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Mainz Microtron (MAMI)

M.O.D. is to blame for

« the VDCs of SpekA (1992)

* DAQ (2001-) and the analysis
software (co-author, 1996-)
of the A1 collaboration

which are still in use today!




42 Years of Microprocessor Trend Data

42 Years of Microprocessor Trend Data
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Original data up to the year 2010 collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, and C. Batten |

New plot and data collected for 2010-2017 by K. Rupp ‘
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What about the future?

Well, frequency and power will not experience any
significant changes.

Further improvements in instructions per clock may

slightly increase single-threaded performance further,
but not by a big margin.

Transistor counts and number of cores are the two
Interesting quantities:
How long can we keep Moore's Law going?

We will (probably) see an increase in the number of
cores in proportion to the number of transistors.

== massively parallel algorithms are required
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Programming Paradigms

» Structured/Procedural
* Object-Oriented Programming

* Functional Programming

Python Paradigms '

» Structured - Functions, loops, conditionals

* OOP - Classes, objects, methods

* FP - ??? functions 2??



"Uncle" Bob Martin - ""The Future of Programming'

"If we have made any advances in software since

1945 it is almost entirely in what not to do”
YouTube

* Structured Programming:
Don't use unrestrained GOTOs

* Object Oriented Programming:
Don't use pointers to functions

* Functional Programming:
Don't use assignment

v


https://youtu.be/ecIWPzGEbFc

What is wrong with assignment?

A

State
Door.open = true
Door.open = false

coding =
coding = coding +

YouTube



https://youtu.be/6f5dt923FmQ

What is wrong with assignment?

Side-effects .

names = [ 'Jan’', 'Kim', 'Sara']

def double name():
for (1, name) 1in enumerate(names):
names[1] = name + name
print (names)

# prints out: ['JanJan', 'KimKim', 'SaraSara']



Problems with state

 Race conditions




Race conditions

groceries = ["apple", "banana", "orange",
"strawberries", "cherries"]
basket = []

def get groceries():
for item in groceries:
if item not in basket:
basket.append(item)
print (basket)



Unpredictable results

A

x =1
def times two():

X = X*2
print(times two())

*F => 2

print(times two())
# =>4



stateless
|
def times two():
X = X*2
def times two(x):

return x*2

times two(1l)

NO STATE means:
* Immutability
* Predictability: f(x)==1(x)




towards concurrency: calculate 7

#include <stdio.h> 1 4:
T dx
#define f(A) (4.0/(1.0+A%A)) o 1 %—:tZ
const int n = 1000000000;
int main(int argc, charx argv([])
{
14 R 7
double w, x, sum, pi; What IS the
w=1.0/n;
sum = 0.0; rOblem?
for (i=0; i<n; i++) { r)

)
X = w % ((double)i + 0.5);
sum = sum + f(x):

¥

printf("pi = %.15f\n", wxsum);

return 0;



towards concurrency: calculate 1

#include <stdio.h>

#detine T(A) (4.0/(1.0+A%A)) const N: usize = 1 000 000 _000;
const int n = 1000000000; const W: f64 = 1f64/(N as f64);
int main(int argc, charx argv[]) fn f(x: f64) —> f64 {
{ 4.0/ (1.0+x%Xx)

LR ¥

double w, x, sum, pi;
fn main() {

w=1.0/n; let mut sum = 0.0;
sum = 0.0;
for (1=0; i<n; i++) { for i in 0..N {
X =w % ((double)i + 0.5); let x = Wk((i as f64) + 0.5);
sum = sum + f(x); sum = sum + f(x);
¥ ¥
printf("pi = %.15f\n", wksum); println!("pi = {}", Wxksum);
¥
return 0;



towards concurrency: calculate 7

® functional = good

const N: usize = 1_000_000 _000; const N: usize = 1_000 000 _000;
const W: f64 = 1f64/(N as f64): const W: f64 = 1f64/(N as f64);
fn f(x: f64) — f64 { fn f(x: f64) —> f64 {

