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Supercomputing 
 



Announcements 

•  On Weds 3/13 we have a 2 hour session 
 Usual class time at the Rady school – final 

exam review 
 SDSC tour @ 2.15pm  (replaces class on 3/15) 
 See the web page for details 
 No class on Friday 

•  Section: Thursday @ 5pm csb 004 
 Bring question for me to answer, problems to 

work out 
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Today’s lecture 

•  Technological Trends 
•  Application Requirements 
•  Architectural Directions 
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What is the worlds fastest 
supercomputer? 

•  Top500 #1, Titan – Cray XK7 @ Oak Ridge Nat’l 
Lab: 17.6 Tflops/sec, 8.2 MW power 
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State-of-the-art capabilities  
Blood Simulation on Jaguar  
Gatech team 

Fig. 5: SINGLE NODE FOR LOCAL INTERACTIONS. The first figure

shows the sustained single and double precision FLOPS per second of

the local kernel, on a Nehalem with eight OpenMP threads, a Tesla, and

a Fermi. The second figure is the work share of the major components

of the local kernel. For this figure, we used 8 OpenMP threads on

Nehalem and 12 OpenMP threads on Istanbul.

Fig. 6: SINGLE NODE RESULTS FOR THE GLOBAL INTERACTIONS.
In this figure we present results for the FMM code for various hybrid

architecture setups: (a) One thread CPU only without SSE, (b) GPU

only for both direct and near evaluations , (c) Four threads on CPU

with SSE, (d) Four threads on the CPU with SSE for the V-list and

asynchronous evaluation of U-list on the GPU. On both Istanbul and

Nehalem architectures we observe 1.2 (m=6)–1.7(m=12) GFlops/s per

core, for the overall FMM evaluation phase.

although for higher resolutions, GPUs seem to outperform the

x86 architectures. Recall that vglobal and vlocal utilize both CPU
and GPUs. For example, the performance of vlocal on a dual
socket, dual GPU node exceeds 800 GFlops/s for m = 12. From
Figure 6, we observe that the GPU accelerated version of FMM
is roughly three times faster than the CPU-only thus, delivering
a combined 60–70 GFlops/s per node for vglobal . The only data
transfers between host and device is for the FMM evaluation in
which the host collects the information from all RBCs and then
invokes FMM. This is somewhat suboptimal. We are working
on having both GPU and CPU versions for all phases of the
FMM.

MPI, strong scalability tests on Jaguar: The results are
reported in Figure 7. The problem size is 300,000 RBCs with 84
points per RBC, which corresponds to 100,000,000 unknowns.
The strong scalability results demonstrate excellent speed up
resulting in an unprecedented five seconds per time-step on
24,576 cores.

A. Jaguar
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Fig. 7: STRONG SCALINGS ON JAGUAR PF. The strong scalability

result for 262,144 vesicles, and total number of 22M grid points. There

are 6 cores (and 6 OpenMP threads) per MPI process. The finest level

of the octree is nine and the coarsest is three.

We get excellent speed up and we require less than 10 seconds
per time step for 300,000 RBCs. The efficiency, of course, is
reduced for the largest processor count as the memory traffic
dominates the computations.

MPI, weak scalability tests on Jaguar: The results are
reported in Figure 8. The problem size (number of RBCs) per
core is kept fixed to 8000 RBCs, again with 84 points per
RBC for the line-distribution on the Poiseuille flow. We can
observe the the calculation of vlocal remains almost constant,
whereas the cost of the tree-setup and vglobal increase. This
is due to several reasons. As we increase the problem size,
the tree gets deeper and the cost per core increases. Also

8

p 24576 98304 196608

Time (sec) 228.3 258 304.9

Efficiency 1.00 0.88 0.75
!"#$%&'#(#)*(*+,

-#."%/

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

)+

!#+

#)+

$#+

*))+

#%,"- $%,$- &(,"-

%%,&-
$#,(- &&,#-

*)#,)- *)%,)- **!,)-

01'#(%"2#(3#+*14

566%"2#(3#+*14

566%&"+37

./012345647532-

8
2
37
29
:;
<
24
5
64
:=
0
2

Fig. 8: WEAK SCALINGS ON JAGUAR PF. The weak scalability of
the simulation to 196,608 cores. We have chosen a line distribution of
8,000 RBCs with 84 points per RBC. We use one MPI process per socket
and all of the six OpenMP threads in each MPI process. The finest to
coarsest octree levels range form 24 to 4. In the largest, simulation,
there are 200 million red blood cells and 90 billion unknowns. These
results represent the average timings of four explicit Euler time steps.

