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Cislicovy pocitaé (CP) je zlozity univerzalny C¢islicovy systém
(automat) urceny na samocinné vykonavanie postupnosti operacii
(vypoctov) nad udajmi zobrazenymi ¢€islicovym kédom, na ziklade
vopred pripravené¢ho a v pamiiti uloZeného programu (algoritmu).

Systém vytvoreny na baze jedného alebo viacerych CP resp. ich
komponentov sa nazyva pocitacovy systém (PS).
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Clenenie vrstiev z pohl’adu pocitacového inZinierstva
Software Hardware
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Computer designer
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Application domains
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Abstrakcia z pohl’adu urovne programovania

More abstract, machine-independent; More concrete, machine-specific, error-prone;
easier to write, read, debug, or maintain harder to write, read, debug, or maintain
Very High-level Assembly Machine
high-level language language language
language statements instructions, instructions,
objectives | _ mnemonic . binary (hex)
-
or tasks 3 Q2 =
o B c
S = g
Swap v[i] 9 temp=v[i] 8 add $2,85,%5 7 00251020
and vI[i+1] | £ vii]=v[i+1] add $2,%2,82 < 00421020
v[i+l]=temp add $2,%4,3$2 00821020
lw  $15,0($2) 8c620000
1w $16,4($2) 8c£20004
sw 816,0(82) acf20000
sw $15,4(82) ac620004
jr 831 03e00008
One task = One statement = Mostly one-to-one

many statements several instructions



Historia vyvoja pocditacov

Vyvojové medzniky

od vytvoreni 1. univerzalniho elektronického pocitace uplynulo
vice nez 50 let

dnesni PC za 1000 $ jsou vykonnéjsi nez pocita¢ z r. 1980 za
1mil. $

@ HW prilom: VLSI technologie a pfichod mikroprocesoru (70. éta)

SW prulom: univerzalni na vyrobci nezavislé OS (UNIX) a pfechod
od programovani v SOJ k programovani ve vy$Sich jazycich
nastup RISC (Reduced Instruction Set Computer), dusledek:

» paralelizmus na Urovni zpracovani instrukci — ILP (Instruction Level
Parallelism), tj. proudové zpracovani instrukci, super-skalarni
architektury atd.

» pouzivani vnitfnich skrytych paméti (cache)

analyze pocitacu, ktery vyuziva empirickd pozorovani,
experimentovani a simulace



Chronologia
@ 60. [éta: dominantni velké salové pocitace s aplikacemi jako:
» zpracovani dat ve financni sfére
» rozsahlé védeckotechnické vypodty
@ 70. léta: mikropocitaCe pro aplikace ve védeckych laboratofich

@ 80. léta: pfichod stolnich pocitacl zalozenych na
mikroprocesorech (osobni pocitace a pracovni stanice)
dale se objevuiji servery a lokalni sité pro vétsi ulohy s vétsi
paméti a vykonem

@ 90. léta: Internet a WWW technologie

@ 00. léta: nelze dale rozumné zvySovat vykon jednojadrovych
procesoru — prosazuiji se vicejadrové architektury

@ soucasnost: rozdéleni pocitaCového trhu na 4 oblasti
charakterizované rozdilnym pouzitim, poZadavky a pocitacovou
technologii:

@ osobni, stolni a pfenosné poditace

@ servery a vykonné paralelni poéitate a superpocitate

© vestavéné a fidici pocitate v jednoucéelovych zatizenich

© nové vyélenéna oblast: mobilni zafizeni (tablety, smartphony)
@ bézné se pouziva virtualizace hardwaru

@ vykonné grafické procesory pouzitelné pro obecné vypocty
(GPGPU)

@ lze si koupit vypocCetni vykon nezavisle na hardwaru (cloud
computing)

@ rychlé a téméf vSude dostupné internetové pfipojeni umoznuje
prenaset ,tradiéni“ aplikace do online podoby (SaaS)



Generacie pocitacov z pohPadu pouzitej technolégie

Generation | Processor Memory | I/O devices | Dominant
(begun) technology | innovations | introduced | look & fell
0 (1600s) (Electro-) Wheel, card Lever, dial, Factory
mechanical punched card | equipment
1 (1950s) Vacuum tube | Magnetic Paper tape, | Haii-size
drum magnetic tape cabinet
2 (1960s) Transistor Magnetic Drum, printer, | Room-size
core text terminal | mainframe
3 (1970s) SSI/MSI RAM/ROM Disk, keyboard, | Desk-size
chip video monitor | mini
4 (1980s) LSI/VLSI SRAM/DRAM | Network, CD, | Desktop/
mouse,sound | laptop micro
5 (1990s) ULSI/GSI/ SDRAM, Sensor/actuator, | Invisible,
WSI, SOC flash point/click embedded

