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Programmer Demographics

Black Belt Programmer

= Performance libraries, device drivers
= C, Assembly, low-level tricks

= Goal: performance above all

Software engineers

= Large applications

= C++, Java, CH#

= Goal: Maintenance vs. performance

Average programmers

= Small ad-hoc applications

= C, C++, Java, Perl, Python

= Goal: implement their algorithm quickly
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Compilers: The Fundamental Problem

Matrix-matrix multiplication

for i=1:N
for j=1:N
for k=1:N += x
C[i,]J] += A[i,k]*B[k,]]

Tiled matrix-matrix multiplication
for i=1:NB:N

for j=1:NB:N
for k=1:NB:N 4= x
for i0=i:NU:i+NB

for jO=j:NU:j+NB
for kO=k:NU:k+NB
for k00=k0:1:k0+NU
for j00=3j0:1:j0+NU
for i00=i0:1:i0+NU
C[i00,300] +=
A[i00,k00]*B[k00,j00]

Problem: which transformation order? What parameter values?
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How to Overcome Compiler Limitations?

m Autotuning
Write parameterized program and empirically find good parameters

x Parameter: tile size, levels

+=

m Program generation
Automatically generate big basic blocks and special case code

for (1 = 0; i < 4; i++) - “A[0] = B[0] * C[O];
A[i] = B[i] * C[i]; A[l1] = B[1] * C[1];
A[2] = B[2] * C[2];

\A[S] = B[3] * C[3];

Parameter: which loop, unroll factor
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Autotuning: From Simple to “Really Hard”

m Level 0: simple C program
implements the algorithm cleanly

m Level 1: C macros plus search script
use C preprocessor for meta-programming

m Level 2: scripting for code specialization
text-based program generation, e.g., ATLAS

m Level 3: add compiler technology
internal code representation, e.g., FFTW’s genfft

m Level 4: synthesize the program from scratch
high level representation, e.g., TCE and Spiral
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Step 1: Basic C Level Optimizations

m Level 0: simple C program
implements the algorithm cleanly

m Level 1: C macros plus search script
use C preprocessor for meta-programming

TTTTTTTTTT oN

COMPUTER SYSTEMS

A PROGRAMMER'S PERSPECTIVE

BRYANT ¢ O'HALLARON

http://www.cs.cmu.edu/afs/cs/academic/class/15213-s12/www/
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Unrolling & Accumulating: Double *

m Case
= |ntel Haswell
"= Double FP Multiplication
= Latency bound: 5.00. Throughput bound: 0.50

FP * Unrolling Factor L
K 1 2 3 4 6 8 10 12
1 501 501 501 501 501 501 5.01
2 2.51 2.51 2.51
(7))
S 3 1.67
d
g 4 1.25 1.26
§ 6 0.84 0.88
(S ]
L
2 8 0.63
10 0.51
12 0.52

Bryant and O’Hallaron, Computer Systems: A Programmer’s Perspective, Third Edition
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Autotuning: From Simple to “Really Hard”

m Level O: simple C program
implements the algorithm cleanly

m Level 1: C macros plus search script
use C preprocessor for meta-programming

m Level 2: scripting for code specialization
text-based program generation, e.g., ATLAS

m Level 3: add compiler technology
internal code representation, e.g., FFTW’s genfft

m Level 4: synthesize the program from scratch
high level representation, e.g., TCE and Spiral
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ATLAS: Code Generation for MMM

m Successor of PhiPAC, BLAS program generator (web)

m Idea: automatic porting

LAPACK static

BLAS regenerated
for each platform

m People can also contribute handwritten code

m The generator uses empirical search over implementation
alternatives to find the fastest implementation
no vectorization or parallelization: so not really used anymore

m We focus on BLAS3 MMM

m Search only over cost 2n3 algorithms
(cost equal to triple loop)

Source: Markus Pischel, ETH Zirich: How to Write Fast Numerical Code, 2011
https://www.inf.ethz.ch/personal/markusp/teaching/263-2300-ETH-spring11/course.html 10
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ATLAS: Architecture

Compile,
MFLOPS
Execute,
Measure
L1Size | NB .

