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Remember: 18-647 in a Nutshell

18-647

=

=

We all learned arithmetic before getting a pocket calculator. 
Same holds for Generative AI.

Step 1: Step 2: 
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Course Philosophy
 Learn how to solve real engineering problems 

with large(r) computers

 Learn how to use AI when 
solving engineering problems

 Your productivity is key: 
shortest time to solution

 Learn how to scale from laptop 
to large machines and 
the cloud productively

 No need to become a 
performance engineer,
but know your math and 
computer stuff
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A Computational Problem

unsolvable

Toy problem

Laptop/desktop

HPC

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiEooHetKrVAhXJND4KHWvRAaAQjRwIBw&url=https://people.sc.fsu.edu/%7Ejburkardt/m_src/fd2d_heat_steady/fd2d_heat_steady.html&psig=AFQjCNGBUe0_k5UhaWS3PbXn5xPjy_Dw5A&ust=1501277514525419
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiBiI_ztKrVAhUJVT4KHTJZB20QjRwIBw&url=http://www.ndtv.com/world-news/first-black-hole-orbiting-a-spinning-star-found-548216&psig=AFQjCNEWpLO0QZT2L5GgmtD3fIqX3eTaTg&ust=1501277556926399
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Scalability
Sub-linear Linear, N log N

ExponentialPolynomial

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiQ37HHtarVAhUCVj4KHX-rDj4QjRwIBw&url=http://unisci24.com/206111.html&psig=AFQjCNGr5gjkgoFDMliC7MpFYeqx_8faDw&ust=1501277737901158
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi57MLatarVAhWMaz4KHZimBw8QjRwIBw&url=http://www.programming-algorithms.net/article/40119/Binary-search&psig=AFQjCNFECD7QLMgL0JMfUmAi1atRfs_iiw&ust=1501277780681087
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjs8YfptarVAhWDXD4KHdeDAZcQjRwIBw&url=http://www.rasmussen.edu/student-life/blogs/college-life/mastering-search-engine-query-boolean-search-terms/&psig=AFQjCNFnvDCcG0lc6erSC5FDxtooeHPkpw&ust=1501277800332317
https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiijrjCtqrVAhWFGj4KHYZCDdcQjRwIBw&url=https://avaxhome.unblocker.xyz/ebooks/Di.Si.Pro.Co.html&psig=AFQjCNHNNbqQ0lBMdssuXi9R5SPllqIZbg&ust=1501277979206149
https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwj4zfLYtqrVAhUC8z4KHS4fCyMQjRwIBw&url=https://www.youtube.com/watch?v%3D5NxLCuPtTJ0&psig=AFQjCNGNSM1Jn7Z2tbycbPlzhanoOt6-FA&ust=1501278047379381
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiklKbutqrVAhUCYT4KHWtFBwEQjRwIBw&url=http://prattmiller.com/veils/default/modeling/cfd&psig=AFQjCNG_qXF4uXc5gnppXa-JR6IJUx9VrA&ust=1501278087577765
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjkjeKwt6rVAhVEez4KHQlMBbAQjRwIBw&url=http://www.iis.ee.ic.ac.uk/ComputerVision/Research.html&psig=AFQjCNEKD6HbLcKBLnZNsRp_bQ0y6MvH_Q&ust=1501278220558319
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Approximations, Models, and Heuristics
Physics: n-body problem Direct solver: O(n2)

Particle/mesh: O(k log k)Fast multipole: O(n log n)

https://en.wikibooks.org/wiki/File:Atome.png
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiotJ3XuarVAhWJdT4KHSb4BPwQjRwIBw&url=http://ascelibrary.org/doi/full/10.1061/(ASCE)HY.1943-7900.0000394&psig=AFQjCNFlHO1HBkJno1yDs-V6s1kAliefQg&ust=1501278823897128
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwixnsPxuarVAhXIMj4KHfBADnMQjRwIBw&url=http://slideplayer.com/slide/3448690/&psig=AFQjCNFlHO1HBkJno1yDs-V6s1kAliefQg&ust=1501278823897128
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Take Home Lesson

