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CPU Transistor Counts 1971-2008 & Moore’s Law

" Cramming more components onto integrated 2,000,000,000—
circuits”, Electronics Magazine 19 April 1965: 1,000,000,000—
The complexity for minimum component costs has
increased at a rate of roughly a factor of two per

100,000,000 —
year... Certainly over the short term this rate can
be expected to continue, if not to increase. Over €

h 5 . 3 10,000,000 —|
the longer term, the rate of increase is a bit more s
uncertain, although there is no reason to believe it 2
will not remain nearly constant for at least 10 2 1o0000—
years. That means by 1975, the number of =

components per integrated circuit for minimum 100,000
cost will be 65,000. | believe that such a large
circuit can be built on a single wafer

1971 1980 1990 2000 2008

Date of introduction

AMD Opteron 2435: 900 mil. transistors, 6 cores, 2600 MHz, 45 nm

Intel Core i7 975 XE: 731 mil. transistors, 4 cores, 3333 MHz, 45nm

Nvidia GTX 480: 3 000 mil. transistors, 480 cores, 700 MHz, 40 nm

Intel Core i7 3960X, 2 200 mil. transistors, 6/12 cores, 3300(3900) MHz, 32nm (22 nm)



Vyvoj mikroprocesorové techniky

> Vyvoj v mikroprocesorové technice se ubird dvéma sméry, prvni dosahuje
extrémnich vykond (PC), kdy vyuZitelné jsou pouze posledni produkty a druhy

smé&r usiluje o nizkou spotFebu, cenu, omezeny vykon (MCU).

[ Microprocessor [ Year of introduction | No. of Transistors
4004 1971 2300
8008 1972 2500
8080 1974 4500
8086 1978 29000
Intel286 1982 134000
Intel386 1985 275000
Intel486 1989 1200000
Intel Pentium 1993 3100000
Intel Pentium Il 1997 7500000
Intel Pentium Il 1999 9500000
Intel Pentium 4 2000 42000000
Intel Itanium 2001 25000000
Intel Itanium 2 2003 220000000
Intel Itanium 2 (9 MB cache) 2004 592000 000




Zpisoby zvySovani vykonu mikroprocesori

> Vykon mikroprocesorii Ize ovlivnit nékolika prostfedky, nap¥.: zmé&nou vyrobni
technologie, efektivnim funk&nim uspofadanim, p¥idavnymi jednotkami, &i
zfetézenim instrukci.

> Dopady rozdilnych vyrobnich technologii:

> Vy38i hustota integrace umoziuje konstrukci vétsiho po&tu prvkl na jednotku plochy
(2000 - 180 nm, 2009 45 nm, 2010 32nm, 2012 22 nm):

>

>

>
>

Mensi parazitni kapacity mezi vodici/prvky; co? zplisobuje mensi prepinaci ztraty a soutasné&
kratsi dobu p¥echodného dg&je.

MiiZe riist frekvence hodinového signalu; ale ztratovy/p¥epinaci vykon celé soutastky zavisi na
fcpu. ti. pFi vy83i frekvenci je také procesor vice tepeln& zatiZen.

V&t istota kfemikového substratu umoZiiuje konstrukei vétsich &ipd.

Vice elementarnich prvki na &ipu zplsobuje také vétsi ztratovy vykon.

> Ztratovy vykon lze ovlivnit snizenim napdjeciho napéti a fcpy.



Zpisoby zvySovani vykonu mikroprocesori

» Kolem roku 2000 za&ina éra pretaktovani procesorii

> u stardich typd (AMD thunderbird) HW zdsah do procesoru

> vyrazné vylepSeni poméru cena-vykon

> pro pretaktovani neni vhodnd kaZda ¥ada procesoru

> Pentium 4 - ztrdtovy vykon TDP 140 W, C2D 65W - pfetaktovdni na 5 GHz
» ndaroky na chlazeni - m&d, heatpipe, vodnik, dusik

> pouze pro PC

v

v oblasti serverii nemozné (spolehlivost, rack mount, ...)



Thermal Design Power

» Thermal Design Power
P o CU?f

> limitation of max
temperature of Silicon die

> as example, Intel i7 860
processor, die 296 mm?,
system power consumption

> not possible solution for
server segment

System Power Consumption, W

Core i7-860

2772

1706
154.1 15835 165

280 3.00 3.20 3.40 3.60 380 400

Frequency, GHz



Zpisoby zvySovani vykonu mikroprocesort
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Obrazek: Vodni chlazeni



