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Computer Technology

Amazing improvements:

today can buy for $500 a mobile phone
that has superior performance, more
main memory and disk space than a
$9million computer in 1975

9million/500 = 18000 times cost reduction
Inflation: $1 1975 = $4.56 today
41million/500 = 80000 times cost reduction!
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1975: Cray-1 (Wikipedia)




1975: Cray-1 (Wikipedia)

Supercomputer

Build by Cray Research

Architect: Seymour Cray

64 bit machine: scalar and vector units
Clock: 80MHz

Technology: ECL, 2.5M transistors (1000s small chips)
FLOPS: 160 MFLOPS

Memory: 1M words (word: 64 bits, SMB)
Weight: 5.5 tons

Cost: ~$9million

Power: 115KW

Sales Volume: ~80 units



2015: Galaxy S6 Edge

Smartphone
Build by Samsung

64 bit Exynos System on Chip
— CPU: octa core, 4 A57, 4 A53
— GPU: Mali 3D rendering engine

Clock:
— CPU: 2.1GHz, 1.5GHz
— GPU: 600-700 MHz

Technology 14nm FIinFET, ~billion of transistors
GPU FLOPS: >100s GFLOPS

Memory: 3GB

Storage: 32-128GB

Weight: 132 g

Cost: ~$500

Battery: 2600 mAh

— Battery Life depends on applications running
— 10hrs @4V =>1W
Sales Volume: 6million units in first month




Comparison

1975 2015 Ratio
Transistors 2.5million Billions 1000
Main Memory 1MB 3GB 3000
Clock 80MHz (12.5ns) 2.1GHz (0.48ns) 25
FLOPS 160M 100G 1000
Cost $9million ($41mil) $500 18000 (41000)
Weight 5.5 tons 132 g ~40000
Power 115KW 1W 115000

Sales 10s millions million



Computer Technology

* Amazing density/bandwidth improvements
Source of improvements?

* Clock rate improves at a much slower rate
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Bandwidth vs Latency

« Bandwidth or throughput — grows faster
— Total work done in a given time
— 10,000-25,000X improvement for processors
— 300-1200X improvement for memory and disks

« Latency — grows slower
— Time between start and completion of an event

— 30-80X improvement for processors
— 6-8X improvement for memory and disks
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Bandwidth vs Latency
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Bandwidth vs Latency

* Ti gival 1110 EUKOAO VO KAAUWW JIa
ATTO0TAON X POPEC TTIO YPRyopa ) va TNV
KaAUuwouv X TTapAdAAnAa

* Na emtaxuvw X popEg pia TTpagn n va
EKTEAW X TTPACEIC TTAPAAANAQ



Computer Technology

» Source of improvements:
— semiconductor technology building transistors
» Feature size, energy per transistor

— software

* HLL compilers

« Operating Systems
— hardware design

* Processor, main memory, storage, /O, network
— Cost per bit, operation decreases

— Growth in sales volume

* increasing number of applications and diverse
market segments
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Basic Economics

* Making feature size smaller is very
expensive: multi-billion cost for a factory

 Such cost is affordable if it can be amortized
in few years with billions of IC sales

» Larger volume helps lower non-recurring
expenses (NRE) cost paid by each customer

E.g. $5billion new factory, 20million chips/year

NRE Cost/chip for 5 yrs = 5e9/(5x20e6) = $50
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|C Sales

« 267 billion Integrated circuits expected to ship in
2016 (McClean Report)

« $203 billion sales (IC Insights)
— 36.7 Billion Memory/Flash Units
— 300 million pc/laptop processors (2015)
— 23 million server processors — mostly Intel x86 (2015)
— 14 billion ARM based chips (2015)

2016F Microcomponent
P 2016 MPU Sales by Application (Fcst, $65.0B) 2016F Memory Market
Marketshare ($83.8B) Embedded Microprosessors = 14% ($75.8B)
Oeher Carmguter Metwork Procossars = 3,6%
4-18- 16-bit MCU CPU Computers & Periphérals = 1.6%
psp 18 :!;EIMEU A 32-bit MCL 1% In-dusptntal."r-'led-ral =3.7% Other
) — " _L Corsumer = 2.5%
Cellphome 7 allphane App - putematice = 1.7