2026 1993=
Your laptop = #1 supercomputer from 1993

You have access to 10,000x your laptop’s power

Our Goal: state your problem as scalable computation, use big computers to solve it
Have AI help you, but you are in control and understand what it's doing

Not our goal: become a HPC/supercomputing coder or performance engineer
7

ECE Cluster
Pittsurgh Supercomputing Center

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiV94HtmvvPAhVJNj4KHZ-DDSkQjRwIBw&url=https://mans.io/item/Lenovo/ThinkPad-X240&psig=AFQjCNHdsnki2dYT4VhhkaQE6OzlsXPbfA&ust=1477665424904220
https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi3nd7GofvPAhXKGj4KHQ81DB8QjRwIBw&url=https://chrisvernon.co.uk/2010/08/supercomputers/&psig=AFQjCNHartASUB29GXafLE1Yhuxnz5hd9w&ust=1477667231782630
https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiA49b1nafVAhWCHD4KHYBoDawQjRwIBw&url=https://aws.amazon.com/&psig=AFQjCNEoXOicEcblvCEOy2-c_5uAJ_b8Cg&ust=1501168312687963
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwje5ub9nafVAhWBdz4KHTYXABgQjRwIBw&url=http://www.averesystems.com/google-cloud-platform&psig=AFQjCNGW9Fl1JOYWb33oZJHIQwIqtYvKow&ust=1501168335919504
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjZjOmQnqfVAhWCHT4KHbNYBRkQjRwIBw&url=http://accesshosting.com/5-pitfalls-windows-azure-hosting&psig=AFQjCNEXX6PQwsOo8WXFZ0Lf07S2D41eNg&ust=1501168370803480
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CPU

213: Assembly/Machine Code View

PC
Registers

Memory

Code
Data
Stack

Addresses

Data

InstructionsCondition
Codes

https://www.cs.cmu.edu/~213/
http://csapp.cs.cmu.edu/3e/students.html

https://www.cs.cmu.edu/%7E213/
http://csapp.cs.cmu.edu/3e/students.html
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Modern CPU Design

Execution

Functional
Units

Instruction Control

Branch Arith Arith Load Store

Instruction
Cache

Data
Cache

Fetch
Control

Instruction
Decode

Address

Instructions

Operations

Prediction OK?

DataData

Addr. Addr.

Arith

Operation Results

Retirement
Unit

Register
File

Register Updates

Bryant and O’Hallaron, Computer Systems: A Programmer’s Perspective, Third Edition
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Intel Core i7 Cache Hierarchy

Regs

L1 
d-cache

L1 
i-cache

L2 unified cache

Core 0

Regs

L1 
d-cache

L1 
i-cache

L2 unified cache

Core 3

…

L3 unified cache
(shared by all cores)

Main memory

Processor package

L1 i-cache and d-cache:
32 KB,  8-way, 
Access: 4 cycles

L2 unified cache:
 256 KB, 8-way, 
Access: 10 cycles

L3 unified cache:
8 MB, 16-way,
Access: 40-75 cycles

Block size: 64 bytes for 
all caches. 
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 Numerical Form: 
   (–1)s M  2E

 Sign bit s determines whether number is negative or positive
 Significand M  normally a fractional value in range [1.0,2.0).
 Exponent E weights value by power of two

 Encoding
 MSB s is sign bit s
 exp field encodes E (but is not equal to E)
 frac field encodes M (but is not equal to M)

Floating Point Representation

s exp frac

Example: 
1521310  = (-1)0 x 1.11011011011012 x 213
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AMX
1kB tiles
Int8 or float16

