowledge is di⌅cult to capture via general-
purpose language constructs and associated compilation strate-
gies that are unaware of application and library semantics.
This observation motivates the design of Bamboo: a cus-
tom translator tailored to the MPI interface that e�ectively
treats the API’s members as primitives in an embedded do-
main specific language, which we can subject to domain spe-
cific optimization.

Bamboo uses domain specific knowledge to interpret an
MPI program as an encoding of data and control depen-
dencies among a partial ordering of tasks comprising the
application. Bamboo extracts data and control dependen-
cies from the pattern of MPI call sites and, with the help of
runtime support, constructs a task precedence graph corre-
sponding to the partial ordering of tasks.

These tasks execute according to dataflow semantics [1,
13], and run under the control of the Tarragon runtime li-
brary [9, 8, 10]. A dataflow model has two appealing at-
tributes. First, it can automatically mask data motion costs
and hence improve performance without programmer inter-
vention [4, 9, 19, 33, 8, 10]. Second, it simplifies code devel-
opment and maintenance by separating concerns surround-
ing policy decisions (e.g., scheduling) from program correct-
ness.

Since static analysis is not su⌅cient to infer matching
sends and receives in a running program [26], Bamboo re-
quires some modest amounts of programmer annotation of
the original MPI program. In our opinion, these annotations
impose a modest burden on the programmer, compared to
the traditional approach of restructuring an application to
hide communication via split-phase coding.

2.2 A first Bamboo program
To illuminate our discussions about translation under Bam-

boo, we will use a simple example: an iterative finite di�er-
ence solver for Laplace’s equation in two dimensions. As
shown on the left side of Fig. 1, the algorithm repeatedly
updates each point on a 2D mesh with the average of four
nearest neighbors on the Manhattan directions.
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Figure 1: Left: the 2D Jacobi stencil; right: 2D partitioning, show-
ing data dependencies involving ghost cells.

When we split the problem across processors, we intro-
duce data dependencies among adjacent mesh elements that
straddle the boundaries between subproblems assigned to
di�erent processors. In a message passing implementation
we treat these data dependencies by storing o�-processor
boundary values in “ghost cells” (right side of Fig. 1), which

we refresh after each mesh sweep. This is shown in Fig. 2, an
MPI program for the Jacobi iteration, which includes Bam-
boo annotations. Since the annotations will be ignored by a
conventional compiler, the code in Fig. 2 is also a legal MPI
program. We next describe Bamboo’s annotations and its
theory of operation.
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1 M P I I n i t (& argc , &ar gv ) ;
2 MPI Comm rank(&my rank , MPI COMM WORLD) ;
3 MPI Comm size(&numprocs , MPI COMM WORLD) ;
4 Compute p r o c e s s I D of l e f t / r i g h t / up / down p r o c e s s o r s
5 A l l o c a t e U, V, S e n d G h o s t c e l l s , R e c v G h o s t c e l l s
6 # pragma bamboo o l a p
7 f o r i t = 1 t o n u m i t e r a t i o n s {
8 # pragma bamboo send{
9 Pack boundary v a l u e s t o message b u f f e r

10 MPI Isend ( S e n d G h o s t c e l l s ) t o l e f t / r i g h t / up / down
11 }
12 # pragma bamboo r e c e i v e{
13 MPI Recv ( R e c v G h o s t c e l l s ) from l e f t / r i g h t / up / down
14 Unpack incoming d a t a i n t o g h o s t c e l l s
15 }
16 MPI Wai ta l l ( ) ;
17 f o r j = 1 t o N/ Nprocs Y � 2
18 f o r i = 1 t o N/ Nprocs X � 2
19 V[ j , i ] = (U[ j �1, i ]+U[ j +1 , i ]+U[ j , i �1]+U[ j , i + 1 ] ) / 4
20 swap (U,V)
21 }
22 f r e e U, V, S e n d G h o s t c e l l s , R e c v G h o s t c e l l s
23 M P I F i n a l i z e ( ) ;

Figure 2: Annotated MPI program for 2DJacobi. For purposes of
clarity, some code has been omitted.