Zpisoby zvySovani vykonu mikroprocesori

Obrazek: Dusik



Zpisoby zvySovani vykonu mikroprocesori

> ZvyZeni poletniho vykonu zménou funkéni struktury:
> MoZnost umistit mikroprocesor + paméti + periférie na jediny &ip.
> Rozsiteni datové (8 — 16, 32, 64 bitl) a adresni sb&rnice (16 — 20, ..., 32 bitd)
efektivng vyuZiva velikost kfemikového substratu:
P Lze tak zpracovdvat v&tsi operandy.
> Si¥ka bitového slova koresponduje maximalni hodnotu, kterou dokdZe mikroprocesor zpracovat
b&hem jedné operace (255@8bitové, 65536@16bitové).
> Hodnoty V&t3i je nutné nejprve rozdélit a nasledn& potitat v n&kolika krocich (viz 2bytové
operace na AVR).
Pozn.: Procesory Intel 8086 (16bitova DB) a 8088 (8bitova DB) maji shodnou instrukéni sadu. P¥esto,
pFi shodné frekvenci fcpy mize 8086 pracovat az 2X rychleji.

> PYechod na paralelni &innost:
> Jadro procesoru obsahuje v&t3i polet funkénich jednotek (v&etn& sbérnic, viz
architektura VLIW).
> MoZnost vykonu vé&tsiho poltu instrukci sougasné.
> Ridici jednotka umoZiuje nacteni vé&tsiho po&tu instrukci a ndsledné je presklada pro
efektivn&jsi vykon.
» Koprocesory:
> Df¥ive byly procesory dopliiovany externimi matematickymi koprocesory, které
vykondvaly numerické operace (jest& u 80386).
> Pozdgji se koprocesory integrovaly pfimo na &ip procesoru, coz opé&t zplsobuje vétsi
po&etni vykon.



Zpisoby zvySovani vykonu mikroprocesori

> P¥echod na paralelni &innost (2005):
> Intel zaostava s technologii Netburst
Netburst - technologie zaloZend na hlubokém v&tveni vykondvani instrukci
p¥edpoklad aZ 5 GHz, ale obrovské TDP 140 W na 3 GHz
objevuje se HyperThreading - " softwarové” dvoujadro
Hyper threading musi podporovat OS

vvyyvyy

AMD Athlon X2 - nativni dvoujidro

efektivni pro ndro¢né vypotty (paralelni zpracovani)
ALE musi byt optimalizované aplikace - problém!
nesmi byt zavislost vldken mezi sebou, jinak zpomaleni

vyvyyvyy

> Jen vic a houst jader ...
> Intel Core, Core 2 Duo - podobna Pentium Pro z roku 1995
> dvoujddra, v nejvyssich fadach veetn& Hyperthreadingu - virtudlni 4 jadro
> postupné ndvrat na technologickou ¥pi¢ku
> Core 2 Quad - 2 x 2 Core 2 Duo na jednom &ipu
a nebo ...
> AMD Athlon X4, problémy s vyrobou, 8ikovny tah s X3
> X3 "vadnd" 4 jadra z vyroby, kterd ale 8la nékdy odemknout na 4 jadra
> pofad schazi podpora software
> desktop segment ma problém s malou RAM (¥adi¢ paméti - 4 sloty)



Zplsoby zvySovani vykonu mikroprocesori

> soulasnost u Intelu ...
> Intel Core i7 - vykon super PC z roku konce 90 let v desktopu
> s hyperthreadingem 8 jader
> chipset s podporou 16 GB RAM
> ale neni podpora software, nicméng, vice instanci programu Matlab (nap¥.)
> vyhodné pro virtualizaci

Willamette ———Northwood —— Prescott — Tejas —Nehalem Released - Canceled - Future - Microarchitecture name
L cedarmil
NetBurst Prescott-2M — Cedar Mill

Smithfield — Presler

Core
Coppermine — Tualatin — Banias —— Dothan ——Yonah lconroe Wolfdale Nehalem Sandy Bridge Haswell
P6 [Kentsfield — Yorkfield j—Nehalem ——Westmere |—{Sandy Bridge — Ivy Bridge |—[Haswell — Rockwell

| 180am 130nm | s0nm 65nm | 450m I 320m | 20m | tenm |

Atom
Silverthorne  —Lincroft
Diamondville —Pineview — Cedarview

Obrazek: Technology roadmap Intel

» AMD nespi ...
> AMD zejména serverovd oblast - viz vypo&etni server
2009 - Opteron 4 jadra, vysokd propustnost pamé&ti
2010 - Opteron 6 jader, nasleduji nejvyssi fady 6000 - 12 nebo 8 jader
nastup masivni virtualizace v serverové oblasti

vyvyy



Odskok - vypoéetni server UREL

> konfigurace je zvolena pro vypotty z oblasti numerickych metod pro vice software
> neni vyhodné vytvofit cluster se sdilenymi zdroji

» konfigurace nap¥. 2 x Quad Core Opteron 2.7 GHz, 32 GB RAM, 72 GB SAS disk
+ 1 TB diskové pole

> nebo 2 x Quad Core Opteron 2.1 GHz, 16 GB RAM, 72 GB SAS disk + 1 TB
diskové pole - to je sdilené

> Ize pro FeSeni slozitéjsich tloh p¥itazovat HW zdroje konkrétnim vypoétim

> experimenty s clustrem pomoci virtualizovaného HW (96 GB RAM, 6CPU, 28
jader)
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High performance computing

Definice

High performance computing (HPC) stands for scientific parallel computing on
a high-performance system, i.e. systems listed on the Top500 list

(http: // top500. org/ ).