Pekne spracovana historia vyvoja pocitacov je napr. v skriptach:
https://www.researchgate.net/profile/Jaroslav-

Majernik/publication/256442692 Zaklady informatiky/links/00b7d52299d68{2d7¢e

000000/Zaklady-informatiky.pdf




NajznamejSie omyly v predpovedi vyvoja pocéitacov

“DOS addresses only 1 MB of RAM because we cannot
imagine any applications needing more.” Microsoft, 1980

“640K ought to be enough for anybody.” Bill Gates, 1981

“Computers in the future may weigh no more than 1.5
tons.” Popular Mechanics

“I think there is a world market for maybe five
computers.” Thomas Watson, IBM Chairman, 1943

“There is no reason anyone would want a computer in
their home.” Ken Olsen, DEC founder, 1977

“The 32-bit machine would be an overkill for a personal
computer.” Sol Libes, ByteLines

Technologia vyroby -> dominantny vplyv ma pokrok vo vyrobe polovodicov
a integrovanych obvodov (Moorov zakon)



Kroky vyrobného procesu 1O (vratane CPU a pamiiti)

Blank wafer Patterned wafer

30-60 cm with defects
Processing:
Silicon Slicer 20-30 steps
crystal :> :>
ingot
! — (100s of simple or scores
0.2cm of complex processors)
Microchip
: Die GO.Od or other part Part
Dicer Dle tester die Mounting tester
Usable
— — —) ) par
to ship
~1cm ~1cm

V sucasnosti v 10 nm technoldgii na 1 mm~*2 je mozné umiestnit’ cca 10”8

tranzistorov



On September 12, 2023, Apple announced the iPhone 15 Pro would feature a 3 nm chip, the A17 Pro [%°]

3 nm process nodes [eit]

Samsung*3160167](68] TSMCI6 Intel(®]
Process
3GAE 3GAP 3GAP+ N3 N3E N3S N3P N3X 3
name
Transistor .
MBCFET FinFET
type
2201461
Transistor (theoretical)
density 150(67] 195671 Unknown ey 215,671 Unknown 22420721 224.2072) Unknown
2)
(MTr/mm?#) Pro)70]
SRAM bit-
cell size Unknown Unknown | Unknown 0.01990591 0.021059 Unknown Unknown Unknown Unknown
(um?)
Transistor
gate pitch 40 Unknown Unknown 45059] 48711 Unknown Unknown Unknown Unknown
(nm)
Interconnect
32 Unknown Unknown Unknown 23059 Unknown Unknown Unknown Unknown
pitch (nm)
2021 risk
2022 risk production
: 2023 H2
production[*3! 2022 H2 it
rodu
Release 2022 2024 2025 volume 2023 H2 2024 H1 2024 H2 2025 g s
. h ) o e o e 5y Manufacturingl®]
status production!’! | production = production | production®I®!  production(®” | production!*®!  production!®?] production(®?] )
2024 fabbing of
2022 2023 H1
o5 - Xeons!74]
shipping[?! shipping for
revenuel /7]

Zdroj: https://en.wikipedia.org/wiki/3_nm_process




Trendy vo vyvoji vykonnosti procesorov a kapacity DRAM
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Moore’s Law: The number of transistors on microchips doubles every two years [SHSWSE!
Moore's law describes the empirical regularity that the number of transistors on integrated circuits doubles approximately every two years. in Data
This advancement is important for other aspects of technological progress in computing - such as processing speed or the price of computers.
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Data source: Wikipedia (wikipedia.org/wiki/Transistor_count) Year in which the microchip was first introduced
OurWorldinData.org - Research and data to make progress against the world's largest problems. Licensed under CC-BY by the authors Hannah Ritchie and Max Roser.