Intel SSE/AVX: Floating Point

SSE

SSE2

SSE3

SSSE3

SSE4.1/4.2

AVX

AVX2, FMA3

AVX512, KNC

128-bit
4x float

128 bit
4x float
2x double

256 bit
8x float
4x double

512 bit
16x float
8x double

AVX10
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Accuracy

 How many correct digits does your answer contain?
 Float mantissa only gives upper bound on accuracy, but no guarantees
 Cancellation may result in very few correct digits, despite convergence
 Not limited by input inaccuracy, but through algorithm and data
 Iterative algorithms pose even more challenges

 Example: Solving a quadratic equation

 Cancellation, e.g., for 
 Solve via Theorem of Vieta

 Other issues: a=0, x1=0, a small, x1 small, b2≈4ac
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Forward and Backward Error Analysis
 Forward error:

input
true output
approximated output
Apply approximated function

 Backward error:
true input
approximated output
needed input
Exact solution of modified problem

Relative forward error

Relative backward error

Estimating forward error is hard. 
Forward error can be estimated from backwards error.

https://www.math.usm.edu/lambers/mat460/fall09/lecture6.pdf

https://www.math.usm.edu/lambers/mat460/fall09/lecture6.pdf
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Top End Computing Of Yesteryear
1 flop/s = one floating-point operation (addition or multiplication) per second
mega (M) = 106, giga (G) = 109, tera (T) = 1012, peta (P) = 1015, exa (E) = 1018

In 2026…

…would have been the #1 supercomputer back in…

Cray Y-MP C90
16 Gflop/s
1991

CM-5/1024
131 Gflop/s
1993

Earth Simulator
41 Tflop/s
2002

Tianhe-1A
4.7 Pflop/s
2010

#1 supercomputer
2.8 Eflop/s

Workstation
32 Tflop/s (2xCPU) 

Laptop
120 Gflop/s

Cell phone
15 Gflop/s

AI Server
3.2 Pflop/s (72xGPU) 



Carnegie Mellon

16

Today’s Computing Landscape
1 Gflop/s = one billion floating-point operations  (additions or multiplications) per second

16

IBM POWER10
7.5 Tflop/s, 130 W
30 cores, 4 GHz
4-way VSX-3, MMA
 

Intel Xeon 6980P  
16 Tflop/s, 500 W
128 cores, 2 – 3.9 GHz
2-way—16-way AVX-512

Google Willow
105 qubits

Snapdragon 8+ Gen1
15 Gflop/s, 2 W
8 cores, 3.2 GHz
A730 GPU, Hexagon DSP

Dell PowerEdge R960
30 Tflop/s, 8 TB, 1.5kW
4x 60 cores, 1.9 – 3.5 GHz
2-way – 16-way AVX512

Cerebras WSE3
12.5 Pflop/s 20kW
900,000 cores

Nvidia B200
40 Tflop/s, 1000 W
20,480 cores, 1.980 GHz
2.25 Pflop/s FP16 tensor cores

El Capitan
2.8 Eflop/s, 30MW
43k 24-core CPUs + 43k GPUs
#1 in Top500
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ECE Data Center
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Software Levels of Abstraction

C programmer

Assembly programmer

Computer Designer

C code

Caches, clock freq, layout, …

Nice clean layers, 
but beware… 

Of course, you know that:  It’s why you are taking this course.
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Hmmm, How Does This Work?!  
Process 1 Process 2 Process n

Solution: Virtual Memory (today and next lecture)



Carnegie Mellon

20

Virtualization

Hardware

HypervisorOperating system

Hardware

Operating 
system 1

Operating 
system n

 Simulates multiple computer systems to OS
 CPU data structures like page table
 Hypervisor traps OS privileged instructions
 Lots of R&D to make virtualization fast and complete
 Server-grade and workstation/open source: VMWare, VirtualBox,…



Carnegie Mellon

21

CUDA: GPU Computing
 Number of kernel invocations is not determined by size of data collection (a 

kernel launch is not map(kernel, collection) as was the case with graphics 
shader programming)
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Parallelism vs. Concurrency