4.0/ (1.0+x%x) 4.0/ (1.0+x%Xx)
¥ }

fn main() { fn main() {
let mut sum = 0.0;

o AR, let sum : f64 = (0..N)

: .into_iter()
lﬁ; f ;um i(i(ai a0 .map(|i] f(wx((i as f64)+0.5)))
1 .sum: :<f64>();
println! ("pi = {}", Wsksum); println!("pi = {}", Wkxsum);
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towards concurrency: calculate 7

® functional = good

const N: usize = 1_000_000 _000;
const W: f64 = 1f64/(N as f64);

fn f(x: f64) —> f64 {
4.0/ (1.0+x%x)
¥

fn main() {

let mut sum = 0

for i in @0..N {
let x = Wk((i as fo4) + 0.5);
sum = sum + f(x);

.0;

}

println! ("pi = {}", Wsksum);

cons
cons

i e
¥

fn main() {

/

/

g

( let sum : f64 = (0..N)

t N: usize = 1_000_000_000;
t W: f64 = 1f64/(N as f64);

(x: fo4) —> f64 {

4.0/ (1.0+x%x)

.into_iter() !
.map(|i] f(wx((i as f64)+0.5))) |
; .sum: :<f64>(): f

printin!("pi = {}", Wxksum);



towards concurrency: calculate 7

functional program = @
multithreading is almost trivial

extern crate rayon;

const N: usize = 1 _000_000 000; const N: usize = 1 000 000 _000;
const W: f64 = 1f64/(N as f64); const W: f64 = 1f64/(N as f64);
fn f(x: f64) —> f64 { fn f(x: f64) —> f64 {
4.0/(1.0+x%x) 4.0/ (1.0+x%x)
I3 s
fn main() { fn main() {
use rayon::prelude: :%*;
let sum : f64 = (0..N) let sum : f64 = (0..N)
.into_iter() .into_par_iter()
.map(|i|] f(wx((i as f64)+0.5))) .map(|1i] f(wWx((i as f64)+0.5)))
.sum: :<f64>(): .sum: :<f64>();
println!("pi = {}", Wxsum); println!("pi = {}", Wksum);

)



towards concurrency: calculate 7

functional program = @
multithreading is almost trivial

! extern crate rayon;

const N: usize = 1 _000_000 000; const N: usize = 1 000 000 _000;
const W: f64 = 1f64/(N as f64); const W: f64 = 1f64/(N as f64);
fn f(x: f64) —> f64 { fn f(x: f64) —> f64 {
4.0/(1.0+x%x) 4.0/ (1.0+x%x)
I3 s
fn main() { fn main() {
| use rayon::prelude: :x;
let sum : f64 = (0..N) let sum : f64 = (0..N)
.into_iter() ! .into_par_iter()
.map(|i|] f(wx((i as f64)+0.5))) .map(|1i] f(wWx((i as f64)+0.5)))
.sum: :<f64>(): .sum: :<f64>();
println!("pi = {}", Wxsum); println!("pi = {}", Wksum);

)



First Conclusion




CPU cache layout - Core 17-7700K

Machine (63GB)

Latency

Output of ‘Istopo’
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Relative Cache Speed

LI Cache

L2 Cache

CPU

L3 Cache

YouTube
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Relative Cache Speed

LI Cache

L2 Cache

CPU

L3 Cache

From a speed perspective:

total memory = total cache

YouTube
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https://youtu.be/WDIkqP4JbkE

Cache line

Main memory read/written in terms of cache lines
typical size: 64 byte

* Read (write) one byte
= read (write) full cache line from (to) memory
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row major matrix traversal column major matrix traversal

2



Cache line - matrix traversal

const VSIZE: usize = 8192; // matrix size: 8192x8192
let vals: Vec<Vec<u32>> = init():

let mut rcnt = 0; This MacBook Pr
for i in @..VSIZE { S IMlacboo o

for j in 0..VSIZE {

} rent += vals[i] [j]1%2; rowwise: 0.046 sec

®

}

let mut ccnt = 0;
for i in @..VSIZE {
for j in @..VSIZE {
ccnt += vals[j][i]1%2;
¥

