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Definition

 Computational science is an interdisciplinary field in
which realistic mathematical models combined with
scientific computing methods are used to study
systems of real-world scientific or societal interest.

 The 2005 Report to the President, Computational
Science: Ensuring America's Competitiveness, states
that "the most scientifically important and
economically promising research frontiers in the 21st
century will be conquered by those most skilled with
advanced computing technologies and computational
science applications.”



The Three Pillars of Modern Science

Architecture
(Computing Environment)

Application Algorithm
(Science) (Mathematical Model)

Computation has established itself as the third pillar of modern science.
Computational science involves the appropriate use of a computational architecture
to apply an algorithm, or method, to solve a scientific application, or problem.

The combination of Application, Algorithm, and Architecture results in a Model.



Simulation: The Third Pillar of Science

* Traditional scientific and engineering paradigm:
1. Do theory or paper design
2. Perform experiments or build system
* Limitations
— Too difficult — e.g., building large wind tunnels
— Too expensive — e.g., build a throw-away passenger jet
— Too slow — e.g., wait for climate change or galactic evolution
— Too dangerous — e.g., weapons, drug design, climate
experimentation
 Computational science paradigm

3. User high performance computer systems to simulate the
phenomenon
. Base model on physical laws and efficient numerical methods



Computational Science Fuses
Three Disciplines

/\

E\pplication Science/Engineeringj

/ \\
‘/ \
_{f-(/ \\/ .\/]l

[ Computer Sciencej S — [ Mathematics j

Computational
P Science R
4 N
"4 N\
[Compute-intensive applicationsj < > [ Data-intensive applications




What do Computational Scientists Do?

 Combine scientific programming and
mathematical skills with knowledge of
application fields to computationally model
systems of interest.

 Mathematical and programming skills

— calculus, linear algebra, differential equations,
statistics

— simulation methods, parallel computing, scientific
computing libraries and tools, visualization



Example 1: Climate Modeling

 Very, very simple climate model

e Community Earth System Model (CESM)
— Huge DOE and NSF funded project

— Project goals

* to develop and to work continually to improve a comprehensive CESM
that is at the forefront of international efforts in modeling the climate
system, including the best possible component models coupled
together in a balanced, harmonious modeling framework;

* to make the model readily available to, and usable by, the climate
research community, and to actively engage the community in the
ongoing process of model development;

* to use the CESM to address important scientific questions about the

climate system, including global change and interdecadal and
interannual variability; and

* to use appropriate versions of the CESM for calculations in support of
national and international policy decisions.




Example 2: Multiscale Quantum Simulations
in Nano Science

Goal: establish a suite of petascale
simulation tools that enable
transformational research at the
fundamental quantum-mechanical level in
nano science and technology.
Development of such tools requires
interdisciplinary, synergistic research in

— methodology, implementation and

prototype application of quantum
methods,

— profiling, performance modeling and
automatic optimization of kernels.

The tools are based on existing real-space
multi-grid (RMG) method, which is now
well-established and has been successfully
applied to a large number of systems.

— Biomolecular version of the code is now
able to perform long-time quantum
molecular dynamics simulations of
solvated biomolecules.

— Challenges are in reformulating and
tuning the codes to run efficiently on
petascale systems.

Study of copper binding to the prion
protein (PrP), which is responsible for a
group of neurodegenerative diseases
called the transmissible spongiform
encephalopathies, such as Cruetzfeldt-
Jakobs in humans or “mad cow” disease in
cattle.

— Implications for patients suffering from
these diseases, as well as from other
neurogical diseases, such as Alzheimer’s
or Parkinson’s.

Interfaced the quantum simulation results
with NAMD; parts of the simulations for a
biomolecular fragment are performed with
the RMG code using quantum methods, and
the results, including vibrational aspects, are
fed to NAMD for molecular mechanics
simulation of the entire protein

— Expect to provide similar interfaces to
other molecular dynamics codes

Project Team

— NCSU: J. Bernholc, W. Lu, C. T. Kelley, M
Hodak, E. Briggs

— UTK: S. Moore, S. Tomov, H. Jagode



Significant Result

Cu-prion complex is much stiffer, which
lesser tendency for misfolding

—

Protective role of copper in prion
diseases

Simulation-derived structure of
Cu-prion complex

e Study of copper binding to the prion protein (PrP), which is responsible for a
group of neurodegenerative diseases called the transmissible spongiform
encephalopathies, such as Cruetzfeldt-Jakobs in humans or “mad cow”
disease in cattle.

* "Functional implications of multistage copper binding to the prion protein," M.
Hodak, R. Chisnell, W. Lu, and J. Bernholc, Proc. Nat. Acad. Sci. 106, 11576
(2009).

e This work could have implications for patients suffering from these diseases,

as well as from other neurological diseases, such as Alzheimer’s or
Parkinson’s.