» Multidisciplinary problems
» Coupled applications
> Full simulation of engineering
systems
> Full simulation of biological
systems
> Astrophysics
> Materials science
> Bio-informatics, proteomics,
pharmaco-genetics
> Scientifically accurate 3D
functional models of the human
body
Biodiversity and biocomplexity
Climate and atmospheric research
Energy
Digital libraries for science and
engineering

yvyvy

> Large amount of data

» Complex mathematical models

Scientific

Military

Commercial

1950 1960 1970 1980 1990 2000 2010

Nuclear Quantum Genetics Fusion
physics chemistry research
Mathematics weather Materials  Cimate z’g:e”“ng
forecasting science  change
Intelligence Tactical
Radar image simulation
Weapons processing
modeling

Oil deposit

Banking & insurance Drug design  finding

databases A i
Aerodynamics Animation  stock
movies rates
Special FX Search Prediction
engines

Obrazek: HPC through the ages.


http://top500.org/

Current HPC trend

> Top500 project ranks and details the 500 (non-distributed)
most powerful known computer systems in the world.

(Ranking of supercomputers according to the LINPACK

benchmark; Rmax — Maximal LINPACK performance

achieved.)
» Top500: some facts

1976 Cray 1 installed at Los Alamos National Laboratory: peak
performance 160 MegaFlop/s (10° flop/s)

1993 (1° Edition of Top500 list was published at the
Supercomputing Conference in Mannheim, June 1993.) N.1:
CM-5/1024 system with Ry, =59.7 GFlop/s (10° flop/s)

1997 Teraflop/s barrier (10'? flop/s)

2008 Petaflop/s barrier (10 flop/s): Roadrunner (Los Alamos
National Lab) Rmax =1026 Gflop/s. Hybrid system: 6562
processors dual-core AMD Opteron accelerated with 12240
IBM Cell processors

2011 Rpax =10.5Pflop/s. K computer (SPARC64 VIIIfx 2.0GHz)
RIKEN Japan

> 62% of the systems on the top500 use processors with six or
more cores
> 39 systems use GPUs as accelerators (35 NVIDIA, 2 Cell, 2
ATI| Radeon)
» commodity Linux clusters occupying a great share of the
Top500 list
72777 Ostrava, Czech Republic




Center for Scientific Computing, Finland

Figure: CSC (Center for Scientific Computing), Finland; Cray XT5/XT4 QC 2.3 GHz;
Top500 Nov-2011 no. 202. Total cores: 10 864. Maximal performance
Rmax =76,5 Tflop/s. Processors: Opteron Quad Core 4C 2.3 GHz. Processor
technology: AMD x86_64.



HPC systems evolution

> Vector Processors
> Cray-1
> SIMD, Array Processors
> Goodyear MPP, MasPar 1 & 2, TMC CM-2
> Parallel Vector Processors (PVP)
» Cray XMP, YMP, C90 NEC Earth Simulator, SX-6
> Massively Parallel Processors (MPP)
> Cray T3D, T3E, TMC CM-5, Blue Gene/L
» Commodity Clusters
> Beowulf-class PC/Linux clusters
> Constellations
> Distributed Shared Memory (DSM)
> SGI Origin
» HP Superdome
> Hybrid HPC Systems
> Roadrunner
» Chinese Tianhe-1A system
> GPGPU systems (General-purpose computing on graphics
processing units; http://gpgpu.org/)

Obrazek: Ancient Beowulf cluster.


http://gpgpu.org/

Parallel computers; Parallel programming models

> Shared memory: all the cores can access the whole memory.

> Distributed memory: all the cores have their own memory

and communication is needed in order to access the

memory of other cores.

» Current supercomputers combine the distributed memory @ @

and shared memory approaches.

> Message passing Memory | _| Memory

. core 1 core 2

> Can be used both in distributed and shared memory ,\ i
computers. Memory
> Programming model allows for good parallel scalability. o e

> Programming is quite explicit.

> Threads (pthreads, OpenMP)

> Can be used only in shared memory computers.
> Limited parallel scalability.