for such non-uniform trees it is difficult to load balance for

all phases of FMM. The solution to these scaling problems

is to employ the hypercube-like tree-broadcast algorithm we

developed in [17] for all of the phases of FMM. (Currently

it is used only in the post-order communication phase of the

evaluation phase.) Finally, the setup is not multithreaded; we

are currently working on this, and we expect a factor of four on

more speed-ups in this calculation. Despite, the need for further

optimizations, we achieve good utilization of the resources:

the vlocal phase sustains over 18 GFlops/s per core (single

precision) and the vglobal phase sustains over1.2GFlops/per core

(double precision). Overall, the code exceeds 0.7 Petaflops of

sustained performance.

GPU weak scalability results for FMM on Lincoln. We

report these results in Figure 9. We only report results for

the uniform distribution using 1M points per GPU. We use

one socket per MPI process and one GPU per socket. In this

experiment we use one core per socket. The results on GPUs

are excellent on up to 256 processes/GPUs. We get over a

25X per core consistently and we were able to evaluate a 256-

million particle sum in 2.3 seconds for a total of approximately

8 TFlops/s.

Red Blood Cell distributions and background flow: We

test a line-like distribution of cells (Figure 10) on a Poiseuille

background flow.
4

The results of having a line of cells exposed

to such a Poiseuille flow are easy to informally “verify” visually.

Also, such a flow results in a highly non-uniform distributions

4
More precisely, this is a “pseudo-Poiseuille flow”, since we do not impose

confinement boundary conditions around the cells. Rather, we impose a free-

space velocity that corresponds to a Poiseuille flow. Roughly speaking, such

background flow corresponds to an unperturbed laminar flow in a blood vessel.

Fig. 9: GPU WEAK SCALING. Here we compare CPU-only with
GPU/CPU configuration on up to 256 processes. For the largest
run the total evaluation on 256 million points takes 2.2 secs.
Throughout the computation, we maintain a 25X speed-up
over the single-core CPU version with only one thread per
socket. When multithreading and vectorization is enabled, the
differences become less pronounced as we can see in Figure
6. For the GPU runs, we use a shallower tree by allowing a
higher number of points per box. In this way, we favor dense
interactions over far-field computations. The former has a favor-
able computation/memory communication ratio and performs
favorably on a GPU. In this examples, we used roughly 400
points per box for the GPU runs, and 100 points per box for
the CPU runs. Both numbers were optimized for their respective
architectures. We were able to maintain a 1.8-3 secs / evaluation
for the GPU-based implementation. (This figure is reproduced
from [17].)

of points as the simulation horizon increases.

IV. CONCLUSIONS

We have presented MOBO, a framework that enables large-

scale direct simulations of blood microcirculation. MOBO ex-

poses and exploits concurrency at all stages of a complex

multiphysics, multiscale problem and uses several parallel pro-

gramming paradigms. We showed that we can efficiently scale

the different parts of the method and we observe good scalability

across different architectures.

For the computation of vlocal , on a single node, we get

roughly near peak performance for GEMM on both CPUs and

GPUs. Our algorithmic choices were targeted to an extensive

use of GEMM routines–without compromising overall work

optimality. We are able to deliver spectral accuracy while using

only a small number of degrees of freedom per RBC (e.g.,

compare to the 1000s of degrees of freedom per RBC for

Lattice Boltzmann methods). For the global interaction, we have

achieved 1 GFlop/s per CPU core for the overall FMM, which

is quite remarkable given the complexity of the algorithm.
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Strong scaling 

Weak scaling 

(a)                              (b)                               (c)                                              (d)                                      (e)                                        (f )                        

Fig. 1: SUMMARY OF THE COMPUTATIONAL INFRASTRUCTURE FOR DIRECT NUMERICAL SIMULATION OF BLOOD FLOW. In the top row,

we depict a few snapshots from the flow of twenty RBCs that are immersed in plasma. At every time step, a Stokes problem must be solved

in the exterior and interior of the RBCs. We have developed computational tools for this problem. The main algorithmic components include:

