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§  ~64	
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§  2	
  km2	
  site	
  in	
  Livermore,	
  CA	
  
•  ~6,800	
  employees	
  
•  Interdisciplinary	
  

§  Primarily	
  funded	
  by	
  the	
  	
  
U.S.	
  Department	
  of	
  Energy	
  
•  Budget:	
  $1.6	
  billion	
  

§  Mission:	
  	
  
Apply	
  science	
  and	
  technology	
  to:	
  
•  National	
  Security	
  
•  Energy	
  Security	
  
•  Economic	
  Competitiveness	
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§  Long	
  supercomputing	
  tradition	
  
•  Simulation	
  in	
  support	
  of	
  LLNL	
  missions	
  

§  BlueGene/L	
  (~600TF)	
  –	
  212,992	
  cores	
  
•  #1	
  machine	
  from	
  2005-­‐2007	
  
•  #8	
  on	
  the	
  Top500	
  in	
  June	
  2011	
  
•  Last	
  part	
  decommissioned	
  later	
  this	
  year	
  	
  

§  Some	
  other	
  current	
  machines	
  (as	
  of	
  2011)	
  
•  Zin 	
  Sandy	
  Bridge/IB 	
  	
  	
  	
  ~1	
  PF	
  
•  Dawn	
   	
  BlueGene/P 	
  	
  	
  	
  ~500	
  TF	
  
•  Cab 	
  Sandy	
  Bridge/IB 	
  	
  	
  	
  ~425	
  TF	
  
•  Sierra 	
  Nehalem	
  /	
  IB 	
  	
  	
  	
  ~261	
  TF 	
  	
  
•  Juno	
   	
  Opteron	
  /	
  IB	
   	
  	
  	
  	
  ~160	
  TF	
  
•  Hera 	
  Opteron	
  /	
  IB	
   	
  	
  	
  	
  ~120	
  TF	
  
•  Graph	
   	
  Opteron	
  /	
  IB	
  /	
  GPU	
  	
  	
  	
  	
  	
  	
  ~110	
  TF	
  
•  Hyperion 	
  Nehalem	
  /	
  IB 	
  	
  	
  	
  ~90	
  TF	
  
	
  

IB	
  Cluster	
  

BlueGene/L	
  

Dawn	
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§  Blue Gene/Q: 
•  20PF/s peak 
•  96 racks, 98,304 nodes 
•  1.5M cores/6M threads 
•  1.5 PB memory 
•  Liquid cooled 
•  5D torus interconnect 
•  New technologies like HW-TM 
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§  Architectures	
  are	
  getting	
  more	
  complex	
  
•  Huge	
  process	
  and/or	
  thread	
  counts	
  
•  Deep	
  memory	
  hierarchies	
  
•  High	
  dimensional	
  network	
  topologies	
  
•  New	
  accelerators	
  and	
  hardware	
  features	
  

§  More	
  constraints	
  
•  Less	
  memory	
  per	
  core	
  
•  Power	
  ceilings	
  
•  Reliability	
  

§  Applications	
  are	
  getting	
  more	
  complex	
  
•  Scale-­‐bridging	
  codes	
  
•  Heterogeneous	
  applications	
  
•  Integration	
  of	
  UQ	
  

We	
  need	
  to	
  understand	
  the	
  impact	
  of	
  these	
  complexities	
  and	
  their	
  
interactions	
  on	
  application	
  performance	
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§  It	
  will	
  be	
  a	
  challenge	
  to	
  achieve	
  efficiency	
  
•  Load	
  balance	
  will	
  be	
  key	
  at	
  billions	
  of	
  threads	
  
•  Exploiting	
  new	
  hardware	
  features	
  
•  Reduction	
  of	
  data	
  movements	
  	
  
•  Memory	
  and	
  network	
  architectures	
  will	
  require	
  layout	
  optimizations	
  

§  Definition	
  of	
  efficiency	
  needs	
  to	
  be	
  revisited	
  
•  Heterogeneous	
  systems/nodes/chips/units/…	
  
•  Multiple	
  optimization	
  targets	
  (power	
  vs.	
  reliability	
  vs.	
  memory	
  vs.	
  speed)	
  