Memory Memory
core 1 -4 [™core 5- 8

> "Simpler” /less explicit programming. " Me‘mory
> Hybrid programming core x-N

> Threads inside a node, message passing between nodes

> Can enable scaling to extreme core counts (>10000)



Parallel computing concepts

> Parallel computation = executing tasks concurrently
> A task encapsulates a sequential program and local data, and its interface to its
environment
> Data those of other tasks is remote
> Data dependency = computation in one task requires data in another task in
order to proceed

> Synchronization

> coordination of processes for maintaining correct runtime order and for keeping data
coherent

> Load balance
> distribution of workload to different cores
> Parallel overhead

> additional operations which are not present in serial calculation
> synchronization, redundant computations, communications



Message passing interface (MPI)

v

v

v

v

MPI is an application programming interface (API) for

communication between separate processes
> The most widely used approach for distributed parallel

MPI programs are portable and scalable

computing

MPI is flexible and comprehensive

>

> concise (often only 6 procedures are needed)

large (over 120 procedures)

MPI standardization by MPI Forum

>
| 4
>
>

MPI 2.2 Released September 4, 2009
MPI 3.0 Released September 21, 2012
http://www.mpi-forum.org/

Execution model

>

| 4
>

Parallel program is launched as set of independent,

identical processes

The same program code and instructions
Can reside in different nodes . .. or even in different

computers

The way to launch parallel program is implementation

dependent
mpirun, mpiexec, aprun, poe, ...

N oo s wN

if (

if (

MPI runtime assigns each
process a rank

> identification of the processes
> ranks start from 0 and extent
to N-1
Processes can perform different
tasks and handle different data
basing on their rank

rank = 0 ){
. // master code

rank != 0 ){
.. // slave(s) code


http://www.mpi-forum.org/

Data model; Routines of the MPI library; Programming MPI

» Obtaining information about the communicator

» All variables and data > number of processes,
structures are local to the > rank of the process
process » Communication between processes

> sending and receiving messages between two processes

> Processes can exchange data . __
> sending and receiving messages between several processes

by sending and receiving
messages > Synchronization between processes

» Advanced features

» MPI standard defines interfaces to C and Fortran programming languages

» C call convention

1  rc = MPI_Xxxx( parameter, ... )
2 // some arguments have to passed as pointers

» Fortran call convention

1 CALL MPI_XXXX( parameter, ..., rc )
2 I return code in the last argument

> How to exploit parallel possibilities on desktop? Just install openmpi package
(http://www.open-mpi.org/)!


http://www.open-mpi.org/

s

there from many ...

#include <stdio.h>
#include <mpi.h>

int main( int argc, char sargv[] )
int rank, size ;
MPI_Init( &argc, &argv ) ;

MPI_Comm_rank( MPI_COMM_WORLD, &rank );
MPI_Comm_size( MPI_COMM_WORLD, &size );

printf( "Hello, world! from process %d

of %d\n", rank,size ) ;
MPI_Finalize() ;

return( 0 ) ;

File Edit Vi

—

[
[
H
H
H
H
H
H
H
H
[

hello2

hello2 : bash

ew Bookmarks

: bash

Settings Help
- 102, ¢




Sum of array — sequential version

1 #define N 16

2 #include <stdio.h>

3 #include <stdlib.h>

4 int main( void )

5

6 int i ;

7 double *array ;

8 double sum ;

9

10 // allocate array demo_sum: hash
11 array = malloc( sizeof(double) * N ) ; File Edit View Bookmarks Settings Help
12 [f t uml$ ¢ a
13 // initialize array [ i

14 for( i=0; i<N; i++ ){

15 array[i] = 2.0%i ;

16

17

18 // sum array

19 sum = 0 ;

20 for( i=0; i<N; i++ ){

21 sum += array[i] ;

22 } @ demo_sum: bash

23

24 // print result

25 printf( "Sum is %g\n", sum ) ;

26

27 free( array ) ;

28 return( 0 ) ;



Sum of array — parallel version

1
2  #include <mpi.h>

3

4 int main( int argc, char xargv[] )

5 {

6

7 MPI_Init( &argc, &argv ) ;

8 MPI_Comm_rank( MPI_COMM_WORLD, &rank );
9

10 // send & receive upper half of array
11 if( rank = 0 ) MPI_Send( ... ) ;
12 if( rank = 1 ) MPI_Recv( ... ) ; demo_sum : bash
13 File Edit View Bookmarks Settings Help
14 // compute local sums e p
15 psum = 0 ;
16 for( i=0; i<N/2; i++ ){
17 psum += array[i] ;
18
19
20 // send local sum from 1 to 0
21 if( rank==0 ) MPI_Recv( &sum, ... ) ;
22 if( rank==1 ) MPI_Send( &psum, ... ) ;
23
24 // compute results on 0 and print it ] e ——
25 if ( rank==0 ){ =
26 sum += psum ;
27 printf( "Sum is %g, partial sum from «—
rank 1 is %g\n", sum,psum ) ;
28 }
29
30 MPI_Finalize() ;
31 return( 0 ) ;

32}



Parallel sum — message passing

P1

Memory Memory Memory Memory
PO ||P1 PO ||P1 PO P1 PO ||P1
/ =0 P=
>=m p= mO
Timeline
PO |




Why would you want to learn OpenMP (Open Multiprocessing)?