Detect ATLAS Search MU,NUKU . ATLAS MM MiniMMM
Hardware NR__, Engine xFetch ; Code Generator —  sgurce
Parameters __MulAdd _  (MMSearch) MulAdd , (MMCase)

L. I Latency _

‘ T
Search parameters:
e span search space

e specify code
e found by orthogonal line search

Hardware parameters:

e L1Size: size of L1 data cache

e NR: number of registers

e MulAdd: fused multiply-add available?
e L. : latency of FP multiplication

source: Pingali, Yotov, Cornell U.

Source: Markus Pischel, ETH Zirich: How to Write Fast Numerical Code, 2011

https://www.inf.ethz.ch/personal/markusp/teaching/263-2300-ETH-spring11/course.html 11
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Autotuning: From Simple to “Really Hard”

m Level O: simple C program
implements the algorithm cleanly

m Level 1: C macros plus search script
use C preprocessor for meta-programming

m Level 2: scripting for code specialization
text-based program generation, e.g., ATLAS

m Level 3: add compiler technology
internal code representation, e.g., FFTW’s genfft

m Level 4: synthesize the program from scratch
high level representation, e.g., TCE and Spiral

12
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Example FFT: Recursive FFT Algorithm




Carnegie Mellon

(} Electrical & Computer
€7 ENGINEERING

FFTW: Compiler and Autotuner for FFTs

m Choice of algorithm
m Locality optimization
m Constants

m Fast basic blocks

m Adaptivity

FFTW Recursive functions needed
Vectorization (partially)
Threading

Adaptation mechanism (plan)

Library infrastructure

Codelet
generator

Codelets  (10-20 types)

23456 3264

Source: Markus Pischel, ETH Zirich: How to Write Fast Numerical Code, 2011
https://www.inf.ethz.ch/personal/markusp/teaching/263-2300-ETH-spring11/course.html 14
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FFTW: genfft and the Cooley Tukey FFT

DSP book:

n—1 p—1 i / g—1 \ -
- E L E E . Jih Jok1 | g2ko
'UF[I - IE.U” —_— \ .fl.”,,".] |J||3W,!’}|' } L1 N

j=0 Jo=0 | \j1=0

where n = pg and k = k| + ¢k,.

OCaml code:

let cooley_tukey n p q x =
let 1nner j2 = fftgen q
(fun j1 > x (p * j1 + j2)) in
let twiddle k1 j2 =
(omega n (j2 * k1)) @+ (inner j2 k1) in
let outer k1 = fftgen p (twiddle k1) in
(fun k -> outer (k mod q) (k / q))

Source: Matteo Frigo: “A Fast Fourier Transform Compiler,” In Proceedings ACM PLDI 1999
http://www.fftw.org/pldi99-slides.ps.gz 15
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FFTW: genfft at Work

2-point FFT Algebraic Simplification
tmpl = REAL(input[0]); let rec algsimpM x =
tmp5 = REAL(input[0]); memoizing

tmp6 = IMAG(input[0]);
tmp2 = IMAG(input([0Q]);
tmp3 = REAL(input[1]);

(function
Num a -> snumM a

tmp7 = REAL(input[1]); | Plus a -> )
tmp8 = IMAG(input[1]); mapM algsimpM a >>= splusM
tmp4 = IMAG(input[1]); | Times (a, b) ->
REAL (output [0]) = ((1 * tmpl) - (0 * tmp2)) algsimpM a >>= fun a' ->

+ ((1 * tmp3) - (0 x tmpd)); algsimpM b >>= fun b' ->
IMAG (output [0]) = ((1 * tmp2) + (0 * tmpl)) stimesM (a', b')

+ ((1 * tmp4) + (0 * tmp3));
REAL (output[1]) = ((1 * tmp5) - (0 * tmpB))
+ ((-1 * tmp7) - (0 * tmp8));
IMAG (output [11) = ((1 % tmp6) + (0 * tmp5)) | Store (v, a) ->
+ ((-1 * tmp8) + (0 * tmp7)); algsimpM a >>= fun a' ->
returnM (Store (v, a'))
| x -> returnM x)

| Uminus a ->
algsimpM a >>= suminusM

Source: Matteo Frigo: “A Fast Fourier Transform Compiler,” In Proceedings ACM PLDI 1999
http://www.fftw.org/pldi99.pdf 16
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Autotuning: From Simple to “Really Hard”

m Level O: simple C program
implements the algorithm cleanly

m Level 1: C macros plus search script
use C preprocessor for meta-programming

m Level 2: scripting for code specialization
text-based program generation, e.g., ATLAS

m Level 3: add compiler technology
internal code representation, e.g., FFTW’s genfft

m Level 4: synthesize the program from scratch
high level representation, e.g., TCE and Spiral