•  Self-­‐adaptive	
  systems	
  at	
  all	
  layers	
  
•  Baselines	
  are	
  no	
  longer	
  obvious	
  
•  Need	
  to	
  think	
  about	
  machine	
  wide	
  resource	
  utilization	
  

§  Programmers	
  need	
  tools	
  and	
  performance	
  models	
  more	
  than	
  ever	
  
•  Visualize/Illustrate	
  code	
  behavior	
  
•  Distinguish	
  “good”	
  from	
  “bad”	
  behavior	
  
•  Identify	
  critical	
  regions	
  and	
  bottlenecks	
  in	
  the	
  code	
  	
  
•  Track	
  down	
  root	
  causes	
  of	
  code	
  behavior	
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§  Adaptive	
  Mesh	
  Refinement	
  (SAMRAI	
  library)	
  
•  Different	
  levels	
  of	
  patches	
  to	
  refine	
  in	
  areas	
  of	
  interest	
  
•  Requires	
  active	
  load	
  balancing	
  
•  Load	
  balancing	
  shows	
  bad	
  scaling	
  behavior	
  
•  Dominates	
  at	
  large	
  scale	
  

?	
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§  First principle molecular dynamics code 
•  Dense 2D matrix as the base data structure with X/Y communication 
•  Need to map rows/columns onto 3D torus of BG/L  

quadpartite 
64.7 TF 

8x8x8 
38.2 TF 

xyz (default) 
39.5 TF 

64% speedup! 

§  Understanding of performance is essential 
•  Why do certain mappings perform better? 
•  How can we select and create mappings efficiently? 
•  We must do this as scale! 
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§  Demand	
  is	
  increasing	
  
•  Traditionally	
  little	
  development	
  time	
  invested	
  in	
  optimization	
  
•  Code	
  teams	
  are	
  getting	
  more	
  interested	
  in	
  tools	
  

§  Widely	
  researched	
  in	
  many	
  projects	
  and	
  groups	
  
•  From	
  specialized	
  tools	
  to	
  comprehensive	
  toolkits	
  
•  Different	
  data	
  acquisition	
  (sampling	
  and/or	
  tracing)	
  
•  Different	
  instrumentation	
  options	
  
•  Commercial	
  and	
  open	
  source	
  options	
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§  Basic	
  OS	
  tools	
  
•  time,	
  gprof,	
  strace	
  

§  Hardware	
  counters	
  
•  PAPI	
  API	
  &	
  tool	
  set	
  
•  hwctime	
  (AIX)	
  

§  Sampling	
  tools	
  
•  Typically	
  unmodified	
  binaries	
  
•  Callstack	
  analysis	
  
•  HPCToolkit	
  (Rice	
  U.)	
  

§  Profiling/direct	
  measurements	
  
•  MPI	
  or	
  OpenMP	
  profiles	
  
•  mpiP	
  (LLNL&ORNL)	
  
•  ompP	
  (LMU	
  Munich)	
  

§  Tracing	
  tool	
  kits	
  
•  Capture	
  all	
  MPI	
  events	
  
•  Present	
  as	
  timeline	
  
•  Vampir	
  (TU-­‐Dresden)	
  
•  Jumpshot	
  (ANL)	
  

§  Trace	
  Analysis	
  
•  Profile	
  and	
  trace	
  capture	
  
•  Automatic	
  (parallel)	
  trace	
  analysis	
  
•  Kojak/Scalasca	
  (JSC)	
  
•  Paraver	
  (BSC)	
  

§  Integrated	
  tool	
  kits	
  
•  Typically	
  profiling	
  and	
  tracing	
  
•  Combined	
  workflow	
  
•  Typically	
  GUI/some	
  vis.	
  support	
  
•  Binary:	
  Open|SpeedShop	
  (Krell/TriLab)	
  
•  Source:	
  TAU	
  (U.	
  of	
  Oregon)	
  

§  Specialized	
  tools/techniques	
  
•  Libra	
  (LLNL)	
  

Load	
  balance	
  analysis	
  
•  Boxfish	
  (LLNL/Utah/Davis)	
  

3D	
  visualization	
  of	
  torus	
  networks	
  
•  Rubik	
  (LLNL)	
  

Node	
  mapping	
  on	
  torus	
  architectures	
  

§  Vendor	
  Tools	
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§  Demand	
  is	
  increasing	
  