)

let rcnt = vals
.iter()
.map(|v]| v.iter().map(|x]| X%2).sum::<u32>())
.sum: :<u32>():

i



Cache line - matrix traversal

const VSIZE: usize = 8192; // matrix size: 8192x8192
let vals: Vec<Vec<u32>> = init():

let mut rcnt = 0; This MacBook Pr
for i in @..VSIZE { S IMlacboo o

for j in 0..VSIZE {

} rent += vals[i] [j]1%2; rowwise: 0.046 sec

®

}

let mut ccnt = 0;
for i in 0..VSIZE {
for j in @..VSIZE {
ccnt += vals[j][i]1%2; i
} columnwise: 0.774 sec
¥

let rcnt = vals
.iter()
.map(|v]| v.iter().map(|x]| X%2).sum::<u32>())
.sum: :<u32>():

i



Cache line - matrix traversal

const VSIZE: usize = 8192; // matrix size: 8192x8192
let vals: Vec<Vec<u32>> = init():

let mut rcnt = 0; This MacBook Pr
for i in @..VSIZE { S IMlacboo o

for j in 0..VSIZE {

} rent += vals[i] [j]1%2; rowwise: 0.046 sec

®

let mut ccnt = 0;
for i in 0..VSIZE {
for j in @..VSIZE {
ccnt += vals[j][i]1%2; i
} columnwise: 0.774 sec

let rcnt = vals
.iter()
.map(|v]| v.iter().map(|x]| X%2).sum::<u32>())
.sum: :<u32>():

iterator: 0.018 sec

i



False Sharing

Problems arise only when all are true:

* Independent values/variables fall on the
same cache line

* Different cores concurrently access that
line

* Frequently

» At least one is a writer

All types of data are susceptible

23



Second Conclusion

In order to really speed up your program
data/code have to fit into the CPU cache

A



Rust’'s Buzzwords

» Safety, Speed, Concurrency

* Memory safety without garbage
collection

 Zero-cost abstractions

25



Rust (programming language)
From Wikipedia, the free encyclopedia

Rust is a systems programming language

- with a focus on safety, especially safe concurrency,
» supporting both functional and imperative paradigms.
Rust is syntactically similar to C+ +,

* but its designers intend it to provide better memory
safety while still maintaining performance.

Rust won first place for "most loved programming
language" in the Stack Overflow Developer Survey in
2016, 2017, and 2018.

26



Rust (programming language)
From Wikipedia, the free encyclopedia

Rust was originally designed by at
(~2010), with contributions from
Dave Herman, Brendan Eich, and many others.

Version 1.0 stable in May 2015

Its designers have refined the language through the
experiences of writing the Servo web browser layout
engine and the Rust compiler.

The compiler is free and open-source software, dual-
licensed under the MIT License and Apache License 2.0.

LT



Aside: Safety & GC

Memory must be reused

* C: “Just follow these rules perfectly, you're smart”
* Java, JS, Go, etc: “Wait a minute, I'll take care of it”

* Rust: “I'll prove correctness at compile time”

28



What Rust has to offer

* Strong safety guarantees...
No seg-faults, no data-races,
expressive type system.

* ...without compromising on performance.
No garbage collector, no runtime.

* Goal:
Confident, productive systems programming

29



What's concurrency?

In computer science, concurrency Is
a property of systems in which
several computations are executing
simultaneously, and potentially
interacting with each other.

// What does this print?
int main() {
1INt i pld = cfork(E
printf ( s oRlol) £
}

30



Concurrency is hard!

* Data Races

» Race Conditions
» Deadlocks

» Use after free

 Double free

31



Concurrency is hard!