MPUs* ey Cther = 1.3%

%

Tablet MPLI
4%

Source: IC Insights

Source: IC irsights

*includes ARM-bated and xB6 processard,

Source: I Insi ghis



Classes of Computers

Personal Mobile

— e.g. smart phones, tablet computers

— Emphasis on cost, video quality, energy efficiency and real-time
Desktop/Laptop

— Emphasis on cost-performance, graphics
Servers

— Emphasis on availability, scalability, throughput
Clusters/Warehouse Scale Computers

— Used for “Software/Infra/Platform as a Service (XaaS)”

— Emphasis on availability and price-performance

— Based on commodity parts

Supercomputers

— Emphasis: floating-point performance and fast internal networks

Embedded:

— Emphasis: price (and other depending on application/requirements, e.g. safety)
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Embedded: Smart Card
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Personal Mobile: iIPad

® Apple ABX Processor
Hynix H2/TDGEUD2ZMEBR 16 GB NAMD Flash

1118 Cirrus Logic Audio Codec
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Cloud Server (x86 based)
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Top Supercomputer: TaihuLight

(June 2016)

Sunway TaihuLight

Figure 4: Overview of the Sunway TaihuLight System
Architecture
The Sunway TaihuLight uses a total of 40,960 Chinese-
designed SW26010 manycore 64-bit RISC processors based

on the Sunway architecture.2l Each processor chip contains

Active

Location

Architecture

Power

Operating system

Memory
Speed

Cost

256 processing cores, and an additional four auxiliary cores for pyrpose

system management that are also RISC cores just more fully

featured, for a total of 10,649,600 CPU cores across the entire

system

Web site

June 2016

National
Supercomputer
Center, Jiangsu,
China

Sunway

15 MW

Sunway RaiseOS
2.0.5 (based on
Linux)

1.31 PB

93 PFLOPS

1.8 billion Yuan
(US$273 million)

Oil prospecting, life
sciences, weather
forecast, industrial
design, drug
research

http://demo.wxmax.

cn/wxc/index.php




Key Driving Applications

Scientific: weather prediction, genome sequencing
— Need: large memory, heavy-duty floating point, availability (hw)
— Intel, AMD, Nvidia based, custom

Cloud services and Social Media: amazon, google, Microsoft facebook,
liknkedin,

— Need: availability (hw+sw), quality of service

— Intel based, fpga

Commercial: database/web serving,
— Need: data movement, high memory + 1/0O bandwidth
— Intel based, Oracle

Home office, multimedia, games
— Need: integer, memory bandwidth, graphics
— Intel/AMD/NVIDIA based

Mobile apps:
— Need: low power, integer performance, integrated graphics
— ARM based by Samsung, Qualcomm;

Embedded Applications
Smart Cars (functional safety): Autonomous driving

— Internet of Things: RFID on everything, temperature, air, water monitoring, traffic, smart
houses, survailance(security)

— Deeply Embedded: disposable “smart dust” sensors
— Need: low power, low cost (not always) — e.g. safety applications
— ARM based chips, dedicated digital signal processing

— Large collection of embedded processors needs backing up from servers to do processing,
aggregation, coordination etc



Baoikn TexvoAoyia YAotroinong

* Processor logic and memory arrays implemented with
silicon based transistors

 DRAM with transistors and capacitors
* Metal wires for connectivity
* Feature Size.:....,0.045u,0.032u,0.028u,0.022u,0.014u,0.010u...

* 2UVETTEIQ OMIKPUVONCG OTOV I0I0 XWPEO TTEPICCOTEPOUC
Topou¢ (transistors, functional units, memory cells)

1947-10° 1971-103 2002-107 2005-10°
[Mwc¢ aglotroiw Ta transistors?