•  Traditionally	
  little	
  development	
  time	
  invested	
  in	
  optimization	
  
•  Code	
  teams	
  are	
  getting	
  more	
  interested	
  tools	
  

§  Widely	
  researched	
  in	
  many	
  projects	
  and	
  groups	
  
•  From	
  specialized	
  tools	
  to	
  comprehensive	
  toolkits	
  
•  Different	
  data	
  acquisition	
  (sampling	
  and/or	
  tracing)	
  
•  Different	
  instrumentation	
  options	
  
•  Commercial	
  and	
  open	
  source	
  options	
  

§  Example:	
  Open|SpeedShop	
  (http://www.openspeedshop.org/)	
  
•  Developed	
  by	
  the	
  Krell	
  Institute	
  in	
  close	
  collaboration	
  with	
  ASC	
  
•  Performance	
  analysis	
  tool	
  framework	
  
•  Support	
  for	
  sampling	
  and	
  tracing	
  on	
  unmodified	
  binaries	
  
•  Support	
  for	
  Linux	
  as	
  well	
  as	
  BG/P&Q	
  and	
  Cray	
  X?	
  machines	
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Results 

R
un 

Application 

“Experiment” 

Results can be 
displayed using 
several “Views” 

Process and 
Experiment 

Control 

Defines what 
and how data is 

collected 

Stored in a 
database 
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§  Large	
  variety	
  of	
  measurements	
  
•  Attribution	
  to	
  source	
  code	
  
•  Multi-­‐metric	
  visualizations	
  

§  Some	
  tools	
  provide	
  analysis	
  
•  Scalasca	
  detects	
  trace	
  patterns	
  
•  Expert	
  systems	
  like	
  PerfExpert	
  
•  Limited	
  to	
  previously	
  	
  

identified	
  issues	
  

§  Information	
  often	
  low	
  level	
  
Ø  Need	
  user’s	
  perspective	
  

•  Developers	
  need	
  to	
  understand	
  
their	
  codes	
  

•  Mapping	
  to	
  user’s	
  domain	
  
Ø  Needed:	
  Intuitive	
  analysis	
  &	
  visualization	
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Temperature §  Example:	
  256	
  core	
  run	
  of	
  
a	
  CFD	
  application	
  
•  Floating	
  point	
  operations	
  

§  Application	
  developers	
  
think	
  in	
  the	
  app	
  domain	
  

§  Simple	
  step:	
  
•  Map	
  floating	
  point	
  ops	
  onto	
  

the	
  application	
  domain	
  
•  Similar	
  L2	
  cache	
  misses	
  

§  Clear	
  correlations	
  
•  Explains	
  performance	
  	
  
•  Helps	
  establish	
  a	
  baseline	
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Aluminum  Velocity 

L1CM 

Time 

FP Ops 

BranchMiss 
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L1CM 

§  Observation:	
  single	
  core	
  per	
  socket	
  creates	
  more	
  L1	
  misses	
  
•  Caused	
  by	
  the	
  execution	
  of	
  collective	
  MPI	
  operations	
  
•  Shows	
  the	
  need	
  for	
  different	
  perspectives	
  to	
  disambiguate	
  causes	
  
•  Feature	
  detection	
  and	
  correlation	
  can	
  automate	
  this	
  process	
  	
  

App	
  
Domain	
  

HW	
  Domain:	
  16	
  nodes	
  with	
  4x4	
  cores	
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L1	
  Cache	
  Misses	
   FP	
  Operations	
  

Same	
  data	
  with	
  linear	
  color	
  map	
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L1	
  Cache	
  Misses	
  with	
  MPI	
  worker	
  filtered	
   FP	
  Operations	
  

Same	
  data	
  with	
  linear	
  color	
  map	
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L1	
  Cache	
  Misses	
  with	
  MPI	
  worker	
  filtered	
   FP	
  Operations	
  

Same	
  data	
  with	
  linear	
  color	
  map	
  

L1	
  Misses	
  per	
  FP	
  operation:	
  Proxy	
  for	
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Fig. 10. Maximum number of boxes sent on any edge of the tree as a function
of the number of processors (on Blue Gene/P). The binary tree overlay funnels
a large portion of these messages through few links during load balancing
causing the scalability bottleneck.

on 256 cores on any given edge in the tree. This explains the
scalability bottleneck (attributed to the load balancing phase)
that we observed in Figure 4. While the tree network that is
used for load balancing places an upper bound on the number
of hops a box may travel, it may funnel load from subtrees
through sparse edges near the root. This makes the algorithm
susceptible to small variations in the initial distribution of load
and leads to a flow problem [14] where a large number of
boxes are routed through a single edge to replenish an under-
utilized sub-tree.