Parallelism Concurrency

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiSq73IrqrVAhULNj4KHX_3CS0QjRwIBw&url=http://www.sfexaminer.com/uber-halts-self-driving-car-pilot-sf/&psig=AFQjCNGDvmqUjNEJRDtxxk2zV4V84jlpxA&ust=1501275867430000
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Distributed Memory: Clusters and MPP

 Topology: memory distributed, may have central storage

 Programming 
 Programming model: Bulk synchronous parallel
 Classical/cluster: message passing (MPI)
 Modern/big data: MapReduce/Hadoop
 Disks can be central or local (file system can hide that)

CPU

memory

CPU

memory

CPU

memory
…
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Shared Memory: SMP, NUMA, SIMT

 Topology: memory is globally addressable (may be 
physically partitioned)

 Programming 
 Programming model: PRAM
 OpenMP, pthreads
 Cilk, TBB
 CUDA, OpenCL

CPU

memory

CPU CPU…
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Pipelining: Systolic Arrays, Workflow

 Topology: Data is pipelined from unit to unit

 Programming 
 Programming model: data flow
 TensorFlow
 Simulink, Labview, StreamIt
 Graphical tools

CPU
memory

CPU
memory

CPU
memory

…CPU
memory



Carnegie Mellon

26

Systematic Approach to Optimization

 Preliminaries
 Picking the right algorithm
 Where to optimize: finding the hotspots
 Highest impact optimizations first
 Know when to stop
 Know how good the result is

 Methods
 Use performance libraries (explicitly or implicitly)
 Loop invariant code motion: don’t do stupid things in loops
 Giving tools a chance: write clean code, use language, flags
 How to parallelize: scalability, overheads, language constructs, 

synchronization methods (see previous lecture)
 Use the right (fast) data structures

S. Chellappa, F. Franchetti, and M. Püschel
How To Write Fast Numerical Code: A Small Introduction
In Proceedings of the Generative and Transformational Techniques in Software Engineering (GTTSE) 2007. 

http://www.ece.cmu.edu/%7Efranzf/papers/gttse07.pdf
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Autotuning: From Simple to “Really Hard”
 Level 0: simple C program

implements the algorithm cleanly

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

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

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

 Level 4: synthesize the program from scratch
high level representation, e.g., TCE and Spiral
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How Good Is it? Roofline Model

 Simple “ideal case” model
 How fast can the memory be (memory bandwidth)
 how fast can the computation be (flop/s)
 Depends on algorithm and hardware
 Where relative to the limits are you?

S. Williams, et al., The Roofline Model: A Pedagogical Tool for Auto-tuning Kernels on Multicore Architectures, Hot Chips 20, August 10, 2008.
https://crd.lbl.gov/assets/pubs_presos/hotchips08-roofline-talk.pdf
https://crd.lbl.gov/departments/computer-science/par/research/roofline/publications/

https://link.springer.com/chapter/10.1007%2F978-3-319-46079-6_24

https://crd.lbl.gov/assets/pubs_presos/hotchips08-roofline-talk.pdf
https://crd.lbl.gov/assets/pubs_presos/hotchips08-roofline-talk.pdf
https://crd.lbl.gov/assets/pubs_presos/hotchips08-roofline-talk.pdf
https://crd.lbl.gov/assets/pubs_presos/hotchips08-roofline-talk.pdf
https://crd.lbl.gov/assets/pubs_presos/hotchips08-roofline-talk.pdf
https://crd.lbl.gov/departments/computer-science/par/research/roofline/publications/
https://crd.lbl.gov/departments/computer-science/par/research/roofline/publications/
https://crd.lbl.gov/departments/computer-science/par/research/roofline/publications/
https://link.springer.com/chapter/10.1007%2F978-3-319-46079-6_24
https://link.springer.com/chapter/10.1007%2F978-3-319-46079-6_24
https://link.springer.com/chapter/10.1007%2F978-3-319-46079-6_24
https://link.springer.com/chapter/10.1007%2F978-3-319-46079-6_24
https://link.springer.com/chapter/10.1007%2F978-3-319-46079-6_24
https://link.springer.com/chapter/10.1007%2F978-3-319-46079-6_24
https://link.springer.com/chapter/10.1007%2F978-3-319-46079-6_24
https://link.springer.com/chapter/10.1007%2F978-3-319-46079-6_24
https://link.springer.com/chapter/10.1007%2F978-3-319-46079-6_24
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Linear Algebra = Language of Engineering