17
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Spiral’s Domain-Specific Program Synthesis

Model: common abstraction
= spaces of matching formulas

abstraction abstraction

ON
} deflnes

An® 1y
vec(v)

=

I, ®An ¢
N——
smp(p,u)

) L

rewriting

pick

architecture algorithm

space

space

(DFT2®I)TE (I ® (.. ...

Architectural parameter: AT Kernel:
Vector length, optimization problem size,

#processors, ... algorithm choice

18
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How Spiral Works

Problem specification (“DFT 1024” or “DFT”)

!

Complete automation of controls

the implementation and Algorithm Generation

optimization task Algorithm Optimization

Basic ideas: algorithm |
* Declarative representation Implementation controls

f algorith
oraigorthms Code Optimization

* Rewriting systems to
generate and optimize

algorithms at a high level

of abstraction Compiler Optimizations

performance

Spiral
Fast executable

19
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Autotuning: From Simple to “Really Hard”

m Level 0: simple C program
implements the algorithm cleanly

m Level 1: C macros plus search script
use C preprocessor for meta-programming

m Level 2: scripting for code specialization
text-based program generation, e.g., ATLAS

m Level 3: add compiler technology
internal code representation, e.g., FFTW’s genfft

m Level 4: synthesize the program from scratch
high level representation, e.g., TCE and Spiral

20



Q) EEREARE
Outline
m Autotuning
m ECE software
m Andrew software
m PSC software

m Computing infrastructure

21



Carnegie Mellon

(&) EIectrlcaI&Com uter
Careers Academic  Customer Portal Resource Library =, o rlow 5.6k ENGlNEER

Products Solutions Services Support About ANSYS | search >

Consulting Learning Hub Training Center

ANSYS Discovery Live

The new technology that will
change product design forever

'_[_)o_wnlo_ad Now »

Explore Pervasive Engineering
Simulation

Discover how engineering simulation is expanding across the
entire product lifecycle, from digital exploration to digital
prototyping to operations and maintenance using digital

twins.

Select a physics area to learn more about what sets ANSYS

software apart from other engineering simulation tools.

Multiphysics Meshing Optimization C

Data and Process Management Cloud HPC

http://www.ansys.com/ 22
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Cadence

Cd d enc e Tools IP  Solutions  Services  Support  Community  Company

Now available to verify designs using
Arm®-based servers

GET DETAILS J4

https://www.cadence.com/

23
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YN COMSOL Products Video Gallery Support Contact Request a Live Demo Q
Multiphysics Soft Product Suit
COMSOL Multiphysics®
COMSOL Server™
9 9 - 2 : : ; Y
= AC/DC = Structural ] CFD g c“‘g:;:'ifﬁfg“““ O Optimization z LiveLink™ LiveLink™
- Module =2 Mechanics Module 5] Module i = Module = for MATLAB® for Excel®
g 8 o T Module & &
s < 3 - 5 E
9 5] . ™ =] =
-
0 RF g ;?S?;E:rl Mixer Batteries & = Material CAD Import Design
o Module E . Module Fuel Cells Module Library Module Module
] 5 Materials Module
-]
o
&
Wave Optics Geomechanics Subsurface Flow Electrodeposition Particle Tracing ECAD Import LiveLink™
Module Module Module Module Module Module for SOLIDWORKS®
Ray Optics Fatigue Pipe Flow Corrosion LiveLink™ LiveLink™ for
Module Module Module Module for Inventor® AutoCAD®
Plasma MUIt'm.dv Microfluidics Electrochemistry LiveLink™ for LiveLink " for
Dynamics ) PTCE
Module Module Maodule Revit® ~
Module Creo®Parametric
Semiconductor Rotordynamics Molecular Flow Lwe;‘:: for LiveLink™ for
£
Module Maodule Module R solid Edge
MEMS Acoustics Heat Transfer File Import for
Module Module Module CATIA® V5

https://www.comsol.com/
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A Lam Research Company

ABOUTUS SEMICONDUCTOR SOLUTIONS MEMS SOLUTIONS SUPPORT NEWS & EVENTS CONTACT US

What's New

Video Interview: Problems
and Solutions at 7nm

White Paper: Semiconductor
Process Variation

Predicting Actual from Virtual

Solving process modeling, design automation, and integration challenges
for the semiconductor and MEMS industries.