Fig. 12. The wait times for phase 1 and flow information for the 256 core run
shown in Fig. 7. There exist several heavily used edges not directly related
to the scaling bottleneck including the heaviest edge on the top right. This
makes any analysis based solely on this data difficult at best and inconclusive
at worst.

Fig. 11(a) shows the overlay network with the wait times
in phase 1 and flow information for 1024 cores, Fig. 11(b) for
2048 cores, and Fig. 1(c) for 16384 cores. The load imbalance
moves progressively further down the tree but the essential
problem remains the same. Fig. 12 shows the data of Fig. 7 and
indicates why any analysis based on such a small run would
be misleading: The run is too small for the scaling bottleneck
to dominate which results in an inconclusive picture of the
flow. Note how there exist several heavily used edges in the
tree of Fig. 12 not related to the fundamental problem.

Fig. 13. An adaptively refined layout of the tree for 1024 cores. We apportion
the angles based on the overall weights of the subtree and refine heavier trees
to deeper levels. Adaptively refined layouts enable us to examine problem
regions at any level of the tree.

To preserve the symmetry of the tree layout and provide
the most direct visual link with the mental picture of a binary
tree we have chosen to refine all subtrees to an equal depth.
However, in cases where the problem exists too far away from
the root we provide an adaptively refined layout (see Fig. 13)
which enables us to highlight flow problems at any level of
the tree. In the adaptive layout we re-scale the angle assigned
to the subtrees by their accumulated weights (wait time in this
case) and refine until the variance with each subtree is below
a given threshold.

VI. TURNING INSIGHT INTO OPTIMIZATION

The insight gained by interpreting the performance data
in the communication domain directly points to the core
problem: Scalability in the load balancing phase is restricted
by a flow problem in the virtual tree topology. If a particular
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Fig. 1. Visualization of the binary overlay network used in SAMRAI’s load balancing phase for 16384 proceses. (a) Nodes colored by relative load before
the re-balancing. Three subtrees show an aggregated excess of about 3% each while one subtree shows a 9% deficit. (b) Nodes colored by times spent waiting
to receive excess load. (c) The tree of (b) with arrows scaled by the number of elements sent across, highlighting the problem. The tree structure acts as a
funnel with most excess being forces along a single edge causing a linear amount of processing.

problem which turned out to be related to the load balancing
phase of the mesh adaptation stage. It is critically important to
analyze all collected data in the context of the special binary
tree shaped overlay networked used during this phase. As
shown in Fig. 1(a) the tree shows a seemingly insignificant
load imbalance which is concentrated in one of its four quad-
rants. However, looking at the times spent waiting to address
this imbalance (Fig. 1(b)) reveals a strong correlation. Finally,
including the amount of meta-information moved (Fig. 1(c))
clearly shows the problem: a linear number of elements must
travel over just one edge of the tree ultimately causing a linear
scaling of the code. Note that, as will be discussed in detail
below, this is neither a latency (the number of hops messages
travel is provably scaling as log) nor a bandwidth problem (the
size of messages is small), which made it difficult to diagnose
with traditional techniques. These insights have allowed us
to propose a mitigation strategy that has resulted in a 22%
overall performance increase for a 65,536-core run on a Blue
Gene/P system. Furthermore, the detailed analysis will enable
us to redesign the load balancing algorithm to remove the
scalability problem completely in the future.

II. PROJECTING DATA ACROSS DOMAINS

Schulz et al. [1] have developed a taxonomy of performance
data that divides measurements into three key domains. These
are the hardware domain, consisting of processors embedded
in a network with some topology; the application domain,
consisting of information from the application’s simulated
physical domain; and the communication domain, consisting
of abstract graphs with processes as nodes and communication
between them represented as edges. This framework is called
the HAC model (see Figure 2).