» An OpenMP API that can be used for multi-threaded shared
memory parallelization
> Fortran 77/9X and C/C++ are supported
> Latest Official OpenMP Specifications:
> Version 3.1 Complete Specifications (July 2011)
> OpenMP parallelized program can be run on your many-core
workstation

» Enables one to parallelize one part of the program at a time
» Serial and OpenMP versions can easily coexist

» Hybrid programming

» Three components of OpenMP

> Compiler directives: expresses shared memory parallelization;
preceded by sentinel, can compile serial version

> Runtime library routines: small number of library functions; can be
discarded in serial version via conditional compiling

> Environment variables: specify the number of threads, etc.

> Starts a parallel region

> Prior to it only one thread, master
> Creates a team of threads: master+slave threads
> At end of block is a barrier and all shared data is synchronized

!$omp parallel

\A A4

!$omp end parallel




Hello world in parallel

1  #include <stdio.h>
2 #include <omp.h>
3
4 int main( int argc, char *argv[] ){ hello : bash
5 D¢ omp_wedl ¢ File Edit Vi
6 int omp_threads ; [ .
7 [
8 #tpragma omp parallel private( omp_rank, < [
omp_threads ) H
9 :
10 omp_rank = omp_get_thread_num() ; H
11 omp_threads = omp_get_num_threads() ; H
12 H
13 printf( "Hello from thread %d out of %d«— :
\n", omp_rank,omp_threads ) ; [
14}
15 return( 0 ) ;




Computing performance MPI vs. OpenMP

OpenMP, MPI
2-D FFT (N = 8)

O -© 1 thread
F [3—£1 2 threads B
[ - 2 threads ideal
=% 4 threads .0
10 - 4 thread ideal o

A—A g threads
/A= A 8 threads (MPI, size =960) | ..-"
A -A § thread ideal .

T T

1x10”

Average computation time [s]
T

T

.
o
s

s
-
-7

Lo
ot 1

- - At L L L
X107y 10 100
Number of color QSXGA frames

Obrazek: Average computation time for two-dimensional FFT OpenMP implementation with
varying transformed frames and threads number (N =8, fcpy =2.7 GHz, QSXGA color frames:
2,560 2,048 pixels).



Matlab parallel and distributed processing architecture

Terms

> Client

> Worker

> JobManager

> Cluster

» MDCE

> Paralell toolbox

> Distributed
computing toolbox

—— Desktop System —

Computer Cluster

Parallel Computing Toolbox

Local Workers

CY Y

Simulink, Blocksefs,

and Other Toolboxes

MATLAB

MATLAB Distributed Computing Server

Workers

()

o
5o

N




Job processing

Scheduler

Pending
Job

submit

createJob

[ Job

Client |

getAllOutputArguments

> Client communicate with JobManager

v

Scheduler (mpiexex,torque,...)

v

Scheduler pass the task on worker

» and returns results to client
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CUDA

> Compute Unified Device Architecture (CUDA)
» CUDA Cis a C/C++ language extension for GPU programming
» PGl has developed similar Fortran 2003 extension
» CUDA API is the most up-to-date GPGPU programming interface for NVIDIA
GPUs
» CUDA programs can be run on NVIDIA GPUs from different hardware
generations (http://www.nvidia.com/object/cuda_home_new.html)

> Since MATLAB 2010 CUDA is supported

GPU Computing Applications

DirectX FORTRAN Java and

OpenCL Compute Python

NVIDIA GPU
with the CUDA Paralle] Computing Architecture

Obrazek: Graphics processing unit computing applications.


http://www.nvidia.com/object/cuda_home_new.html

CUDA Programming Model; CPU and GPU Memories

>

GPU accelerator is called device, CPU
is host

GPU code (kernel) is launched and
executed on the device by several
threads
Threads are grouped into thread
blocks

> Dimensions are set at kernel launch
Program code is written from a single
thread’s point of view

> Each thread can diverge and execute a
unique code path (can cause
performance issues)

Host and device have separate
memories; host manages the GPU
memory

Usually one has to

> Copy (explicitly) data from host to the
device

> Execute the GPU kernel

> Copy (explicitly) the results back to
the host

Data copies between host and device
use the PCI bus with very limited

handwidfh —. minimize +the +rancfarc!