2.3 Bamboo’s theory of Operation
Starting from an MPI program, Bamboo generates an

equivalent, meaning-preserving, task precedence graph, which
we will refer to as a task graph from now on. This program
runs under the control of runtime services, which process
the graph according to dataflow semantics. In order to cor-
rectly interpret MPI program execution in terms of a task
graph, Bamboo makes certain assumptions about the input
source. To understand these assumptions, we briefly discuss
Bamboo’s theory of operation.
Bamboo assumes that a program contains a pre-amble,

a post-amble, and one or more overlapped activity regions
(olap-regions for short) containing communication that will
be overlapped with computation. Referring to code in Fig. 2,
the pre-amble appears at lines (1)-(5), an olap-region at lines
(6)-(21) and a post-amble at lines (22)-(23)
Bamboo can recognize opportunities to overlap commu-

nication with computation within olap-regions only. It cur-
rently handles 6 fundamental message passing calls inside
olap-regions: blocking send and receive (Send and Recv),
asynchronous variants (iSend and iRecv), Wait, and Wait-
all. It does not yet support collectives, which we currently
translate into point-to-point routines.
The pre-amble and post-amble handle job initialization

and tear-down. For example, a pre-amble may initialize
program data. While Bamboo will process message pass-
ing activity in the pre-amble and post-amble, such activity
will not be overlapped with computation.
Each olap-region contains at least 2 communication blocks,

plus other executable statements that depend upon comple-
tion of communication. A communication block contains one
or more sends, or one or more receives, but not a mixture of
both types. This restriction is a consequence of Tarragon
graph processing semantics that govern when transmitted
data becomes visible, which will be explained in §3.1.
A communication block may produce values that are in

2

Example: 

2. BAMBOO

2.1 Introduction to Bamboo
Scalable applications are generally written under the SPMD

(Same Program Multiple Data) model, and implemented
with MPI [24]. This practice has persisted for a nearly two
decades because no suitable alternative has gained general
acceptance. MPI enables the application programmer to
cater optimizations that benefit performance from heuris-
tics, in particular, involving data motion and locality. Do-
main specific knowledge is di⌅cult to capture via general-
purpose language constructs and associated compilation strate-
gies that are unaware of application and library semantics.
This observation motivates the design of Bamboo: a cus-
tom translator tailored to the MPI interface that e�ectively
treats the API’s members as primitives in an embedded do-
main specific language, which we can subject to domain spe-
cific optimization.

Bamboo uses domain specific knowledge to interpret an
MPI program as an encoding of data and control depen-
dencies among a partial ordering of tasks comprising the
application. Bamboo extracts data and control dependen-
cies from the pattern of MPI call sites and, with the help of
runtime support, constructs a task precedence graph corre-
sponding to the partial ordering of tasks.

These tasks execute according to dataflow semantics [1,
13], and run under the control of the Tarragon runtime li-
brary [9, 8, 10]. A dataflow model has two appealing at-
tributes. First, it can automatically mask data motion costs
and hence improve performance without programmer inter-
vention [4, 9, 19, 33, 8, 10]. Second, it simplifies code devel-
opment and maintenance by separating concerns surround-
ing policy decisions (e.g., scheduling) from program correct-
ness.

Since static analysis is not su⌅cient to infer matching
sends and receives in a running program [26], Bamboo re-
quires some modest amounts of programmer annotation of
the original MPI program. In our opinion, these annotations
impose a modest burden on the programmer, compared to
the traditional approach of restructuring an application to
hide communication via split-phase coding.

2.2 A first Bamboo program
To illuminate our discussions about translation under Bam-

boo, we will use a simple example: an iterative finite di�er-
ence solver for Laplace’s equation in two dimensions. As
shown on the left side of Fig. 1, the algorithm repeatedly
updates each point on a 2D mesh with the average of four
nearest neighbors on the Manhattan directions.

!"#$%&'()'*%#

Figure 1: Left: the 2D Jacobi stencil; right: 2D partitioning, show-
ing data dependencies involving ghost cells.

When we split the problem across processors, we intro-
duce data dependencies among adjacent mesh elements that
straddle the boundaries between subproblems assigned to
di�erent processors. In a message passing implementation
we treat these data dependencies by storing o�-processor
boundary values in “ghost cells” (right side of Fig. 1), which

we refresh after each mesh sweep. This is shown in Fig. 2, an
MPI program for the Jacobi iteration, which includes Bam-
boo annotations. Since the annotations will be ignored by a
conventional compiler, the code in Fig. 2 is also a legal MPI
program. We next describe Bamboo’s annotations and its
theory of operation.