While symptoms may show up in any of these domains, the
actual root causes could lie in any other. We therefore need
new techniques for visualizing and analyzing performance data
that correlate symptoms to causes by projecting performance
data from one domain to another in order to make correlations
and root causes more clear.

Application Domain
(Physical simulation space)

Hardware Domain
(Flops, cache misses, 
network topology)

Communication 
Domain

(Virtual topology)

Data 
Analysis and 
Visualization

Fig. 2. The HAC model: Data used for performance analysis is divided
into three domains. New visualization and analysis techniques that project
data between these domains correlate problem symptoms in one domain to
behavior in another, making it easier and more efficient to determine the
problem origin.

The difficulty of projecting data across domains depends on
how much and how frequently the relationships between do-
mains change. For example, in a statically decomposed, struc-
tured grid application, the domain decomposition is fixed, and
we can assume that per-process measurements are associated
with a particular chunk of the decomposed application domain.
In dynamic applications, which will get more commonplace as
we move to more complex architectures and applications on
our path to exascale, this is no longer the case. For example,
in an AMR code the physical domain is decomposed into
variable sized units, which can be moved dynamically from
process to process. We must therefore take special care to
track the units as they move around the system in order to
detect a performance problem that arises because of particular
application features in one part of the application domain.

Similarly, for a structured grid code, most communication is
regular. For example, many such codes use a simple stencil-
patterned ghost exchange among neighboring processes. We
can easily make assumptions about which processes commu-
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(a) (b) (c)

Fig. 1. Visualization of the binary overlay network used in SAMRAI’s load balancing phase for 16384 proceses. (a) Nodes colored by relative load before
the re-balancing. Three subtrees show an aggregated excess of about 3% each while one subtree shows a 9% deficit. (b) Nodes colored by times spent waiting
to receive excess load. (c) The tree of (b) with arrows scaled by the number of elements sent across, highlighting the problem. The tree structure acts as a
funnel with most excess being forces along a single edge causing a linear amount of processing.

problem which turned out to be related to the load balancing
phase of the mesh adaptation stage. It is critically important to
analyze all collected data in the context of the special binary
tree shaped overlay networked used during this phase. As
shown in Fig. 1(a) the tree shows a seemingly insignificant
load imbalance which is concentrated in one of its four quad-
rants. However, looking at the times spent waiting to address
this imbalance (Fig. 1(b)) reveals a strong correlation. Finally,
including the amount of meta-information moved (Fig. 1(c))
clearly shows the problem: a linear number of elements must
travel over just one edge of the tree ultimately causing a linear
scaling of the code. Note that, as will be discussed in detail
below, this is neither a latency (the number of hops messages
travel is provably scaling as log) nor a bandwidth problem (the
size of messages is small), which made it difficult to diagnose
with traditional techniques. These insights have allowed us
to propose a mitigation strategy that has resulted in a 22%
overall performance increase for a 65,536-core run on a Blue
Gene/P system. Furthermore, the detailed analysis will enable
us to redesign the load balancing algorithm to remove the
scalability problem completely in the future.

II. PROJECTING DATA ACROSS DOMAINS

Schulz et al. [1] have developed a taxonomy of performance
data that divides measurements into three key domains. These
are the hardware domain, consisting of processors embedded
in a network with some topology; the application domain,
consisting of information from the application’s simulated
physical domain; and the communication domain, consisting
of abstract graphs with processes as nodes and communication
between them represented as edges. This framework is called
the HAC model (see Figure 2).

While symptoms may show up in any of these domains, the
actual root causes could lie in any other. We therefore need
new techniques for visualizing and analyzing performance data
that correlate symptoms to causes by projecting performance
data from one domain to another in order to make correlations
and root causes more clear.

Application Domain
(Physical simulation space)

Hardware Domain
(Flops, cache misses, 
network topology)

Communication 
Domain

(Virtual topology)

Data 
Analysis and 
Visualization

Fig. 2. The HAC model: Data used for performance analysis is divided
into three domains. New visualization and analysis techniques that project
data between these domains correlate problem symptoms in one domain to
behavior in another, making it easier and more efficient to determine the
problem origin.