Block (1,0)

Thread (0,0)

Thread (1,0)

Thread (2,0) Thread (3,0)

Thread (0,1)

Thread (1,1)

Thread (2,1) |Thread (3,1)




Device Code

» C functions with restrictions

>

>

>

Can only dereference pointers
to device memory

No static variables, no
recursion

No variable number of
arguments

» Functions must be declared
with a qualifier

>

_global__ Kernel, called
from CPU

Cannot be called from GPU
Must return void

_device__ Called from
__device__ and __global__ funcs
Can not be called from CPU
_host__ Can only be called
by CPU

Can be combined with
__device__ qualifier

1
18

22

#include <stdio.h>

_-global__ void add( int a, int b, int *c )

int

*cC = a + b ;

main( void )

int ¢ ;
int xdev_c ;
cudaMalloc( (void**)&dev_c, sizeof(int))

// run kernel in 1 block and 1 thread
add<<<LI>>>( 2, 7, dev_c ) ;

// copy result from device to host
cudaMemcpy( &c, dev_c, sizeof(int), <«

cudaMemcpyDeviceToHost ) ;

printf( "2 + 7 = %d\n", c ) ;
cudaFree( dev_c ) ;

return( 0 );

[ fryza@PC-417:~/Documents/ — 0O X

File Edit View Search Terminal Help

[fryza@C-417 cuda]$ nvec addint.cu
[Tryza@PC-417 cudal$ ./a.out
2+7=9

[fryza@C-417 cuda]s I




Jacobi iteration by CPU and GPU

> This example solves the Poisson’s equation in 2D using Jacobi iteration

» CPU: fcpy =2GHz; 1 core
> GPU: NVIDIA Quadro 4000; fgpy =950 MHz; Maximal threads per block: 1024

Fle Edit View Search Terminal Help

[fryza@PC-417 cuda]$ nvcc -arch=sm 20 ex3.cu
[fryza@PC-417 cudal$ ./a.out

B

800 0.00113277

080998381

1080 0.000892078

CPU Jacobi: 20.8203 seconds, 1000 iterations
100

200

300

400

500

600

700

800

900

lo00

GPU Jacobl: ©.151043 seconds, 1000 iterations
[fryza@PC-417 cudals [

108 ©.00972858
200 0.00479832
300 0.08316256
400 0.00234765
500 0.00186023
600 0.00153621
700 0.0013054

0.

0 0
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Zietézené zpracovani instrukci, pipelining

> Podstatné zvySeni po&etniho vykonu je docileno zfetézenym zpracovani instrukci,
tzv. pipelining:
> Podstatou pipeliningu je skute¢nosti, Ze zpracovani kaZdé instrukce Ize rozdé&lit do
n&kolika navazujicich fazi, nap¥.:
F (Fetch) — natteni instrukce z programové paméti nebo z vyrovnavaci paméti cache.
D1 (Decodel) — dekédovani instrukce, urdi se jeji typ.
D2 (Decode2) — vypotet adresy operandii.
E (Execution) — vlastni provedeni instrukce.
W (Write) — zépis vysledki operace.
> KaZdou z fazi lze provést pomoci samostatné podjednotky. Po skon&eni tkolu predd
podjednotka svij vysledek ndsledujici podjednotce a sama zpracovdva &ast nasledujici
instrukce.
> Vykazuje v&t¥i vyuZiti sbé&rnic.
> Jsou kladeny vysoké ndroky na ¥izeni takovych procesii — nariist hardwarové sloZitosti.
Pozor: Nejednd se o paralelni zpracovani instrukci.

> P¥i klasickém zpracovani instrukci dochazi ke kompletnimu vykonu jedné
instrukce neZ se za&ne vykondvat instrukce druha:
» F;, D1;, D24, E;, W;.
> Dv& instrukce, skladajici se z 5 fazi, se tak vykonaji za 10 strojovych cykli.
> P¥i zfetézeném zpracovani je b&hem 10 cykld vykondno 6 instrukci:
> Ndsledujici instrukce jsou jiz rozpracovany v riiznych stadiich.
> P¥i kazdém dalsim taktu je tak dokon&ena vZdy jedna instrukce.
> P¥i zfetézeni nastdva problém v p¥ipad& skoku v programu:
> V tomto pt¥ipad& je potfeba provést vyprazdnéni fronty rozpracovanych instrukci, tzv.
pipeline flush, protoZe vykon programu bude pokratovat na mist& skoku.



Skalarni/superskalarni procesor

> Procesor s jedinou frontou pro zpracovavani instrukci se nazyva skaldrni procesor.

> Procesor s vice frontami se nazyva superskaldrni procesor:

> Tato technika umoZiiuje procesoru vykonat vice neZ jednu instrukci/takt.
> Dvé& fronty vykonaji b&hem 10 taktl 10 instrukci a nésledujici jsou rozpracovany (viz

tabulka).