$%
&'
()

*+
&#

$,
-.
'(
)
*+
&#

/
+(
0'
%&
12
,3

#

4&35#*+,67# 8&69#*+,67#

1 M P I I n i t (& argc , &argv ) ;
2 MPI Comm rank(&my rank , MPI COMM WORLD) ;
3 MPI Comm size(&numprocs , MPI COMM WORLD) ;
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9 Pack boundary v a l u e s t o message b u f f e r

10 MPI Isend ( S e n d G h o s t c e l l s ) t o l e f t / r i g h t / up / down
11 }
12 # pragma bamboo r e c e i v e{
13 MPI Recv ( R e c v G h o s t c e l l s ) from l e f t / r i g h t / up / down
14 Unpack incoming d a t a i n t o g h o s t c e l l s
15 }
16 MPI Wai ta l l ( ) ;
17 f o r j = 1 t o N/ Nprocs Y � 2
18 f o r i = 1 t o N/ Nprocs X � 2
19 V[ j , i ] = (U[ j �1, i ]+U[ j +1 , i ]+U[ j , i �1]+U[ j , i + 1 ] ) / 4
20 swap (U,V)
21 }
22 f r e e U, V, S e n d G h o s t c e l l s , R e c v G h o s t c e l l s
23 M P I F i n a l i z e ( ) ;

Figure 2: Annotated MPI program for 2DJacobi. For purposes of
clarity, some code has been omitted.

2.3 Bamboo’s theory of Operation
Starting from an MPI program, Bamboo generates an

equivalent, meaning-preserving, task precedence graph, which
we will refer to as a task graph from now on. This program
runs under the control of runtime services, which process
the graph according to dataflow semantics. In order to cor-
rectly interpret MPI program execution in terms of a task
graph, Bamboo makes certain assumptions about the input
source. To understand these assumptions, we briefly discuss
Bamboo’s theory of operation.
Bamboo assumes that a program contains a pre-amble,

a post-amble, and one or more overlapped activity regions
(olap-regions for short) containing communication that will
be overlapped with computation. Referring to code in Fig. 2,
the pre-amble appears at lines (1)-(5), an olap-region at lines
(6)-(21) and a post-amble at lines (22)-(23)
Bamboo can recognize opportunities to overlap commu-

nication with computation within olap-regions only. It cur-
rently handles 6 fundamental message passing calls inside
olap-regions: blocking send and receive (Send and Recv),
asynchronous variants (iSend and iRecv), Wait, and Wait-
all. It does not yet support collectives, which we currently
translate into point-to-point routines.
The pre-amble and post-amble handle job initialization

and tear-down. For example, a pre-amble may initialize
program data. While Bamboo will process message pass-
ing activity in the pre-amble and post-amble, such activity
will not be overlapped with computation.
Each olap-region contains at least 2 communication blocks,

plus other executable statements that depend upon comple-
tion of communication. A communication block contains one
or more sends, or one or more receives, but not a mixture of
both types. This restriction is a consequence of Tarragon
graph processing semantics that govern when transmitted
data becomes visible, which will be explained in §3.1.
A communication block may produce values that are in

2
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The generated code 

tasks but also among independent communication and com-
putational activities, avoiding the need for the programmer
to be aware of communication overlap. Rather, the pro-
grammer partitions the problem into tasks and specifies data
dependencies. Tarragon’s runtime system handles commu-
nication and schedules task execution in the background.
When a task is waiting on data, the runtime system can
pick another one to execute from a pool of fire-able tasks.

3.2 Task Graph Execution
A Tarragon program begins its life as an SPMD program,

which creates and manipulates TaskGraphs, manages stor-
age, and importantly, executes a TaskGraph, at which point
the program enters “graph mode.” The program returns to
SPMD mode once TaskGraph execution completes, and the
cycle begins again. The left side of Fig. 3 shows the control
flow of a general program written in Tarragon.

!"#$%&'!"#$%&'

!#"()*$%&'

+"#,-.#/)'0-11-23"' +"#,-.#/)'0-11-23"'

45+'613*)77'8' 45+'613*)77'"9:'

;1)-$)'21-6<' ;1)-$)'21-6<'

=#"-.#/)'0-11-23"' =#"-.#/)'0-11-23"'

+"#,-.#/)'45+' +"#,-.#/)'45+'

>'

>'
+"#,-.#/)'?1-6<'

=#"-.#/)'45+' =#"-.#/)'45+'

+@+0'

AB+0' CDC;' EF@C'

!#"#$%&'

!#"()*$%&'
AB+0' CDC;'

EF@C'

!)G)*H$)%&'
!)G)*H$)%&'