Supercomputers

e See alist of the world’s fastest at
www.top500.org

e Strategic importance of supercomputing
— Essential for scientifc discovery
— Critical for national security

— Fundamental contributor to the economy and
competitiveness through use in engineering and
manufacturing

* Supercomputers are the tools for solving the
most challenging scientific problems through
large-scale simulations.




Units of Measure

* High Performance Computing (HPC) units are:
- Flop: floating point operation, usually double precision unless noted
- Flop/s: floating point operations per second
- Bytes: size of data (a double precision floating point number is 8)

» Typical sizes are millions, billions, trillions...

Mega Mflop/s = 106 flop/sec = Mbyte = 220 = 1048576 ~ 10° bytes
Giga Gflop/s =10° flop/sec =~ Gbyte = 230 ~ 109 bytes
Tera Tflop/s = 1072 flop/sec  Thyte = 240 ~ 1072 bytes
Peta Pflop/s = 107> flop/sec  Pbyte = 250 ~ 107> bytes
Exa Eflop/s =10'8 flop/sec  Ebyte = 260 ~ 1018 bytes
Zetta Zflop/s = 1021 flop/sec  Zbyte = 270 ~ 1021 bytes
Yotta Yflop/s = 10% flop/sec  Ybyte = 280 ~ 1024 bytes

« Current fastest (public) machine ~ 33.9 Pflop/s
- Up-to-date list at www.top500.0rg
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Moore’s Law

Gordon Moore (co-founder of
Intel) Electronics Magazine, 1965

Number of devices/chip
doubles every 18 months

2X transistors/Chip Every
1.5 years

Called “Moore’s Law”
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Today’s Multicores

99% of Top500 Systems Are Based on Multicore
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Sun Niagra2 (8 cores)

Intel Xeon Phi

AMD Interlagos (16 cores)

IBM BG/Q (18 cores)



But Clock Frequency Scaling Replaced by Scaling

Cores / Chip

1.E+07

15 Years of exponential growth ~2x year has ended

$
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Data from Kunle Olukotun, Lance Hammond, Herb Sutter,
Burton Smith, Chris Batten, and Krste Asanovic

Slide from Kathy Yelick
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Performance Has Also Slowed, Along
with Power

1.E+07

Power is the root cause of all this .
1Eroe + Transistors (in Thousands)
1.E405 = Frequency (MHz)
Power (W)
1.E+04
® Cores

A hardware issue just became a
software problem
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Data from Kunle Olukotun, Lance Hammond, Herb Sutter,
Burton Smith, Chris Batten, and Krste Asanovic

Slide from Kathy Yelick




¢ Performance Development of HPC

ICLU

- Qver the Last 20 Years

100 Pflop/s

10 Pflop/s

1 Pflop/s

100 Tflop/s

10 Tflop/s

1 Tflop/s

100 Gflop/s

10 Gflop/s

My iPad2 & iPhone 4s (1.02 Gflop/s)
+

A

1 Gflop/s

MFloj /s
100 Mflop/s
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Slide courtesy of Jack Dongarra 16
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Tianhe-2 (Milkyway-2)

China, 2013: the 34 PetaFLOPS

Developed in cooperation between
NUDT and Inspur for National
Supercomputer Center in Guangzhou

Peak performance of 54.9 PFLOPS

’

v

16,000 nodes contain 32,000 Xeon Ivy
Bmdge processors and 48,000 Xeon Phi
accelerators totaling 3,120,000 cores

162 cabinets in 720m? footprint
Total 1.404 PB memory (88GB per node)

Each Xeon Phi board utilizes 57 cores for
aggregate 1.003 TFLOPS at 1.16Hz clock

Proprietary TH Express-2 interconnect
(fat tree with thirteen 576-port switches)

12.4 PB parallel storage system
17.6MW power consumption under load;
24MW including (water) cooling
4096 SPARC V9 based Galaxy FT-1500

processors in front-end system

Compute Node

* Neo-Heterogeneous Compute Node

a2 Similar ISA, different
ALU

2 2 Intel Ivy Bridge “ e 5 t_

CPU + 3 Intel Xeon “

phl IJ ) m
CPLD

a 16 Registered ECC
DDR2 DIMMs, 64GB Mic

2 3 PCI-E 3.0 with 16
lanes L ARPC K

GOORS
a PDP Comm. Port | Mermory |
a Dual Gigabit LAN

2 Peak Perf. :
3.432Tflops

TUPE

Compute Node

a Structure of Compute Frame
a middle backplane double sides central symmetry
assemblage
o MGH(Multi-Giga Hz) Signals on Multi-Boards
Transmission
a 10Cbpa Backplans Tranamissisn
=28 X 10Gbps or 8 X 14Gbps
2 Long-distance(Cross Backplane) SI




ORNL’s “Titan” Hybrid System:
Cray XK7 with AMD Opteron and
NVIDIA Tesla processors