Software Systems
18-330 Introduction to Computer Security
18-441 Computer Networks
15-411 Compiler Design
15-418 Parallel Computer Architecture and Programming 
15-445 Database Systems
18-461 Introduction to Machine Learning for Engineers
15-462 Computer Graphics

Hardware systems
18-340 Digital Computation 
18-341 Logic Design and Verification
18-447 Introduction to Computer Architecture
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From Software To Hardware: Anywhere

Device Science and Circuits
18-300 Fundamentals of Electromagnetics
18-310 Fundamentals of Semiconductor Devices
18-416 Nano-Bio-Photonics
18-421 Analog Integrated Circuits
18-422 Analysis and Design of Digital Circuits

Signals and Systems
18-370 Fundamentals of Control
18-372 Fundamentals in Electric Energy Systems 
18-491 Fundamentals of Signal Processing
18-421 Analog Integrated Circuits
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Core Abstraction 1: Linearity
Linearity

Vector space

linearization

Manifold

gives rise to

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwis09Hu1tDQAhXJwVQKHQGfBgsQjRwIBw&url=http%3A%2F%2Fresource.ansys.com%2FProducts%2FSimulation%2BTechnology%2FElectronics%2FSignal%2BIntegrity%2FANSYS%2BHFSS%2FFeatures%2FHFSS%2B-%2BAdvanced%2BFinite%2BAntenna%2BArray%2BSimulation%2B-%2BNew&bvm=bv.139782543,d.cGw&psig=AFQjCNEP90OpYAyffArA2gC-MhgfCHuLgg&ust=1480602103596777
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Orthogonality and Eigenstuff

 Metric, Distance

 Angle, orthogonality

 Projection, orthonormalization 

 Eigenvectors, eigenvalues

 Singular values
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Complexity

Notation Name Example

O(1) constant Determining if a number is even or odd

O(log n) logarithmic Binary search, lookup in balanced tree

O(n) linear Finding an item in an unsorted list or in an unsorted array 

O(n log n) loglinear fast Fourier transform

O(n2) quadratic worst case bound on quicksort

O(nc) polynomial finding the determinant with LU decomposition

O(cn) exponential Finding the exact solution to the travelling salesman 
problem using dynamic programming

O(n!) factorial Solving the travelling salesman problem via brute-force 
search 
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(In)Tractability: Theory and Praxis

 Intractable: theoretically solvable, practically impossible

 Tractable: practically possible

 No clean correspondence to theory
 Problems in P can be intractable
 Problems in EXPSPACE can be tractable

 If hard problems are tractable
 Heuristics make many problems tractable
 BUT: there always is a counterexample

 Focus in this course: solve large(st) tractable problems
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Standard Dense Linear Algebra Stack

LAPACK
LU factorization
Eigensolves
SVD
… 

BLAS
BLAS-1
BLAS-2
BLAS-3

BLAS: definition between 1979 and 1986

 Separation of concerns
 BLAS: machine specific optimizations
 LAPACK: Linear algebra algorithms
 ScaLAPACK: MPP version of LAPACK

 Open reference implementation

 Vendors optimizes BLAS

 Automation: BLIS, ATLAS, PhiPACK
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Sparse Linear Algebra: More Complicated

 Core operations
 LU factorization
 Solve linear system
 Matrix vector product
 (Matrix matrix product)
 Preconditioning

 Sparse BLAS/LAPACK approach not quite working

 Many matrix type specific solutions 

 Graphs and sparse matrices are closely related
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Graph Algorithms
Breath/Depth First Search Betweenness Centrality

Graph Partitioning Graph isomorphism

Betweenness centrality of 
each vertex from least (red) 
to greatest (blue).