!)G)*H$)%&'

I5
4
E'

?1
-6
<'

I5
4
E'

?1
-6
<'

I5
4
E'

0-7J'

CK2)'

!"#$%&'&%$(&)(*(+*,*-&.(/,&-,*0(

>'
CG)*H$)'?1-6<'

>'

>'

1 c l a s s use r�d e f i n e t a s k{
2 void v i n i t ( ) { . . . }
3 void v e x e c u t e ( ) { . . . }
4 void v i n j e c t ( Message⇥ msg ) { . . . }
5 } ;
6 i n t main ( i n t argc , char⇥⇥ a rgv ){
7 M P I I n i t ( ) ;
8 T a r r a g o n : : i n i t i a l i z e ( ) ;
9 Graph graph = new Graph ( t a s k ) ;

10 graph�>a c c e p t ( dependency ) ;
11 T a r r a g o n : : g r a p h i n i t ( g raph ) ;
12 T a r r a g o n : : g r a p h e x e c u t e ( g raph ) ;
13 T a r r a g o n : : f i n a l i z e ( ) ;
14 M P I F i n a l i z e ( ) ;
15 }

( p r o c e s s o r l a y o u t ) ;

Figure 3: Tarragon program control flow. An abstract Tarragon
program appears in the upper right-hand corner. The code at lines
(6)-(15) creates the task graph; the remainder (1)-(5) define task be-
havior. While the graph creation code is similar for many programs,
the task definition depends on the application.

The Tarragon API is a contract between the runtime sys-
tem and the user, and in our case Bamboo is the user. Tar-
ragon defines an abstract Task class. Bamboo will derive
concrete Task class(es) from this abstract class implement-
ing (overriding) the three methods defined by Task. These
methods are a firing rule — vinject(), the task’s compu-
tations — vexecute() and the task’s initialization — vinit().
These methods are generated by Bamboo automatically, and
are derived from the input source code. All are invoked via
callbacks made by the Tarragon Runtime System (RTS) and
are never invoked directly from application code. Vinit()
generally executes once per task construction, but vexecute()
may execute multiple times.

A task can be in one of the following 4 states: INIT,
WAIT, EXEC and DONE. The above three methods im-
plement the required state transitions, e.g. when arriving
data satisfies a data dependence, as shown in the lower right
corner of Fig. 3. Although Tarragon supports transitions
between any two pairs of states, most Tarragon programs
will progress through the four states in the following or-
der: INIT � WAIT � EXEC � DONE. We expect

1 J a c o b i T a s k : : v i n i t ( ) {
2 pack boundary v a l u e s t o message b u f f e r
3 p u t ( g h o s t c e l l s , l e f t / r i g h t / up / down edges )
4 s t a t e = WAIT
5 }
6 J a c o b i T a s k : : v i n j e c t ( message ){
7 i f ( r e c e i v e d from l e f t & r i g h t & up & down )
8 s t a t e = EXEC
9 }

10 J a c o b i T a s k : : vexec ( ) {
11 i f ( i t <= n u m i t e r a t i o n s ){
12 unpack and u p d a t e g h o s t c e l l s
13 f o r ( j =1 ; j< l oca lN �1; j ++)
14 f o r ( i =1 ; i< l oca lN �1; i ++)
15 V( j , i ) =c⇥(U( j �1, i ) +U( j +1 , i ) +U( j , i �1)+U( j , i +1) )
16 swap (U,V)
17 i t ++
18 i f ( i t <= n u m i t e r a t i o n s ){
19 pack boundary v a l u e s t o message b u f f e r
20 p u t ( g h o s t c e l l s , l e f t / r i g h t / up / down edges )
21 s t a t e = WAIT
22 } e l s e {
23 s t a t e = DONE
24 f r e e U, V, g h o s t c e l l s
25 }
26 }
27 }

Figure 4: JacobiTask definition generated by Bamboo.

Tarragon programs to cycle between WAIT and EXEC, for
example, during an iteration.
We next examine the behavior of a Tarragon program.