Zdroj: https://en.wikipedia.org/wiki/Transistor count




40 Years of Microprocessor Trend Data
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Figure ES39 Adoption of multicore architecture allowed moderate performance increase in CPU design within power
limits



Prognodzy vyvoja CMOS technolégie (https://irds.ieee.org/editions/2022)

Table ES3 Overall Roadmap Technology Characteristics

2022 IRDS ORTC
YEAR OF PRODUCTION 2021 2022 2025 2028 2031 2034 2037
Logic device technology naming note definition [1a] G51M29 | G48M24 | GA45M20 | G42M16 |G40M16T2|G38M16T4| G38M16T6
Logic industry "Node Range" Labeling (nm) [2] =5 n3t 27 "1.5" "1.0-eq" ["0.7nm-eq"| "0.5nm-eq"
Fine-pitch 3D integration scheme Stacking | Stacking | Stacking | 3DVLSI 3DVLSI 3DVLSI
. LGAA-3D | LGAA-3D | LGAA-3D
Platform device for logic [1b] FinFET Fll'c‘;ir Lean [‘CAACEET) cReT. | CFET- CFET-
SRAM SRAM SRAM
LOGIC CELL AND FUNCTIONAL FABRIC TARGETS
Digital block area scaling 1.00 1.00 0.74 0.55 0.26 0.13 0.08
LOGIC DEVICE GROUND RULES
MPU/SoC MO 1/2 Pitch (nm) [3] 15 12 10 8 8 8 8
Gate length (nm) [4] 17 16 14 12 12 12 12
Lateral GAA ( inil Thi (nm) 1 3 3 4 4 4
Number of stacked tiers [5] 1 1 1 2 4 6
of in one device [5] 1 3 3 4 4 4
LOGIC DEVICE Electrical
vdd (V) [6] 0.75 0.70 0.65 0.65 0.60 0.60 0.60
DRAM TECHNOLOGY
DRAM Min half pitch (nm) [7] 17.5 15.5 13 14 1.5 10 10
DRAM cell size (um?) [8] 0.00184 0.00165 0.00118 0.00085 0.00062 0.00044 0.00025
DRAM storage node cell capacitor voltage (V) [9] 0.50 0.45 0.45 0.43 0.4 0.4 0.4
NAND Flash
Flash 2D NAND Flash uncontacted poly 1/2 pitch - F (nm) 2D [10a,b] 15 15 15 15 15 15 15
Product highest density (3D) ( ialized) [11] 1T 1.3T 2.6T 4T 6T 8T 12T
Flash Product Maximum bits/cell (2D_3D) [12] 2.4 4 5 5 6 6 6
Flash 3D NAND i Number of Memory Layers [13] 64-97 128-192 256-384 384-576 576-768 768-1024 1024-1536
chip size (mm?) [14] 140 140 140 140 140 140 140




Table ES1 Overall Roadmap System Characteristics

YEAR OF PRODUCTION 2021 | 2022 | 2025 | 2028 | 2031 | 2034 | 2037
Cloud Computing (CC) Latency Sensitive F
Number of Cores per socket (max) [1] 46 64 128 256 384 640 896
Processor Base Frequency (for multiple cores together) [2] 3.20 2533 3.0-3.6 34-37 3.4-3.7 34-37 34-37
L1 Data Cache Size (in KB) [3] 38 40 42 42 44 44 44
L1 Instruction Cache Size (in KB) [4] 64 96 128 128 160 160 160
DDRb idth (TB/s) 0.2 0.31 0.76 1.02 1.2 1.2 1.2
Number of DDR channels 8 12 12 16 16 16 15
DDR4 DDR4 DDRS DDRS5 DDR6 DDR6 DDR6
Socket TDP (Watts) 280 300 450 600 600 700 700
SA-OSC P 1A Table [5] - Focus Drivers Line Items
# CPU cores 8 8 16 28 32 32 32
# GPU cores 32 32 64 128 256 512 512
Max Freq (GHz) 28 28 3.0 32 34 34 34
5G i Data Rate (Gbps) [6] 5 5 7 10 20 50 70
# Sensors 8 10 12 12 16 16 16
Board Power (mW) 5618 5900 6830 7900 9150 10500 11000
SA loT Table - Focus Drivers Line Items
CPUs per device [7] 2 2 4 6 8 8 8
Max CPU Frequency (MHz) 305 310 325 341 360 375 390
Energy Source (B = battery, H = energy harvesting) B+H B+H B+H B+H B+H B+H B+H
Sensors per device 8 8 12 16 16 16 19
SA CPS Table - Focus Drivers Line Items
Number of Devices 64 64 128 256 512 512 512
CPUs per Device [7] 8 8 12 12 16 16 16




Table ES4 Systems and Architectures Technology Trends of Latency Sensitive Processers