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiM38Tk2_XWAhVh_IMKHRcjDG4QjRwIBw&url=http://www.geeksforgeeks.org/applications-of-minimum-spanning-tree/&psig=AOvVaw05XR-UuhwdPBXYJINF0Rga&ust=1508263028535609
https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwj32_qI3fXWAhVBwYMKHZq4BzAQjRwIBw&url=https://www.slideshare.net/anisaadi/gossip-based-partitioning-and-replication-for-online-social-networks&psig=AOvVaw1MMrw3mz6xnUKFS3KvZGJS&ust=1508263375811282
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwim6Yu43fXWAhUJ2oMKHYFtApIQjRwIBw&url=http://neverstopbuilding.com/minimax&psig=AOvVaw0wNU4VNM7saINti8zziM6q&ust=1508263469034607
https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwin2tnd3fXWAhUD04MKHX6ZBogQjRwIBw&url=https://ayende.com/blog/175041/database-building-101-let-us-graph-this-for-real&psig=AOvVaw1YmgnKoP14rRf33DXcQn6j&ust=1508263517851996
https://en.wikipedia.org/wiki/File:Graph_betweenness.svg
https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiFntCz3_XWAhUnrlQKHWPVC1kQjRwIBw&url=https://cacm.acm.org/magazines/2016/7/204023-graph-matching-in-theory-and-practice/fulltext&psig=AOvVaw2b8DWj0M3lHZMX0SuMoQb3&ust=1508263931075081
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ODEs vs. PDEs
ODE: time dependence PDE: time and space dependence

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiEooHetKrVAhXJND4KHWvRAaAQjRwIBw&url=https://people.sc.fsu.edu/%7Ejburkardt/m_src/fd2d_heat_steady/fd2d_heat_steady.html&psig=AFQjCNGBUe0_k5UhaWS3PbXn5xPjy_Dw5A&ust=1501277514525419
http://world.chinadaily.com.cn/2015-04/01/content_19973916.htm
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ML: Neural Ordinary Differential Equations

Tian Qi Chen, Yulia Rubanova, David Duvenaud: Neural Ordinary Differential Equations. NeurIPS 2018.
https://arxiv.org/abs/1806.07366 

https://arxiv.org/abs/1806.07366
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Optimization in Machine Learning
Clustering: EM, k-means CNN/DNN training

Feature selection Support vector machines

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwj32_qI3fXWAhVBwYMKHZq4BzAQjRwIBw&url=https://www.slideshare.net/anisaadi/gossip-based-partitioning-and-replication-for-online-social-networks&psig=AOvVaw1MMrw3mz6xnUKFS3KvZGJS&ust=1508263375811282
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Self Consistency Cycle in Physics/Chemistry

https://www.intechopen.com/books/selected-topics-in-applications-of-quantum-mechanics/computation-of-materials-properties-at-the-
atomic-scale
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http://www.ansys.com/
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AI: Research and Every Day
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Statistics and ML
Training = statistical model fitting Bayesian Reasoning and ML

ClusteringStatistical machine learning
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Uncertainty Quantification

https://www.biorxiv.org/content/10.1101/274779v1.full

https://www.biorxiv.org/content/10.1101/274779v1.full
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The Art of Presenting Quantitative Information

Have a discussion with Markus Püschel if you get the chance…
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C/C++: Use (Performance) Libraries