Lo [ & [ 5 [ & [ t5 [ t |
F1 F3 Fg F7 Fg F11
F2 Fg Fo Fg F10 F12

D1; D13 Dl D17 Dlg
D1, D1, Dig Dig Dijg
D2, D23 D25 D27

D2, D2, D2g D2g

E; E3 Es

E, E, Eg

Wy W3

W, Wy




Cty#-stupiiové zietézeni vykonu instrukci

Cykly

1 23 456 7 8

4 Cekajici
instrukce

Faze 1: Nacteni
Faze 2: Dekédovani|

Féze 3: Vykonan(

XXXNX HHEN -
XXX N
XX NN
XEEEN
L]

PIPELINING

Faze 4: Zépis

HEREX
HEEEXX
HEE XXX
EEEEXXXX

Vykonané
instrukce

Obrazek: CtyF-stupifové zfetézeni vykonu
instrukci.

> Proces ¥eté&zeni vykonu instrukci:

Cyklus 0 4 instrukce v paméti &ekajici na vykonani.
1 Zelend instrukce je nattena z paméti.
2 Zelend instrukce je dekédovéna, fialova je
naltena z paméti.
3 Zelena instrukce je vykondna, fialova je
dekdédovana, modrd je nadtena.

8 Vsechny instrukce byly vykonany.



Rizeni procesii, multi-tasking

> Systém umoZiiuje tzv. multiprogramovani (multi-tasking), jestlize je schopen
nadist nékolik procesi do paméti a rozdélit jejich &innost pro ¥idici jednotku. Tj.
n&kolik procesii (programii) je provozovdno "soucasn&’ na jediném procesoru
(funkeni jednotce).

> Proces se sklddd z doby vykonu (Execution) a z doby, kdy &ekd, nap¥. na data
(Waiting).
Princip: Zatimco jeden proces &ekd na dat, miZe byt druhy vykonavan.
P¥.: UvaZujme dva procesy A a B, které maji ndsledujici strukturu:
A: EWEWE
B: EWE
> Bez multi-taskingu: Eq4 W4 Eq4 W4 E4 Eg Wg Eg.
> S ¥izenim vice tdloh: E4 Eg E5 Eg Ea.
> Problém alokace procesoru pro dil¢i procesy: jakym zplsobem efektivn& rozdélit
jednotlivé &ekajici procesy.



Multi-tasking

> Existuje n&kolik zdkladnich zpisobi jak vykon procesii p¥erozdélovat:

> First Come First Served.

> Shortest Job First.

> Dle ur&ené priority procesu.
> Round Robin.

> First Come First Served:
> PoFadi vykonu procesil je totozné s poradim poZadavkid na jejich vykonani.

Pfiklad
Necht maji t¥i jednoduché procesy Py, P> a P3 pottebnou dobu vykonu 12, 2 a 2
periody hodinového signalu. PoFadi poZadavkii je 1, 2, 3.

Reseni
P1 Vykon procesu P; béhem period Tg aZ Tij.

Py Tip aZ Ti3.
P3 Ti4 aZ Tis.



Metody multi-taskingu

> Shortest Job First:

| 4

Pr9blém:
Reseni:

Problém:

Nejprve se vykond proces, ktery ma specifikovanou nejkratsi dobu vykonu.

Jak pftedem ptedvidat dobu vykonu procesii?

P¥idat ke kazdému procesu maximalni povolenou dobu vykonu a tu pak povaZovat za
samotnou dobu vykonu.

Riziko nevykonani dlouho trvajicich procesil, v pfipad& neustdlych poZadavki kratkych
procesil na vykondni.

> Razeni procesii dle priority:

>

Problém:

Reseni:

Ke kaZzdému procesu je asociovana jeho priorita. Procesy jsou pak vykonany v pofadi
podle jejich priority.

Riziko nevykonani procest s p¥ili§ nizkou prioritou v p¥ipad& neustélého p¥ichodu
dileZitych procesi.
Aplikace techniky starnuti, tj. periodické zvySovani priority &ekajicich proces.



Metody multi-taskingu

> Round Robin:

> Celkovy Zas procesoru je rozd&len na "Zasovd kvanta” (definované &asové intervaly).
Jednotlivé procesy se pak periodicky vykondvaji po té&chto intervalech.
> Pofadi jejich vykonu je ddno pfichodem poZadavkid na jejich vykon.

Pfiklad

Necht maji t¥i jednoduché procesy Py, P> a P3 pottebnou dobu vykonu 12, 2 a 2
periody hodinového signdlu a kvantum (interval) je roven 1 period& hodinového
signdlu. PoFadi poZadavkii je 1, 2, 3.