Semiconductor Solutions MEMS Solutions
Develop and optimize manufacturing process flows, Design and integrate MEMS and loT devices
reducing time consuming and costly experimental significantly faster, without developing and maintaining
learning cycles. custom models.

LEARN MORE » LEARN MORE »

http://www.coventor.com/ 25
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Menlo : P e LRI Ol TRAINING & SERVICES ~ COMPANY  BLOGS  SUPPORT

A Siemens Business

. . 7 > . - ) ‘
‘ I?r"z ) %- i
Electronic De5|gn Automation Systems Automative
Virtual Prototyping Electrical System, Networks & Harness Connectivity
High Level Synthesis System Modeling & Design Management Electrification
RTL Low Power Opt & Analysis PCB & IC Package Design Autonomous
Functional Verification PCB Manufacturing, Assembly & Test Architecture

Tanner AMS IC Design Flow

Tanner MEMS Design Flow |

IC Design

IC Manufacturing ‘M @ ‘
IC Test Thermal SimL;Iation & Test Embedded

Intellectual Property

FPGA CAD-Embedded CFD Software Products
Electronics Cooling CFD IoT Solutions
Semiconductor Device Thermal Testing Services
1D CFD Industries
| [ |

https://www.mentor.com/

26
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An d rew SOftWa re https://www.cmu.edu/computing/software/all/

Carnegie Mellon Univ t\v Search Only Computing Services

. S I SS |COMPUTING SERVICES| > Software > Licensed Softwars List

Computing
Se I’Vi ces Software Catalog
. I M S L This catalog includes software products that have been licensed for use by university affiliates. Some software

may be subject to an individual license fee or eligibility based on your role at the university.

J PP Distribution
Software Software is delivered through download, in public computer labs, or virtually through Virtual An or Linux
. M a e Licensed Software List Timeshare managed desktops. Workstation licenses are available for departments ONLY. Departments who
Mac wish to purchase this software should email software@andrew.cmu.edu.

Microsoft Windows Elqiing
Linux

B M athe m atica e SIS, HEELE 211 2T

MNote: Sponsored account holders and summer program participants are not eligible to install software under
the university licenses. However, you may use software installed in Computer Labs.

m Matlab B .
m SAS A

Software Title Download Computer Department Virtual
Lab Request Andrew
ACDLabs ChemSketch X X
m S-PLUS
ActivePerl X X
Adams 2015 X X
s Wolfram Alpha :
Adobe After Effects CC 2015 X
Adobe Audition CC 2015 b4
o
= R/R Studio e :
Adobe Creative Cloud b4
Adobe Dreamweaver CC 2015 X
[ | Pyt h o n Adobe Edge Animate CC 2015 x
Adnha Cirownrle MCA v

m MySQL, MS SQL Server, PostgreSQL

28
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PSC Software

https://www.psc.edu/resources/software

m Abaqus (finite elements)

m Abinit (density functional theory) Software installed on

] PSC systems
m Anaconda (data science platform)

[ | ANSYS The Module package

The environment management package Module is essential for
running software on PSC systems. Be sure to check if there is a
module for the software you want to use by typing module avail

m BLAST (protein sequence

The module help command lists any additional modules that must
a I i n m e nt also be loaded. Note that in some cases the order in which these

additional modules are loaded matters.