Fig. 4 displays the code generated by applying Bamboo to
the annotated MPI code of Fig. 2. This code provides the
task definition: JacobiTask. JacobiTask enters the INIT
state upon instantiation (the required code is included in
a pre-defined constructor), at which point it will be sched-
uled by the Tarragon RTS to run the vinit() method. When
vinit() (1-5) executes, it invokes put() to transmit ghost cells
with nearest neighbors along TaskGraph edges. This “kick-
starts” the Jacobi iteration, which from this point on will
invoke put() via the vexecute() method. Put() is the sole
data motion primitive defined by Tarragon and is like an
active message. The vinject() method is the handler; a call
to put() will trigger a callback to vinject() at the destina-
tion. The callback is initiated by the runtime system, which
watches for incoming messages.
After transmitting ghost cells, the task enters the WAIT

state, and the RTS suspends the task. The RTS will re-
spond to the arrival of incoming ghost cell data by making
a callback to vinject() (6-9), which checks whether or not
all required messages have arrived. If so, vinject() changes
the task’s state to EXEC, and the scheduler is free to as-
sign the task to a core, enabling vexecute() (10-27) to begin
executing. Vexecute() unpacks the messages received by
vinject(), copying data into ghost cells. It next computes
a single iteration of the 2D Jacobi mesh sweep. Depending
on the current iteration, task can either terminate or await
data for the next iteration. If it terminates, the task enters
the DONE state and waits for other tasks in the TaskGraph
to do the same. When all tasks have entered the DONE
state, the RTS returns program control to SPMD mode.
If vexecute() does not terminate, it invokes put() to trans-

mit the updated boundary values to the task’s neighbors, en-
abling the next iteration to eventually execute. Vexecute()
then changes the local state to WAIT, and the scheduler
suspends the task pending the arrival of updated messages
from neighboring tasks. The cycle repeats, with vinject()
ultimately putting the task back into the EXEC state ac-
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3D Jacobi Results 

Strong Scaling, size = 30723 
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Inside a supercomputer 
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Blue Gene 
•  IBM-US Dept of Energy collaboration 
•  Low power, high performance interconnect 
•  3rd  Generation: Blue Gene/Q 
•  Sequoia at LLNL, #3 on top 500 

u  17.2 Pflops/s (Linpack), 7.9 MW 
u  1.6M cores/93,304 compute nodes,16 GB mem/node 
u  96 racks, 3,000 square feet 
u  64-bit PowerPC (A2 core) 
u  Weighs about the same as  

30 elephants 
•  https://computing.llnl.gov/tutorials/bgq 
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Hierarchical Packaging 

SC ‘10, via IBM 

1. Chip 
16 cores 

2. Module 
Single Chip 

4. Node Card 
32 Compute Cards,  

Optical Modules, Link Chips, Torus 

5a. Midplane 
16 Node Cards 

6. Rack 
2 Midplanes 

1, 2 or 4 I/O Drawers 

7. System 
96 racks, 20PF/s 

3. Compute Card 
One single chip module, 
16 GB DDR3 Memory 

5b. I/O Drawer 
8 I/O Cards 

8 PCIe Gen2 slots 
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Blue Gene/Q Interconnect 
•  5D toroidal mesh (end around) 

u  Can scale to > 2M cores 
u  2 GB/sec bidirectional bandwidth (raw) 

 on all 10  links, 1.8 GB available to the user 
u  5D nearest neighbor exchange 

 ~1.8GB/s/link, 98% efficiency 
u  Hardware latency ranges from 80 ns to 3µs 

•  Collective network 
u  Global Barrier, Allreduce, Prefix Sum  
u  Floating point reductions at ~95% of peak 
 IBM 
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Die photograph 

IBM 

•  16 (user) + 1 (OS) cores 
•  18th redundant core 
•  Each core 4-way 

multithreaded@1.6 GHz 
•  Quad wide  (@Double) 

FPU: SIMD 
•  42.6 GB/s DDR3 B/W 
•  Network routing integrated 

on-chip (5D torus) 
•  Compare with layout of the 

Cray 1 (1976) 

Private L1 (16K/16K) 
Shared L2$: 32MB 
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Architectural directions 
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Hybrid processing 
 •  Two types of processors: general purpose + accelerator 

u  AMD fusion: 4 x86 cores + hundreds of  Radeon GPU cores 
•  Accelerator can perform certain tasks more quickly than the 

conventional cores 
•  Accelerator amplifies relative cost of communication, latency hiding 

important, but not sufficient 

Hothardware.com 
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Memory structure 
•  Only partial cache coherence on-chip 
•  NUMA   

http://www.hector.ac.uk/cse/documentation/Phase2b/#arch 
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Software 
•  We need to think hard about hiding an 

explosion of details 
•  Parallel programming languages 
•  Domain specific languages 
•  Embedded domain specific languages 
•  Autotuning   
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