The difficulty of projecting data across domains depends on
how much and how frequently the relationships between do-
mains change. For example, in a statically decomposed, struc-
tured grid application, the domain decomposition is fixed, and
we can assume that per-process measurements are associated
with a particular chunk of the decomposed application domain.
In dynamic applications, which will get more commonplace as
we move to more complex architectures and applications on
our path to exascale, this is no longer the case. For example,
in an AMR code the physical domain is decomposed into
variable sized units, which can be moved dynamically from
process to process. We must therefore take special care to
track the units as they move around the system in order to
detect a performance problem that arises because of particular
application features in one part of the application domain.

Similarly, for a structured grid code, most communication is
regular. For example, many such codes use a simple stencil-
patterned ghost exchange among neighboring processes. We
can easily make assumptions about which processes commu-
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Fig. 1. Visualization of the binary overlay network used in SAMRAI’s load balancing phase for 16384 proceses. (a) Nodes colored by relative load before
the re-balancing. Three subtrees show an aggregated excess of about 3% each while one subtree shows a 9% deficit. (b) Nodes colored by times spent waiting
to receive excess load. (c) The tree of (b) with arrows scaled by the number of elements sent across, highlighting the problem. The tree structure acts as a
funnel with most excess being forces along a single edge causing a linear amount of processing.

problem which turned out to be related to the load balancing
phase of the mesh adaptation stage. It is critically important to
analyze all collected data in the context of the special binary
tree shaped overlay networked used during this phase. As
shown in Fig. 1(a) the tree shows a seemingly insignificant
load imbalance which is concentrated in one of its four quad-
rants. However, looking at the times spent waiting to address
this imbalance (Fig. 1(b)) reveals a strong correlation. Finally,
including the amount of meta-information moved (Fig. 1(c))
clearly shows the problem: a linear number of elements must
travel over just one edge of the tree ultimately causing a linear
scaling of the code. Note that, as will be discussed in detail
below, this is neither a latency (the number of hops messages
travel is provably scaling as log) nor a bandwidth problem (the
size of messages is small), which made it difficult to diagnose
with traditional techniques. These insights have allowed us
to propose a mitigation strategy that has resulted in a 22%
overall performance increase for a 65,536-core run on a Blue
Gene/P system. Furthermore, the detailed analysis will enable
us to redesign the load balancing algorithm to remove the
scalability problem completely in the future.

II. PROJECTING DATA ACROSS DOMAINS

Schulz et al. [1] have developed a taxonomy of performance
data that divides measurements into three key domains. These
are the hardware domain, consisting of processors embedded
in a network with some topology; the application domain,
consisting of information from the application’s simulated
physical domain; and the communication domain, consisting
of abstract graphs with processes as nodes and communication
between them represented as edges. This framework is called
the HAC model (see Figure 2).

While symptoms may show up in any of these domains, the
actual root causes could lie in any other. We therefore need
new techniques for visualizing and analyzing performance data
that correlate symptoms to causes by projecting performance
data from one domain to another in order to make correlations
and root causes more clear.

Application Domain
(Physical simulation space)

Hardware Domain
(Flops, cache misses, 
network topology)

Communication 
Domain

(Virtual topology)

Data 
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Fig. 2. The HAC model: Data used for performance analysis is divided
into three domains. New visualization and analysis techniques that project
data between these domains correlate problem symptoms in one domain to
behavior in another, making it easier and more efficient to determine the
problem origin.

The difficulty of projecting data across domains depends on
how much and how frequently the relationships between do-
mains change. For example, in a statically decomposed, struc-
tured grid application, the domain decomposition is fixed, and
we can assume that per-process measurements are associated
with a particular chunk of the decomposed application domain.
In dynamic applications, which will get more commonplace as
we move to more complex architectures and applications on
our path to exascale, this is no longer the case. For example,
in an AMR code the physical domain is decomposed into
variable sized units, which can be moved dynamically from
process to process. We must therefore take special care to
track the units as they move around the system in order to
detect a performance problem that arises because of particular
application features in one part of the application domain.

Similarly, for a structured grid code, most communication is
regular. For example, many such codes use a simple stencil-
patterned ghost exchange among neighboring processes. We
can easily make assumptions about which processes commu-