Trends in Technology: Growth

Integrated circuit technology

— Transistor density: 35%/year (Moore’s law)
— Die size: 10-20%/year

— Integration overall: 40-55%/year
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DRAM capacity: 25-40%/year

Flash capacity: 50-60%/year g«maz_lng
— 15-20X cheaper/bit than DRAM ensity
Trends

Magnetic disk technology: 40%/year
— 15-25X cheaper/bit than Flash
— 300-500X cheaper/bit than DRAM

Network Technology (routers and links)



Clock, Energy, Power

Transistors keep getting smaller and faster

Moore’'s "Law”: doubling transistor density every
24-36 months

Transistors burn energy

— if 2x transistors in next generation chip

— for same energy cut energy/transistor by 0.5x
Challenge: energy per transistor is scaling
slower with smaller feature size

— Supply voltage is not scaling (Dennard Scaling)



Technology scaling: Challenges
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Clock, Energy, Power

Power: rate of burning energy Energy/Time
— Depends on clock rate

Higher power => higher temperature
All platforms have power envelopes (fixed ®)

Trade-off:

— lower clock rate
— For same power create room to burn more energy

— More transistors used to do more work (How to use
them?)

Processor clock speed not scaling in last decade

Emergence of multicores, GPU and other
accelerators
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Performance (vs. VAX-11/780)

Single Processor Performance

Move to chip multi-processor
N\
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100000
eon 6 cores, 3.3 GHz (boost to 3.6 GHz)
Intel Xeon ¥gores, 3.3 GHz (boost to 3.6 GHz)
Intel Core i7 Extreme 4 cores GHz (boost to 3.5 GHz) 24 192G
Intel Caore Duo Extrem ores, 3.0 GHz . 421,,3?1
Int=l Core 2 Extreme 2 cores, 9 GHz - 19,48
10000 "'Arﬁg%tﬁmrl?”fég 'ZGHE—"V L 1
Intel Xeon EE 3.2 GHz 7,108
Intel DESOEMVR motherboard (3.06 GHz, Pentium 4 processaor with Hyper-Threading Technology) 6,043 B,651
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Intel YC&820 motherboard, 1.0 GHz Pentium Il processor
Professional Workstation XP1000, 887 MHz 212644 '
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RISC Reduced Instruction Set Computer



Transistors and Wires

 Feature size

— Minimum size of transistor or wire in x or y dimension

— 10 microns in 1971 to .010 microns (10nm) in 2016
(10/0.01~ 1000x reduction in 1D and ~1000000x
reduction in 2D)

— Scaling of speed of transistors vs wires not-uniform

(quadratic vs linea 1,000
100}
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 Non-uniform scaling supports localized
activity, caching, and communication



MeAAoOvV ToUu Moore’s Law

 Roadmaps Until ~2025 (10nm, 7nm, 5nm)

— Will continue (prototypes in lab)
— Costs will increase (need larger volumes)

* Long-Term (>~2025 years)
— 3D stacking
— May need new technology (e.g. quantum)
— DNA based

— We can do better (e.g., human brain, approximate
computing)



Trends in Computer
Architecture
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Architects Role: decide how to use the transistors, what frequency to run
the processor/memory UNDER power, thermal, reliability, area, cost
CONSTRAINTS maximize profit

PAST:

For several years improve performance with more Instruction Level
Parallelism KLP)

— Pipelining

— Out-of-order execution

— Superscalar execution

— Prediction and Speculative execution

— Clock Rate Increase

Improvements in Memory Hierarchy: capacity and access time
— Multi-level Caches,

— Replacement Policies

— Prefetching

Multiprogram parallelism: running independent programs on different processors



Trends in Computer
Architecture
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PRESENT:

« Continue to improve ILP and memory hierarchy

— Single processor performance improvement key business
requirement

— technology and program properties make it challenging
— Amdahl’'s Law makes it essential
* And multiprogram parallelism

« Other types of parallelism pursued
— Data-level parallelism (DLP)

— Thread-level parallelism (TLP)