2019 2022 2024 2026 2028 2030 2032 2034
Number of chiplet per socket 4-3 B ] 8 B-16 B-16 B-16 1620
Number of Core per chiplet B B 8-12 B-16 B-16 16-24 16-32 16-32
Number of Cores per socket it3 o4 £l 1z8 256 384 512 640
(max)
Processor base frequency 2.2-3.0 25-33 28-34 3.0-35 3.2-36 3437 3437 3437
(GHz) (for multiple cores
together)
Core total vector length 1024 1024 1024 1024 2048 2048 2048 2048
L1 data cache size (in KB) 36 40 40 42 42 44 44 44
L1 instruction cache size (in 48 36 %6 128 128 1a0 160 1&60
KR)
L2 cache size (in MB) 1 1.5 2 2z 2 2.5 25 2.5
LLC cache size (in MB) 64-128 | 64-800 128- 256 256 512- 512- 512-

1024 1536 2048 40986 4096 4096
Number ef DDR channels B 12 12 12 16 16 16 16
(DDR4#) (DDE4) | (DDRS) | (DDRS5) | (DDRS) | (DDRe) | (DDRG) | (DDRG)

DDR bandwidth (TB/s) 0.20 0.31 0.61 0.76 1.02 1.1 1.2 1.2
DDR size per socket (in TB) 10 3.0 45 a0 8.0 1000 120 12.0
Socket max TDP [Watts) 280 ano 400 450 600 600 700 700

Li=level | cache; LLC=last-level cache; Fabric=PCle or new fabric fe.g., CXL); TDP=total power dissipation.



Trendy v konStrukcii procesorov, pamiiti a inych pocita¢ovych
komponentov
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(a) 2D or 2.5D packaging now common (b) 3D packaging of the future



Princip vyuzitia CMOS technolégie pre realiziciu kombina¢nych
logickych obvodov
(https://www.elprocus.com/cmos-working-principle-and-applications/)

CMOS invertor




2-vstupové CMOS NAND hradlo




2-vstupové CMOS NOR hradlo




Klasifikacia pocitac¢ov z pohPadu vypoc¢tového vykonu a ceny

Price/Performance Pyramid $M|"|0ns
Mainframe $1 OOS KS

/ Server \ $10s Ks

Differences in scale, i
not in substance / Workstation \ $1000s

/ Personal \ 100
/ Embedded \ -




Priklad vstavaného (embedded) po¢itaca
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Trh s mikrokontrolérmi (MCU) dosiahol hodnotu 20 miliard $ v
roku 2019

http://www.eenewseurope.com/news/mcu-market-reach-20-billion-2019-0?news_id=110288

A broad uptake of microcontrollers (MCUs) for embedded control, for use with
sensors, and with the Internet of Things (IoT) is propelling the market forward.

45,000 [ == market (sM) E=units (M) —=—ase (5) | B
= 40000 1
5 35000 1 -
E 30,000 S $0.70
£ 25000 :
% 20000 1 ‘\‘\h g
g 15000 T [ L 5$0.60
£ 10000 T 7 i .—
5000 ¢ Fa
0 . y : $0.50
15 16 17 18F 19F 20 21F 22F
Market [SM) | 15,945 15,009 16.842 18,615 20,357 20,692 22,077 23,875
Units (M) 22,058 21,174 25,797 30,567 34,174 36,065 39,482 43,751
ASP () 072 071 065 06l 060 05 056 055

Source: IC Insights

ASP — average system price

The global microcontroller market size was USD 30.63 billion in 2021. The market
is projected to reach USD 51.13 billion by 2028 at a CAGR of 7.6%.

https://www.fortunebusinessinsights.com/microcontroller-market-106430




Subsystémy cislicového pocitaca

Memory
Control < Input
Processor Link Input/Output
Datapath ) Output
CPU To/from network 1/0

The (three, four, five, or) six main units of a digital computer. Usually, the link unit
(a simple bus or a more elaborate network) is not explicitly included in such
diagrams.



Harvardska a von Neumanova architektura

Memory
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address address
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Devices

Harvard Machine



Harvard architecture has separate data and instruction busses, allowing transfers
to be performed simultaneously on both busses. A von Neumann architecture has
only one bus which is used for both data transfers and instruction fetches, and
therefore data transfers and instruction fetches must be scheduled - they can not be
performed at the same time.

It is possible to have two separate memory systems for a Harvard architecture.
As long as data and instructions can be fed in at the same time, then it doesn't
matter whether it comes from a cache or memory. But there are problems with this.
Compilers generally embed data (literal pools) within the code, and it is often also
necessary to be able to write to the instruction memory space, for example in the
case of self modifying code, or, if an ARM debugger is used, to set software
breakpoints in memory. If there are two completely separate, isolated memory
systems, this is not possible. There must be some kind of bridge between the
memory systems to allow this.