SYSTEM SPECIFICATIONS:
» Peak performance of 27 PF
» 24.5 Pflop/s GPU + 2.6 Pflop/s AMD
+ 18,688 Compute Nodes each with:
~ T»._* 16-Core AMD Opteron CPU
> + NVIDIA Tesla “K20x” GPU
@+ 32 + 6 GB memory
» [+ 512 Service and I/O nodes
y’ « 200 Cabinets
: « 710 TB total system memory
» Cray Gemini 3D Torus Interconnect
* 9 MW peak power

1 M1 mc 2M e prgbe—

4,352 ft?
404 m?
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Industrial Use of Supercomputers

« Of the 500 Fastest
Supercomputer

« Worldwide, Industrial
Use is ~ 50%

Aerospace
Automotive
Biology
CFD 2
Database =riw
Defense
Digital Content Creation
Digital Media
Electronics

Energy

Environment

Finance o
Gaming

Geophysics &
Image Proc./Rendering |

Information Processing Service
Information Service
Life Science

Media

Medicine
Pharmaceutics
Research

Retail
Semiconductor
Telecomm
Weather and Climate Research
Weather Forecasting




Hierarchical Heterogeneous

Architectures

Shared memory programming between processes on a board and
a combination of shared memory and distributed memory programming

between nodes and cabinets

Fd r -
7/ L P
S =T
1" RE
NodeBeard- | Node/Board No®R/Board
N
1/t <<
r S ————————
A ~
ChigiSécket |— GPU Chip/Secket $3 GPU Chip/Socket ™ GPU
/ - - > o= ~ - -
ILI - - ~ =~ -~ .
/
Core Core Core Core Core
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Moore’s Law Reinterpreted

Average Number of Cores Per

« Number of cores per chip
Supercomputer

doubles every 2 year, while
clock speed decreases (not

increases).
* Need to deal with systems with

millions of concurrent threads
» Future generation will have |
billions of threads! ' '
 Need to be able to easily replace

inter-chip parallelism with intro- I

chip parallelism

« Number of threads of
execution doubles every 2

year

22



Power Efficiency

AMD FirePro
3,500 Tahiti
— Max-Efficiency Intel.Phi ‘
i 3,000 BlueGene/Q | ’._
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For Exascale need to be around 50 Gflops/W

A factor of 20 needed
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High Cost of Data Movement

*Flop/s or percentage of peak flop/s become
much less relevant

Approximate power costs (in picoJoules)

DP FMADD flop 100 pJ
DP DRAM read 4800 pJ
Local Interconnect 7500 pJ
Cross System 9000 pJ

Source: John Shalf, LBNL

*Algorithms & Software: minimize data

movement; perform more work per unit data
movement.
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Conventional Wisdom is Changing

OLd Conventional Wisdom

Peak clock frequency as
primary Limiter for
Iperformance improvement
Cost: FLOPs are biggest
cost for system: oplimize
for compate
Concurrency: Modest

growth of parallelism by
adding nodes

Memory scaling: maintain
byte pér flop capacity and
bandwidth

UV\Lformdzv: Assume
uniform system
performance

Reliobiliby: It%s the
hardware’s problem

New Convenkional Wisdom

Power is primary design
constraint for fubure HPC
sysl'em design

Cosk: Data movement
dominates olpl'imize to
minimize data movement
COV\curmcvz Exponential
growth of parallelism within
chips

Memorv Scaling: Com,mée
growing 2x faster than
ca,pacil'y or bandwidth
Heterogeneity: Architectural

and performahce non-uniformity
thcrease

Reltabtl&v: Cannot count on
hardware ,prol'ech:on alone
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Goals of This Course

e Acquire a broad range of skills and knowledge
needed to use computationally intensive
methods

* Develop an awareness of the resources
available to keep abreast of the rapidly
changing field of computational science



Major Course Topics

Basic skills in Unix/Linux

Scientific programming languages
Parallel computing architectures

Parallel programming paradigms
Performance optimization

Scalability

Dense and sparse linear algebra libraries

Libraries for other numerical methods
— Eigenvalue problems

— Fast Fourier transform

— Numerical optimization

— Partial differential equations



Course Info

Website: http://svmoore.pbworks.com/

— Syllabus

— Lecture material

— Labs

Instructor: Shirley Moore

— Office: CCSB 3.0422

— Office hours 3-4pm MW, others by appointment
TA: Henry Moncada

— Office: CCSB 3.1202H

— Office hours: TBD
Course format

— One hour lecture/theory

— One hour lab/hands-on practice (starts Wed., Aug 27)
Class preparation

— Read material prior to class




The Future of High Performance
Computing

* Lecture by Kathy Yelick, UCBerkeley/NERSC

— https://www.youtube.com/watch?v=-O-C d5VDko
— minutes 5:30-12:30

* Will what you are learning in this course
become obsolete — if so, how soon?

* |sthe Linpack benchmark used to determine
the TOP500 obsolete?