% Documentation on the module command.

m Caffe (deep learning)

You may request that additional software be installed by sending mail
to remarks@psc.edu.

m CFOUR (computational chemistry)

See software by category Q

m Chainer (neural nets) Pp——

m Desmond (molecular dynamics)
s DReAMM (MCell simulation) I I )

computer-aided engineering

Abinit Calculates electronic density and Bridges


https://www.psc.edu/user-resources/software/abinit
https://www.psc.edu/user-resources/software/ansys
https://www.psc.edu/user-resources/software/blast
https://www.psc.edu/resources/software
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PSC Software (2)

m GAMESS (ab initio quantum chemistry)

m Gurobi (optimization system)

m Julia (programming language)

m Keras (neural networks, on top of Theano and TensorFlow)
m LevelDB (key-value store)

m LS-DYNA (finite element program)

s Mathematica, Matlab, R

m MCell (Monte Carlo cell simulation)

m MCT (library for creating coupled models)
m MUMPS (solver for large linear systems)

m SuperlLU (solves sparse linear systems)

31


https://www.psc.edu/user-resources/software/ls-dyna

PSC Software (3)

= NAMD, NWCHEM, LAMMPS, CHARMM, CFOUR, Quantum
Espresso, SIESTA,

m OpenCV (computer vision)

m PETSc (PDE solver)

m Python, Spark, TensorFlow, Theano, Torch
m PyTorch (deep learning)

m Scikit-learn (data mining)

m SCOTCH (graph partitioning and clustering)

32
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Outline

m Personal Computing m CIT Partnerships
= CMU Andrew Computing m PSC Bridges

m ECE Physical Spaces m XSEDE Project
m ECE Compute Clusters m Cloud Providers

m ECE Data Science Cloud
m ECE HTCondor

34
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Introductions

Dan Fassinger
Executive Manager

ECE IT Services . .
information
technology
SEervices

Hours: M-F 8a-5p

Location:

Hamerschlag Hall A200 suites
Docs and resources:
https://userguide.its.cit.cmu.edu/
Email: help@ece.cmu.edu

Jim McKinney
Data Center Manager
ECE IT Services

35
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Computing Options: Personal Computing

m Personal computer (2018)
= Laptop or desktop
= |ntel Corei5/i7 w/ HT, 2-4 cores
= 8GBto 64GB DDR4
= 500GB SSD
= |ntegrated graphics (Intel HD or Iris)
= 1GB LAN/802.11ac WLAN

Typical programs and problem sets
= Personal productivity, internet browser
= Development workflow tools
= Concept testing and simulation

36



Carnegie Mellon

(y Electrical & Computer
€Y ENGINEERING

Computing Options CMU Andrew Computing

m Public Clusters
= Workstation or Desktop

= Most University software installed | Readytouse

. m Prepared and managed for you
m Virtual Andrew

m Good for productivity or

= VMWare Horizon Client (VDI) moving small data
= Cluster software accessible s Comparable or worse
remotely performance compared to

. . personal laptop
m Linux Timeshares

= SSH and X-session

= Restarted nightly
| Campus Cloud

= Rental capacity
Saa$, Paas w/ fee (53) m Personal server w/o physical
= Guest VM instance with managed responsibility
environment

37


http://www.cmu.edu/computing/services/teach-learn/tes/computer-labs/index.html
http://www.cmu.edu/computing/services/endpoint/software/managed-desktops/how-to/virtual-andrew.html
http://www.cmu.edu/computing/services/endpoint/storage/afs/server-guideline.html
http://www.cmu.edu/computing/services/infrastructure/server/campus-cloud/
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Computing Options: ECE Physical Spaces

s Ugrad/grad labs
= HH 1303, 1204, A101, A104 —
Equipment stations
m Linux cluster/lab
= HH 1305
= Workstation class systems

m Capstone Lab
= HH 1307

* Teaching space (ex. 18-240 18-100)
* GPU SDK, LabView

* Console access for graphical Linux
simulations (EDA and FEA tools)

* All require cardkey access

38
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Computing Options: ECE Compute Clusters

= Numbers cluster
= Ece[000:031].ece.local.cmu.edu
= RedHat Enteprise Linux
= Condor access
= Engineering software
= Shared storage

m GUI cluster

= Ece-gui-[000-007].ece.cmu.edu

=  FastX or X-session for remote
graphical access

 PowerEdge R430

e 2 xIntel Xeon E5-2640 v4, 2.4GHz,
8GT/s QPI, 10 cores w/ HT

 128GB 2400MT/s RDIMM

* iSCSl link to SAN

 Housed in Cyert Data Center

39
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= Large memory and GPU

= Moderate sized simulations
and parallel compute jobs

= Customized environment
= Fast storage access
= 10GB uplinks

 PowerEdge R930
e 4 xIntel Xeon E7-8870 v3,
9.6GT/s QPI, 18 cores w/ HT
e 3TB 2133 MT/s RDIMM
 PowerEdge R730
e 2 xIntel Xeon E5-2698 v3,
9.6GT/s QPI, 16 cores w/ HT
e 768GB 2133MT/s RDIMM
2 x Nvidia Tesla K80 GPU (x2)