Using a simple, unified memory system together with a Harvard architecture is
highly inefficient. Unless it is possible to feed data into both busses at the same
time, it might be better to use a von Neumann architecture processor.



Vykonnost’ pocitacov

Trend vyvoja ceny ,,pocitacov*
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ZvySovanie vykonnosti po¢itacov v zavislosti na cene

Cost/Performance
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Exponencialny narast vykonnosti superpoc¢itacov
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Vykonnost’ nie je vZdy najdoélezitejSia ...
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Zakladné HW sposoby zvySovania vykonnosti

paralelné spracovanie

—»| jednotka 1 —» B .
zret’azené spracovanie
proces 1
—»| jednotka 2 —» — jednotka 1 »| jednotka2 — = = = —¥| jednotka Z [—»
proces 2 pracesin i) prcestnziy T proces
. v vo faze | vo faze 2 vo faze 7

—»| jednotka P —»

proces P

Subezné (ang. Concurrent) = paralelné - Parallel
alebo
zretazené (prudové) - Pipelined



Vstup/vystup a prenos dat
Nevyvazenost’ CPU vykonnosti a I/O operacii

CPU-bound task

Input — Processing— Output

a(lg=:

1/O-bound task



Latencia a Sirka pasma réznych komunikaénych liniek
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Latencia v pocitacovej technike
https://gist.github.com/jboner/2841832#file-latency-txt

Latency Comparison Numbers (~2012)

L1l cache reference 0.5 ns

Branch mispredict 5 ns

L2 cache reference 7 ns

14x L1 cache

Mutex lock/unlock 25 ns

Main memory reference 100 ns

20x L2 cache, 200x L1 cache

Compress 1K bytes with Zippy 3,000 ns 3 us
Send 1K bytes over 1 Gbps network 10,000 ns 10 us
Read 4K randomly from SSD* 150,000 ns 150 us
~1GB/sec SSD

Read 1 MB sequentially from memory 250,000 ns 250 us
Round trip within same datacenter 500,000 ns 500 us
Read 1 MB sequentially from SSD* 1,000,000 ns 1,000 us
1 ms ~1GB/sec SSD, 4X memory

Disk seek 10,000,000 ns 10,000 us
10 ms 20x datacenter roundtrip

Read 1 MB sequentially from disk 20,000,000 ns 20,000 us
20 ms 80x memory, 20X SSD

Send packet CA->Netherlands->CA 150,000,000 ns 150,000 us
150 ms

Notes

1 ns = 10"-9 seconds

1 us = 10"-6 seconds = 1,000 ns

1 ms = 10"-3 seconds = 1,000 us = 1,000,000 ns

Latency Mumbers Everdg Programmer Should Know

Wins W Main memory reference! 188 ns M Send 1KE over 1Cbes netuork: 18ps M Read 1MB seguentially
from 3550 1ms

™ L1 cache reference; 8.5 ns EEEEE_,
EEEEE

EEEEN .
EEEEE Disk seeki 18ns

55D random resd C1GkbSs 5300
158 u=

L]
B W Branch rispredict: Sns
]

L]

B W LZ cache reference: 7ns
L}

]

Source: hitpsi//gist. github.cons 2841232




Meranie vykonnosti pocitacov

Porovnavanie vykonnosti lietadiel: analégia

Aircraft Passengers R(Ia(r;%e (Sk‘::ﬁg T;:;’;e
Airbus A310 250 8 300 895 120
Boeing 747 470 6 700 980 200
Boeing 767 250 12 300 885 120
Boeing 777 375 7 450 980 180
Concorde 130 6 400 2200 350
DC-8-50 145 14 000 875 80

Speed of sound = 1220 km / h



Ro6zne pohlady na vykonnost’ (performance)

Performance from the viewpoint of a passenger: Speed

Note, however, that flight time is but one part of total travel time.
Also, if the travel distance exceeds the range of a faster plane,
a slower plane may be better due to not needing a refueling stop

Performance from the viewpoint of an airline: Throughput

Measured in passenger-km per hour (relevant if ticket price were
proportional to distance traveled, which in reality it is not)