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.trends-group.com/Intel/&ei=arcVVbOhG5XLsATS74GQDQ&bvm=bv.89381419,d.cWc&psig=AFQjCNFarbe6nahs5ewrgpfEeYlu9_pDEQ&ust=1427572968225496
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18-645/6: How to Write Fast Code I/II

https://courses.ece.cmu.edu/18645  
https://courses.ece.cmu.edu/18646 
http://www.ece.cmu.edu/~franzf/papers/gttse07.pdf
https://www.inf.ethz.ch/personal/markusp/teaching/18-645-CMU-spring08/course.html

https://courses.ece.cmu.edu/18645
https://courses.ece.cmu.edu/18646
https://www.inf.ethz.ch/personal/markusp/teaching/18-645-CMU-spring08/course.html
https://www.inf.ethz.ch/personal/markusp/teaching/18-645-CMU-spring08/course.html
https://www.inf.ethz.ch/personal/markusp/teaching/18-645-CMU-spring08/course.html
https://www.inf.ethz.ch/personal/markusp/teaching/18-645-CMU-spring08/course.html
https://www.inf.ethz.ch/personal/markusp/teaching/18-645-CMU-spring08/course.html
https://www.inf.ethz.ch/personal/markusp/teaching/18-645-CMU-spring08/course.html
https://www.inf.ethz.ch/personal/markusp/teaching/18-645-CMU-spring08/course.html
https://www.inf.ethz.ch/personal/markusp/teaching/18-645-CMU-spring08/course.html
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https://www.cs.cmu.edu/~418/ 

https://www.cs.cmu.edu/%7E418/
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So We Learned How To Compute…