40
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Computing Options: ECE HTCondor

m Access via ECE Numbers

m d Cluster
On U m Submitting first Condor

H|ghThroughputComputing ]O_b
" Prepare
* Batch submission system = Compile
* Job queuing, scheduling . Submit
* Serial or parallel jobs .
= Retrieve

* Harness compute power of
entire clusters m Use with Matlab,

Comsol, Cadence, std.
engineering simulations

41
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Carnegie Mellon

(} Electrical & Computer
€7 ENGINEERING

Computing Options: CIT Partnerships

= Venkat Viswanathan
= Co-location in PSC Monroeville data center
= 12 x HPE Blades
- 12 x XL1xOr Gen9 Intel Xeon E5-2683v4, 16 core
— 128GB DDR4 RAM
- 48 x Nvidia Tesla K80
= Managed by Venkat partnership group

42
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Computing Options: PSC Bridges

m Hosted by Pittsburgh * Large Memory Systems (3TB)

Supercomputing Center in * Many Nvidia GPUs
Monroeville * Extremely Large Memory

Systems (12TB)
m Bridges Architecture  Slurm job scheduler

m Bridges Virtual Tour

Im 'h_-ﬂ

43


https://www.psc.edu/
https://www.psc.edu/bridges/user-guide/system-configuration
https://www.psc.edu/index.php/bridges-virtual-tour

Carnegie Mellon

O

Computing Options: Xsede Project (PSC)

m Xsede resources

SCSC Comet — 144
GPUs

Open Science Grid —
Condor - 1000 cores
avg available

JetStream — IU and
TACC - % Petaflop

trical & Compu

puter
GINEERING
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https://www.xsede.org/ecosystem/resources
https://portal.xsede.org/sdsc-comet
https://portal.xsede.org/OSG-User-Guide
https://portal.xsede.org/jetstream
https://portal.tacc.utexas.edu/user-guides/stampede2
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Computing Options: Cloud Providers

= Amazon AWS

* https://aws.amazon.com/grants/

= https://aws.amazon.com/education/awseducate/

m Google Cloud Compute

= https://cloud.google.com/edu/
= https://lp.google-mkto.com/CloudEduGrants Faculty.html

s Microsoft Azure
= https://www.microsoft.com/en-us/research/academic-programs/
= https://azure.microsoft.com/en-us/free/
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	Slide Number 1
	Outline
	Programmer Demographics
	Compilers: The Fundamental Problem
	How to Overcome Compiler Limitations?
	Autotuning: From Simple to “Really Hard”
	Step 1: Basic C Level Optimizations
	Unrolling & Accumulating: Double *
	Autotuning: From Simple to “Really Hard”
	ATLAS: Code Generation for MMM
	ATLAS: Architecture
	Autotuning: From Simple to “Really Hard”
	Example FFT: Recursive FFT Algorithm
	FFTW: Compiler and Autotuner for FFTs
	FFTW: genfft and the Cooley Tukey FFT
	FFTW: genfft at Work
	Autotuning: From Simple to “Really Hard”
	Spiral’s Domain-Specific Program Synthesis
	How Spiral Works
	Autotuning: From Simple to “Really Hard”
	Outline
	Slide Number 22
	Cadence
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Outline
	Andrew Software
	Outline
	PSC Software
	PSC Software (2)
	PSC Software (3)
	Outline
	Outline
	Introductions
	Computing Options: Personal Computing
	Computing Options CMU Andrew Computing
	Computing Options: ECE Physical Spaces
	Computing Options: ECE Compute Clusters
	Computing Options: ECE Data Science Cloud
	Computing Options: ECE HTCondor
	Computing Options: CIT Partnerships
	Computing Options: PSC Bridges
	Computing Options: Xsede Project (PSC)
	Computing Options: Cloud Providers