(a) spectral RBC shape representations and quadratures for singular integrals on these shapes; (b) accurate modeling of the hydrodynamic

interactions between many-RBCs; (c) nonlinear solvers for the mechanics of RBC deformations; and (d,e) parallel, kernel-independent, tree-

based, fast summation methods. The advantage of boundary integral methods is that only the RBC boundary is discretized and no discretization

of the space between RBCs is necessary. This is crucial for reducing the number of degrees of freedom and eliminates the need for difficult-

to-parallelize 3D unstructured mesh generation. Our tools enable parallel and highly accurate simulations of microcirculation phenomena of

blood flow. We have achieved the direct numerical simulation of O(50) microliters of blood flow. ( (f) One can think of the volume of a single

blood drop as being roughly equivalent to one microliter.)

Our approach. We model RBCs as deformable viscous
sacs with an inextensible, massless membrane that can sustain
bending and tension forces. The surrounding plasma is modeled
as a Stokesian fluid (we neglect inertial terms). There are several
challenges in simulating such a system:

• The evolution of the RBCs requires solving the Stokes
equations in the plasma—a very complex geometric region
that changes at every time step.

• Computing the bending and tension forces requires ac-
curate geometric description of the shape of the RBCs.
Furthermore, these forces introduce significant numerical
stiffness.

To address these challenges, we use
• an integro-differential formulation in which we couple a

boundary integral formulation for the Stokes equations
(plasma) with the RBC’s membrane elasticity;

• a semi-implicit time-stepping scheme that removes the
stiffness due to interfacial forces;

• spherical harmonics representations for the shape and the
deformation of RBCs;

• the fast multipole method to accelerate the long-range
hydrodynamic interactions between cells and plasma; and

• distributed and shared memory parallelism, SIMD paral-
lelism (vectorization), and fine-grained multithreading via
GPGPU acceleration, to expose maximum concurrency.

MOBO employs Fourier and Legendre transforms, adaptive fast
multipole methods, Galerkin projections, multi-step time march-

ing, fast spherical harmonics rotations, spectral quadratures for
smooth and weakly singular integrals, preconditioned Krylov
linear solvers, and dense linear algebra.

Our overall formulation can be outlined as follows. We use
a spherical harmonics representation for the boundary of every
RBC. This choice is mathematically equivalent to tracking a
number of points on the surface of the RBC. In our simulations,
we typically track either 84 or 312 points. The motion of each
such point x is governed by

∂x

∂t
= v(x),

v(x) = vlocal(x) + vglobal(x) + vbackground(x).
(1)

Here, v is the velocity of the point, which we decompose
into three components: local, global, and background velocities.
Roughly speaking, the “local” velocity, vlocal , accounts for
the interactions between the specific point in the RBC under
consideration and all of the other points within the same RBC.
The “global” velocity, vglobal , accounts for all of the interactions
occurring across all of the RBCs in the simulation. The “back-

ground” velocity, vbackground , is the imposed flow field. This
work builds on our previous work on massively parallel tree-
data structures [30], [27], parallel and kernel independent fast
multipole methods [36], [17], [7], and fast solvers for particulate
flows [33], [25], [34].

Contributions. In [25], we presented the details of the
formulation and the numerical algorithms that are required to
compute vlocal and vglobal . Here, we focus on he parallelization
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Ab Initio Molecular 
Dynamics (AIMD) using 
Plane Waves Density 
Functional Theory  
 
Eric Bylaska (PNNL) 

Exchange time 
on HOPPER 
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Tan Nguyen, UCSD 
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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, x1000 performance 
increase 

•  DOE will take the lead in the US, EU also 
engaged 

•  Massive technical challenges 
©2013  Scott B. Baden / CSE 160 / Winter 2013 6 



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

   106 devices. 109+ threads 
•  Power consumption: ≯20 MW @ Exascale, but 

nearly at 10MW today, with “just” 0.02 ExaFlops  
Data storage & access consumes most of the energy 

•  Processor technology hasn’t settled 
 Mixture of accelerators and conventional cores 
 NUMA processors, not fully cache coherent on-chip 