* Data Races
* Race Conditions
» Use after free

 Double free
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What's safety?

void example() {

@ Mutation
vector<string> X
e ., ////
auto& = vector[0]:

vector.push_back(some_string);
cout << elem:

o e

elem

Aliased Pointers

Bil



Rust’s Solution

Ownership/Borrowing

/LN

. Memory No data
No runtime
Safety races

C++ GC

Es



Ownership

fn main() { fn take(v: Vec<i32>) {

let mut v = Vec::new(): /7
v.push(1); I3
v.push(2);

take(v);

et

B2



Ownership

fn main() { fn take(v: Vec<i32>) {
let mut v = Vec::new(): V& (5.

v.push(1); I3
v.push(2);

take(v);

Ve

B2



Ownership

fn main() { fn take(v: Vec<i32s>) {
let mut v = Vec::new(): Vo i,

v.push(1); I3
v.push(2);

take(v);
vV IIIIIIIIIIIIII

[/ «as
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Ownership

fn main() { fn take(v: Vec<i32s>) {
let mut v = Vec::new(): Vo i,

v.push(1); I3
v.push(2);

take(v);

Ve
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Ownership

fn main() { fn take(v: Vec<i32>) {

let mut v = Vec::new(): Vo i,

v.push(1); > }

v.push(2);
take(v);
(e

B2



Ownership

fn main() { fn take(v: Vec<i32>) {
let mut v = Vec::new(): Vo e
v.push(1); I3
v.push(2);
take(v);

[/ «as

B2



Ownership

fn main() { fn take(v: Vec<i32>) {
let mut v = Vec::new(); /7
v.push(1); I3
v.push(2);
take(v);

? g \
move ownership

B2



Ownership

fn main() { fn take(v: Vec<i32>) {

let mut v = Vec::new(): Vo e
v.push(1); I3
v.push(2);

take(v);

v.push(3);

ES



Ownership

fn main() { fn take(v: Vec<i32>) {
let mut v = Vec::new(); /7
v.push(1); I3
v.push(2);
take(v);
V- Ppsh{3)-

error: use of moved variable v

ES



Borrowing

fn main() { fn push(v: &mut Vec<i32>)
let mut v = Vec::new(); {
push(&mut v); v.push(1);
read(&v) ; j
e~
} fn read(v: Vec<i32>) {
W

}

36



Safety in Rust

» Rust statically prevents aliasing + mutation
* Ownership prevents double-free
* Borrowing prevents use-after-free

* QOverall, no segfaults!

B



I did not talk about ...

» Testing

* Error Handling

» Generic Types, Traits, Lifetimes
* Cargo and crates.io

* Futures and Streams

 Unsafe or advanced Rust

38



Conclusions

|

In order to really speed up your program
data/code have to fit into the CPU cache

— e ——— . — —

|
|
!




Installing Rust

* rustup: the Rust toolchain installer

https://github.com/rust-lang-nursery/

rustup.rs

# curl https://sh.rustup.rs \
——silent --output rustup-init.sh
# sh rustup-init.sh

210,


https://github.com/rust-lang-nursery/rustup.rs

Smart pointer

... are data structures that not only act like a

pointer but also have additional metadata and
capabilities.
Examples:

* Vec<T>
 Box<T> for allocating values on the heap

* Rc<T>, a reference counting type that enables
multiple ownership

<l



Further reading and viewing

* The Rust Programming Language
https://doc.rust-lang.org/stable/book/

* Vorlesung ,,Programmieren in Rust”, Universitat
Osnabruck, Wintersemester 2016/17.

https://github.com/LukasKalbertodt/programmieren-in-rust

* https://www.karlrupp.net/2015/06/40-years-of-
microprocessor-trend-data/

 https://youtu.be/eclWPzGEbFc
* https://yvoutu.be/6f5dt923FmQ
* https://youtu.be/WDIkqP4JbkE
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https://github.com/LukasKalbertodt/programmieren-in-rust
https://youtu.be/ecIWPzGEbFc
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