50

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwijgKedyfzVAhUj0YMKHZFFDcoQjRwIBw&url=http://www.wired.co.uk/article/babbage-lego&psig=AFQjCNGPzWhjouyFTcgnX9-uj5LTV4lG5g&ust=1504100520742220
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#include<fcntl.h>
#include<unistd.h>
#include<termios.h>
#include <sys/time.h>
#include  <sys/mman.h>
# define L } if(!i -- ){
struct timeval F,G; struct termios H,U={ T} ; enum{ N=64,a=N<<7,b=a-1,c=a*32,d
=c-1,    e=c/    2,f=    a*2,    g=a/2,h =g/2,j =h/ 2,Q=V*j*5} ; char*s=P,K,M;
int*      p,      l[      a]      ,m,n,J,o=A,    O=j,E,R,i,k,t,r,q,u,v,w,x,y,z
,B,C,    *D,Z    ;int    main    (){ for(D=mmap(D,4*Q,3,W,open(I,2 ),K); *s; o
++[ l]=k|=* s++%N){ k=* s++%N<<12; k|=*s++% N*N; } tcgetattr(q,& H); tcsetattr
(y,2,    &U);    for(    fcntl(B,4,4); ; o&=b){ if(k&    c){ q=- --k%N; if(!q)
k-=c      ;i      =k      /N&7; { L L if(J&1)    m+=      t; J|=m%N*c; J/=2; m
/= 2;    if(!    q&&r    ^n){ m^=d; J^= d; n=0; } L L    J+=J; J|=m>=0; if(q){
m+=m; m|=J/c; m+=m<0?t:-t; } else{ m+=(m<0)*t; if(r)m^=d; if(n^r)J^= d; n=0; }
L if(    (m^2    *m)/    e%2)    k&=d; else{ J+=J; m+=m; m|=J/c; } L m|=n*c; J
|= m      %N      *c      ;m      /=2; J /=2;    L m+=m; J+=J; J|=n; m|=J/c; L
m+=m;    m|=n    ;  }    J&=d    ; } else{ i=k/f; t=i?k&b:16; p=l+t; if(k&a)p=
l+((*p+=13>i&&7<t&&16>t)&b); { L i=1; L*p=m; L*p++=o|n*e; o=p-l; L*p=0; L m=*p
; L m ^=*p ; L t=m; m    +=*p; m+=d<m    ; n|=((m^t)&    (m^*p))/e; L    m+=*p
; n=m/c; L k=*p; if(      !Z||k/f-8)      /*$    %*/      continue ;      k=-k
; L++*p; o +=!(*p&=d)    ; L m&=*p; L     if(m!=*p)++    o; L o=p -l;    L if(
k&a)n=m/e; if(k&g)J= 0; r=k&h&&m&e; if(k&j)J|=m; else if(r)m^=d; if(k&512)m=0;
i=k/N    &7; { L if(k    &4)J    ^=d; if(k&2)m|=J; if    (k&1    )m|=    q;  }
else      { if(k%N)k      +=      c; { L t =o    ++[      l]      ;       if(r
)J^=d;   L L t=o++[l];   if(r    )J^=d; m-=t; if(m>=0    ){ k    -=c;     n=1;
++o; } } i=2; } L if(Z)k=-1; else{ if(k&8)m=0; t=r=0; i=k/N%N; if(i==27){ if(k
&2)u=v=w=Z=0;    } if    (i==57){ i=k/16&3; { L w =1;    if(k&1)x =0;    if(k&
2) { t= z/N;      t=      t/80*/*/*/100+t% 80;   r=0      ; while(t)      {  r
+=t%10*w; t/=    10;w    <<=4; } m|=r; } if(k&4){ r=m    ; t=0; while    (r) {
t+=r%16*w; w*=10; r>>=4; } r=t/100; t%=100; if(V<=r||79<t)x|=c/8; else z=(r*80
+t)*N    ;  }    w=0;    L if(k& 1&&x    &(e|g) )++o;    if(k& 2)m|=x    |y;if
(k&4      )C      =-      m&65535; L      if(    k&1      )x=y=0; if      (k&2
)B=m;    if (    k&4)    { y^=m&(h|j|    j/2); if(y&j    ){ y^=j;x|=g    ; do{
B&=b; if(y&j/2)z[D]=B[l]; else B[l]=z[D]; ++z; z%=Q; ++B; } while(-- C); } } }
x%=e;    if(x    /a)x    |=e;    if(x&(e|g)&&y&h)u|=c    ; else u%=c;    L if(
k&1)      t=      h;      if      (k&2 )r= e;    if(      k&4){ r=j;      u&=~
h ; }    if(k    &16)    Z=f*    2; L L L t=f; if(k&2    )m|=M|Y; if(    k&4)m
|=u|v; L t=a; if(k&4){ K=m&~Y; write(1,&K,1); u|=t; t=0; } } i=2; if(t){ if(k&
1&&u&t)++ o; if(k&2)u    &=~ t; } if(    r){ if(k&32)    w=r;    else v&=~r; }
} L if(k&a)m=k; else      { t=0; if(      k &    N)t      |=      m/e%2; if(k&
128)t|=!m; if(k&256)t    |= n; if( k&    512 )t=!t; o    +=t;    if(k& h)n =0;
if(k&g)m=0; if(k&1)m^=d; if(k&2)n^=1; if(k&4)m|=S; if(k&8){ m|=n*c; m+=m; if(k
& j)m    +=m;    m|=m    /a/N    ; n=m/c; } if(k&16){ m|=n*c;    m|=m    *2%N*
c; m      /=      2;      if      (k&j) m/=2;    n=m/c; } if      (k      &32)
{ if(    Z)k=    -1 ;    else    break; } } } } n&=1; if(k<c)    {  m    &= d;
o &=b; if(!R--){ if (~u&f &&read(0, &M,1)>0){ if(X&& M== X)break; R=0; u|=f; }
gettimeofday(&G,0); G.tv_usec/=16667; if(G.tv_sec>F.tv_sec||F.tv_usec<G.
tv_usec){ F=G; if(v&j){ p=l+7; ++*p; *p&=d; if(!*p)u|=h; } R=0; } if
(!R){ E=O/4; O=4; } O+=R=E; } if(!++k||(v&e&&u)){ *l=o|n*e|Z;v%=
e; o=1+!k; Z=0; } v|=w; w=0; k=o++[l]; } }tcsetattr(w,1,&H); }

…and Write Productive Fast Code
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Thank You!
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