Airbus A310 250 x 895 = 0.224 M passenger-km/hr

Boeing 747 470 x 980 = 0.461 M passenger-km/hr
Boeing 767 250 x 885 = 0.221 M passenger-km/hr
Boeing 777 375 x 980 = 0.368 M passenger-km/hr
Concorde 130 x 2200 = 0.286 M passenger-km/hr
DC-8-50 145 x 875 = 0.127 M passenger-km/hr

Performance from the viewpoint of FAA: Safety



Efektivnost’ nakladov: Cost/Performance

Table 4.1 Key characteristics of six passenger L Small
aircraft: all figures are approximate; some relate to alrger mla ol
a specific model/configuration of the aircraft or are \t,)a tl:es ‘Iloa tl;es
averages of cited range of values. etter etter
Aircraft | Passen- | Range | Speed Price Throughput Cost/
gers (km) (km/h) ($M) (M P km/hr) Performance
A310 250 8 300 895 120 0.224 536
B 747 470 | 6700 | 980 200 | | o461 | | 434 |
B 767 250 12 300 885 120 0.221 543
B 777 375 7 450 980 180 0.368 489
Concorde | 130 | 6400 | 2200 | 350 0.286 | 1224 |
DC-8-50 | 145 | 14000 | 875 80 0427 | 630
=




Suvislost’ vykonnosti (Performance) a zrychlenia (Speedup)

Performance = 1 / Execution time is simplified to

Performance = 1 / CPU execution time

(Performance of M,) / (Performance of M,) = Speedup of M, over M,
= (Execution time of M,) / (Execution time M,)

Terminology: M, is x times as fast as M, (e.g., 1.5 times as fast)
M, is 100(x — 1)% faster than M, (e.g., 50% faster)

CPU time = Instructions x (Cycles per instruction) x (Secs per cycle)
= Instructions x CPI / (Clock rate)
Instruction count, CPI, and clock rate are not completely independent,

so improving one by a given factor may not lead to overall execution
time improvement by the same factor.



Urcenie hodnoty ,,CPU Time*

CPU time = Instructions x (Cycles per instruction) x (Secs per cycle)
= Instructions x Average CPI / (Clock rate)

Instructions: Number of instructions executed, not number of
instructions in our program (dynamic count)

Average CPI: Is calculated based on the dynamic instruction mix
and knowledge of how many clock cycles are needed
to execute various instructions (or instruction classes)

Clock rate: 1 GHz = 10° cycles / s (cycle time 102 s = 1 ns)
200 MHz = 200 x 106 cycles / s (cycle time = 5 ns)

Clock period

I N A R




Dynamicky pocet inStrukceii — priklad

How many instructions Each “for” consists of two instructions:
are executed in this " increment index, check exit condition
program fragment?

12,422,450 Instructions

250 instructions

-----------------------------------------------

fori=1,100do’ I 2 + 20 + 124,200 instructions
' 20 instructions 100 iterations
forj=1,100do 12,422,200 instructions in all
§4Q_i_r_1_$_t_[_q_c;’_£i9_r]§ ___________ 2 + 40 + 1200 instructions
fork=1,100do | || 100 iterations
110 instructions 124,200 instructions in all
~‘endfor "1 "2+ 10 instructions
. iendfor ! 100 iterations fori=1,n
endfor | 1200 instructions in all while x > 0

Static count = 326




Meranie vykonnosti — MIPS, MFLOPS
Definice méreni vykonnosti jednotkami MIPS

ic IC _ fok
TCpU><1 06 B ICxCPIx TCLK><1O6 N CPIx108

MIPS = =[108instr./s]
MIPS zavisi na:
@ ISA a programu, nebot CPI zavisi na programu, mixu instrukci

Dusledek:

@ vykonnost vyjadrena v jednotkach MIPS je zavisla na programu,
i kdyZ se tato zavislost ¢asto neuvadi

Méreni vykonnosti MFLOPS — totéz pro FP instrukce
@ k vyjadreni Spickové vykonnosti superpocitacl, realna vykonnost
muze byt znacné nizsi



Vypocet CPI (Clocks per Instruction) a IPS (Instructions per
Second)

Consider two implementations M, (600 MHz) and M, (500 MHz) of
an instruction set containing three classes of instructions:

Class CPI for M, CPI for M, Comments
F 5.0 4.0 Floating-point
I 2.0 3.8 Integer arithmetic
N 2.4 20 Nonarithmetic

a. What are the peak performances of M, and M, in MIPS?

b. If 50% of instructions executed are class-N, with the rest divided
equally among F and I, which machine is faster? By what factor?
Solution

a. Peak MIPS for M; =600 /2.0 = 300; for M, =500 /2.0 = 250
b. Average CPlforM,;=5.0/4+2.0/4+24/2=2.95;
forM,=4.0/4 +3.8/4+2.0/2=2.95 — M, is faster; factor 1.2



Frekvencia hodiny a doba vykonavania

Faster Clock # Shorter Running Time

Suppose addition takes 1 ns
Clock period = 1 ns; 1 cycle .
Clock period = %2 ns; 2 cycles Solution

O

4 steps

20 steps

In this example, addition time
does not improve in going from
1 GHz to 2 GHz clock

Faster steps do not necessarily mean shorter travel time!