Reseni
> PFepindni mezi procesy je ndsledujici:

> Pi, Py, P3, P1, P2, P3, Py, Py, ..., P1.
> Doba vykonu visech t&chto procesii je tedy 16 period hodinového signalu.
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Vyrovnavaci paméti Cache

» Cache pamét je ve své podstat& vyrovnavaci pam&t mezi pomalym a rychlym
zaFizenim.

» Ukelem cache je urychlit p¥istup k &asto pouzivanym informacim. Pomalym
zaFizenim miiZe byt nap¥iklad pevny disk a rychlym za¥izenim nap¥. hlavni pamét.

» Existuji dva typy cache a to softwarova a hardwarova. Softwarova cache muze byt
naptiklad v operagnim systému pro /O operace. Hardwarovd cache je
implementovana p¥imo v hardwaru a je ¥e¥ena jako rychld statickdi SRAM pamé&t.

> U modernich procesoru se vyskytuji hierarchické cache. Tyto cache byvaji
oznalené jako L1, L2, L3, atd. Kde plati pro p¥istupovou dobu tacc: taccr1 < tacer2
< tacel3 < tacclx < taccRaM, kde ticcram je pFistupova doba do hlavni paméti.
> Pro moderni vice jadrové procesory je L1 cache rozdélena na datovou a instrukéni
a pracuje na frekvenci procesoru.
> L2 cache je spole&nd pro data i instrukce, je o néco pomalejsi nez L1 cache a miva
i v&tsi kapacitu.
> L3 cache je spole&nd pro viechna jadra na &ipu a je nejpomalejsi a miva nejv&tsi
kapacitu. P¥ipojena k hlavni pam.



Mapovani cache do paméti, asociativita

» P¥imo mapovand cache:
> Tato cache rozdéli pamét na tolik bloki, kolik ma cache linek/slotii.
> Cache linka/slot miZe vypadat ndsledovné& pro 32bitovy adresovy prostor a cache
o velikosti 512 kB rozdé&lime na bloky o 32 B ziskame tak 16 kB cache linek/blok
a rozdéleni adresy bude vypadat ndsledovné:
Tag: 13 bitd, Slot: 14 bitd, Word: 5 bitd.
Kde Word uréuje bajt v cache lince/bloku, Slot je adresa cache linky/bloku a Tag urtuje
nejvyznamngjsi bity adresy, které jsou sou&asti cache line/bloku a je ho tfeba porovnat
s poZadovanou adresou.

> PIné& asociativni cache:

> Jde o nejjednoduddi formu cache, kterd v hardwarovém provedeni neni moc vyhodna pro
velké kapacity cache, protoZe pottebuje tolik komparatoru kolik ma linek/bloki. Tato
cache ma u kazdé linky/bloku celou adresu, se kterou je tfeba paraleln& pro viechny
cache linky/bloky p¥i p¥istupu kontrolovat, abychom se dostali k poZzadovanym datdm.

> U této cache miZe v kazdé lince byt jakdkoliv adresa.

> N-cestné asociativni:

> Tato cache je kombinaci obou vy3e zmin&nych zplisobl a jedna se nej¢asté&ji pouZivanou
cache v procesorech.

> V tomto p¥ipadé je cache rozd&lena do skupin. Kazda skupina obsahuje N cache
linek/blokid (N vé&tSinou byva 2, 4, 8 atd.), podobnych pfimo mapované cache.

> P¥istup probiha nasledovn&: podle Slotu/indexu se vybere skupina a porovnd, podle
tagu se vybere ve které lince/bloku z N jsou pozadovand data, ndsledn& se vybere
poZzadovany bajt dle pole Word.



Vyrovnavaci paméti Cache

» P¥i velkych frekvencich hodinového signdlu je kritickad p¥istupova doba k opera&ni
paméti.
» Z dilvodu vysokych kapacit, ceny, sloZitosti je pouZivdna pamét typu DRAM; m3
ale men3i pFistupové doby nez SRAM.
> Aby nebyl p¥istup k DRAM omezujici pouZivd se vyrovndvaci pamé&t cache
> Pamét cache mezi procesor a pamét (L2, sekundérni) pro data. Realizace pomoci
rychlych SRAM. Max. kapacita jednotky MB. Plvodné externi soutastka, nynf
integrovana v procesoru,
> Interni pamé&t cache p¥imo v procesoru (L1, primérni). Mensi kapacita nez L2 -
desitky kB. Ur&ena jak pro data, tak i instrukce,
> Ptiklad: CPU Intel Core 2 1,86GHz. L1 Data Cache 32kB (2x). L1 Instruction Cache
32kB (2x). L2 Cache 2MB,
> Cache drovn& L3 u 4jadrovych procesoril - jako plvodni pouZiti L2, tj. externi mezi
procesorem a paméti.



Intel Core Duo

& zbytku procesoru Intel Code Duo.

&r mezi plochou L2 vi

Obrazek: Pom



AMD Quad-Core
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