•  Data motion costs continue to grow 
 Complicated memory hierarchies 
 Hide latency, conserve locality 

•  Software, software, software 
 Code become more complicated, in order to effectively 

utilize the hardware’s capabilities 
©2013  Scott B. Baden / CSE 160 / Winter 2013 7 
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35 years of processor trends 



Trend: data motion costs are rising 
•  Increase amount of computation performed 

per unit of communication 
 Conserve locality, tolerate or avoid 

communication 
•  Many threads 
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Hybrid processing 
 •  Two types of processors: general purpose + accelerator 

  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 

©2013  Scott B. Baden / CSE 160 / Winter 2013 10 
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Today’s lecture 

•  Technological Trends 
•  Application Requirements 
•  Architectural Directions 
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A Crosscutting issue: Hiding latency 

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

    T = p ×λ 
  p and λ are increasing with time 

•   Difficult  to implement 
  Split phase algorithms 
  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 
  Non-robust performance 
  High development costs 
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A Classic message passing 
implementation of a stencil method 

•  Decompose domain into sub-regions, one per process 

  Transmit halo regions between processes  

  Compute inner region after communication completes 

•  Loop carried dependences impose a strict ordering on communication 
and computation 
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Communication 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 can sweep the inner region in parallel with communication 
  Sweep the annulus after communication finishes 

•  MPI may not be able to realize overlap with MPI_IRecv and MPI_Isend 
•  We can use multithreading to handle the overlap 
•  1+ cores (proxy threads) handle communication 

S. Fink, PhD thesis, UCSD, 1998 
Baden & Fink, “Communication overlap in multi-tier parallel algorithms,” SC98 
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Compute
Wait

Performance improves with overlap 
  

Single tier    Multi-tier      +OLAP      +OPT 

 
+XTRA 

 

+OPT 

•   Computation time increases with fewer CPUs 

•   Loss is mitigated by memory system  
   saturation at high levels of parallelism  

14% faster 
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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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Today’s lecture 

•  Technological Trends 
•  Application Requirements 
•  Architectural Directions 
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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, #2 on top 500 

 16.3 Tflops, 7.89 MW 
 1.6M cores/93,304 compute nodes,16 GB mem/node 
 20 Petaflops = 20,000 TeraFlops = 20M GFlops 
 96 racks, 3,000 square feet 
 ×7 more power efficient  

than previous generation 
 64-bit PowerPC (A2 core) 
 Weighs about the same as  

30 elephants 
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Hierarchical Packaging 

SC ‘10, via IBM 
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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 



Blue Gene/Q Interconnect 
•  5D toroidal mesh (end around) 

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

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

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

•  Collective network 
  Global Barrier, Allreduce, Prefix Sum  
  Floating point reductions at ~95% of peak 
 IBM 
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Processor Block diagram 
 

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

multithreaded 
•  1.6 GHz 
•  16 GB memory per node 
•  Shared L2$: 32MB 
•  Network routing 

integrated on-chip 
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Die photograph 

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

multithreaded 
•  1.6 GHz 
•  Shared L2$: 32MB 
•  Network routing 

integrated on-chip 
•  Compare with layout of 

the Cray 1 (1976) 



The future? 
•  Lower power is inevitable 
•  NUMA likely  
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NUMA Architectures 
•  The address space is global to all processors, but 

memory is physically distributed 
•  Point-to-point messages manage coherence  
•  A directory keeps track of sharers, one for each 

block of memory 
•  Stanford Dash; NUMA nodes of the Cray XE-6, 

SGI UV, Altix, Origin 2000 
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Inside a directory 
•  Each memory block has an associated home: the 

core physically holding the associated portion of the 
global address space 

•  Each block also has an owner: the processor whose 
memory contains the actual value of the data  

•  Initially home = owner, but this can change … 
•  Each processor has a 1-bit “sharer” entry in the 

directory, also a dirty bit and a PID identifying the 
owner in the case of a dirty block 

• ••

P P

Cache Cache

Memory Directory

presence bits dirty bit

Interconnection Network
Parallel 
Computer 
Architecture, 
Culler, Singh, 
& Gupta 
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P P

Cache Cache

Memory Directory

presence bits dirty bit

Interconnection Network



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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