Zvysenie vykonnosti — Amdahlov zikon

50 _
2o f = fraction

40 | unaffected
_ ) P = speedup
< 30 re4g of the rest
= f=0.02
[0}
© 20
2 f=0.05 s = 1—

10 | f+(1-fip

f=0.1 )
0 | | < min(p, 1/f)
0 10 20 30 40 50

Enhancement factor (p)

Amdahl’s law: speedup achieved if a fraction f of a task is unaffected and
the remaining 1 — f part runs p times as fast



Porovnanie urovne zvysenia vykonnosti CPU - Priklad

A processor spends 30% of its time on flp addition, 25% on flp mult,
and 10% on flp division. Evaluate the following enhancements, each
costing the same to implement:

a. Redesign of the flp adder to make it twice as fast.
b. Redesign of the flp multiplier to make it three times as fast.
c. Redesign the flp divider to make it 10 times as fast.

Solution

a. Adder redesign speedup=1/[0.7+0.3/2]=1.18
b. Multiplier redesign speedup =1/[0.75+ 0.25/3]=1.20
c. Divider redesign speedup=1/[0.9+0.1/10]=1.10

What if both the adder and the multiplier are redesigned?



Priklad 2
Pro FP vypocty v pocitacové grafice se hodné pouziva operace
odmocniny FPSQRT a vykonnost procesoru pro grafiku je na jejim
efektivnim provadeni silné zavisla.
Predpokladejme, Zze FPSQRT odpovida 20% a v§echny FP instrukce
odpovidaji 50% doby vypoctu kritické zkusebni ulohy pro grafiku.
Ukolem je rozhodnout, zda je vyhodnéjsi:

@ 10 x zrychlit provadéni instrukce FPSQRT, nebo

@ 1.6 x zrychlit provadéni vSech FP instrukci?

Reseni: 1 ’
Q Srpsort = = =1.22
0.2 0.82
1-02 —
| 1 e 10 1
Q Sep = = 1.23 <« vyhodnéjsi reseni

R _0.5)+% 0.8125



Zovseobecneny Amdahlov zakon

Original running time of a program =1 =f, +f,+ ...+ f,
New running time after the fraction f; is speeded up by a factor p;

f, f,
—t—+

P P2 Pk

Speedup formula _ _
If a particular fraction

1 is slowed down rather
S= than speeded up,
fi f, f use s; finstead of £/ p;,
—Ft—+ ... +— wheresj>1isthe

P P2 Py slowdown factor



Vyber vhodného testovania (benchmark) — Priklad

You are an engineer at Outtel, a start-up aspiring to compete with Intel
via its new processor design that outperforms the latest Intel processor
by a factor of 2.5 on floating-point instructions. This level of performance
was achieved by design compromises that led to a 20% increase in the
execution time of all other instructions. You are in charge of choosing
benchmarks that would showcase Outtel’'s performance edge.

a. What is the minimum required fraction f of time spent on floating-point
instructions in a program on the Intel processor to show a speedup of
2 or better for Outtel?

Solution

a. We use a generalized form of Amdahl’s formula in which a fraction f
is speeded up by a given factor (2.5) and the rest is slowed down by
another factor (1.2): 1/[1.2(1 - +f/2.5]>2 = f>0.875



Skisobné dlohy (Benchmarks)

Pro méfeni a vyhodnoceni vykonnosti pocitaCe se pouzivaji zkuSebni ulohy
(programy), které se déli do nékolika zakladnich skupin:

@ Realné aplikace: prekladace C, Word, Photoshop atd. Zde existuje
problém prenositelnosti, tj. zavislosti na OS nebo prekladaci.

@ Upravené aplikace: realné aplikace jsou stavebnimi bloky pro zkusebni
ulohy. Divodem modifikace je bud' zlepSit pfenositelnost aplikace, nebo
zameéreni na urCitou ¢ast vykonnosti systému.

@ Jadra (kernels): malé klicové ¢asti realnych aplikaci (napf. Linpack).
Nezahrnuji vliv pamétového systému (vejdou se do vnitfnich skrytych
paméti). Jsou pro uzivatele nedostupné.

© .Toy“ zkusebni tlohy: typicky 10 — 100 fadkové programy (Eratosthenovo
sito, Quicksort, atd.). Nezahrnuji vliv pamétového systému (vejdou se
do vnitfnich skrytych paméti). Uzivatel dopfedu pozna vystup.

©@ Umélé zkusebni tlohy: podobné filozofii jader. Zkousi nalézt primérné
hodnoty vyskytu operaci a operandu v rozsahlych programech (napf.
Whetstone a Dhrystone).



Eliminace ,slabin“ jedné zkuSebni Glohy jinou vedla k vytvoreni sad
zkusebnich uloh uréenych pro razné aplikacni oblasti.

Uznavané sady zkuSebnich dloh vydava organizace SPEC (Standard
Performance Evaluation Corporation), zahrnuji napfiklad:
@ Zkusebni tlohy zamérené na CPU
» SPEC89, SPEC92, SPEC95, SPEC CPU 2000, SPEC CPU 2006
» celoc¢iselné vyopocty (CINT2006), FP vypocty (CFP2006)
» realné vypocetni tlohy modifikované pro prenositelnost a
minimalizovani 1/O
© Zkusebni tlohy zamérené na grafiku
» SPECviewperf: OpenGL, hlasi poCet snimku/s a dalsi udaje
» SPECapc: vykon rtiznych 3D grafickych aplikaci (LightWave, 3ds
Max, Maya, ...)



© Zkusebni tlohy pro servery

>

CPU: ulohy zamérené na CPU (SPEC CPU 2006), ale v rezimu
mérfeni propustnosti (SPECint_rate) — spousti se zpravidla 1 Uloha
na kazdy procesor resp. jadro

ulohy pro vysoce paralelni systémy: SPEC MPI12007, SPEC
OMP2001

» Java: SPECjbb2005, SPECjEnterprise2010, ...
» spotfeba: SPECpower_ssj2008
» sitovy souborovy systém: SPECsfs2008 — méfi propustnost a dobu

odezvy server(, které zpfistupnuji soubory pomoci protokolll NFS a
CIFS
virtualizace: SPECuvirt_sc2010



Kromé zkuSebnich uloh SPEC také stoji za zminku:

@ zkuSebni ulohy TPC (Transaction Process Council): uréené pro
transakCni zpracovani a databaze, méri vykonnost v transakcich
za sekundu

@ ZkuSebni Ulohy pro vestavéné pocitacové systémy (Embedded
benchmarks)

» nova trida zkuSebnich Uloh, hodnoti se také spotfeba, cena atd.
» nejlépe standardizovanymi zku$ebnimi tlohami se jevi sada EDN
Embedded Microprocessor Benchmark Consortium (EEMBC —
vysloveno ,embassy*), obsahujici 5 podskupin:

@ automobilové/pramyslové

Q@ zakaznické

© sitové

@ automatizaéni pro kancelafskou préaci
© telekomunikaéni



ZkuSebni ulohy pro OS MS Windows
@ Business Winstone
» aplikace sady ,office” (Microsoft, Corel, WordPerfect)
» skripty simulujici uzivatele prepinajiciho a spoustéjiciho mnozstvi
aplikaci
@ CC Winstone
» prace s vétSim objemem dat (Photoshop, Premiere a rizné audio
editovaci programy)
» skripty simulujici uzivatele spoustéjiciho skupinu smisenych
aplikaci
@ Winbench
» skripty spoustéjici testy vykonnosti CPU video systémd, diskl atd.
» pouzivaji se jadra se zamérenim na kazdy podsystém



LINPACK — [MFLOPS] FP zkusSebni uloha
@ feSeni SLR (Ax = b, hod(A) = 100)
@ mnoho FP operaci, ale pouzito jen nékolik typu
@ vzhledem k tomu, Ze operace y; = y; + a- X; jsou provadény
nejdelSi dobu, maze se projevit silny vliv i malé, instrukéni vnitfni
skryté pameéti
@ data jsou rozmisténa ve velkém prostoru

@ vhodna jako zkuSebni Uloha pro vektorové a paralelni
superpocitace
@ verze LINPACK:

» single/double
» rolled/unrolled