« Require parallel architectures and explicit restructuring of the
applications (e.g. parallel programming 372)

— Request Level Parallelism (RLP) (Cloud services)
« Also accelerators — e.g. deep neural nets for classification



Current Parallelism in Computer

Classes (processors/cores)

Personal Mobile Device (PMD) 1 <10
Desktop Computing 1-2  10-100
Servers 1-10s 10-1k

Clusters/Warehouse Scale Computers 1K to 100K (x10)
Supercomputers 40k 1e6

Embedded Computers can vary
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Parallelism

» Classes of architectural parallelism:
— Instruction-Level Parallelism (ILP)
— Multiprogram (multicores,multiprocessors)
— Vector architectures/Graphic Processor Units (GPUSs)
— Thread-Level Parallelism (multicores,multiprocessors)
— Request-Level Parallelism (multicores,multiprocessors)
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Finally hatched

BURROUGHS ANNOUNCES THE

Ii WAS A LO\G TIME COMING — bul the Bur-

roughs Corporation B3000, that firm’s first entry in

~ the solid state computer field, promises to be an in-
 teresting addition to the industry.

~ Featuring an add time of three microseconds and
a six microsecond memory cycle, a maximum system
~ may include up to eight memory modules, each
- containing 4,096 49 bit words. -

s not New, March 1961

BSOO0O

An interesting feature of the machine lies in the
fact that two central processors may be employed
mmuitarwam}v for what Burroughs calls “true paral-
lel processing.”

B5000 will rent from $13,500 to 850, U{}(} a munth

The sale price range is $540,000 to $2,000,000. A
. more detailed article on the B5000 will appear in

an early issue of DATAMATION,
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Parallel Processing is not New

Multiprocessors have been around for decades
Using specialized or commodity parts

Parallel programming for certain domains very
well developed art

Many parallel programming languages and
frameworks

Numerous efforts for automatic (compiler)
parallelization and vectorization
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What is new

Technology trends

Embrace of multi/many cores across industry
Emergence of large scale RLP

— More throughput

No silver bullet (perfect solution) for all
applications
Specialization and heterogeneity

— Small cores, big cores, gpus, accelerators, neural
nets etc

s1eindwo’) Jo sasse|)



APXITEKTOVIKN YTTOAOYIOTWYV

AoyioMIKO

Application

Operating
System

Compiler Firmware

| | Instruction Set
/Instr. Set Proc. | 1/0 system Architecture (ISA)

Opydvwon
Mikpo- —Datapath & Control/Memory
ApPXITEKTOVIKN | |
Digital Design YAIKS
| | _Circuit Design |
| Layout |

« HAZE (ISA) diaouvdeon PETALU AOYIOUIKOU Kal UAIKOU

* Hopyavwon meplypagn pong Kai atmobnkeuang TANPOPoPIWY Kal
EAEYXOU CEXWPIOTA ATTO TNV TEXVOAOYIa UAOTTOINONC



ASE (ISA)

Name Number  Use Preserved across a call?
$zero 0 The constant value 0 N.A.
$at 1 Assembler temporary No
$v0-$v1 2-3 Values for function results and No
expression evaluation

$a0-$a3 4-7 Arguments No
$t0-$t7 8-15 Temporaries No
$s0-$s7 16-23 Saved temporaries Yes
$t8-$t9 24-25 Temporaries No
$ko-$k1 26-27 Reserved for OS kernel No
$gp 28 Global pointer Yes
$sp 29 Stack pointer Yes
$fp 30 Frame pointer Yes
$ra 31 Return address Yes

PC: program counter points to next instruction to execute

Instruction by pelopoode

Thika dresaifera

LB, LEL, 58

LH, LHL. S5H

LW, LWL, 5

L 50

L& L.0 5.5 5.0
MECD, HTCD

Y5 Ay, D
HMEC1, MIC1
Arirkserieogoal
DADD, DADDT, DADDU, BADDTY
Ciup, upy

UL, DL, DO,
OOV, BADD

ARD, AMGT
CR. DR]. 0B, E0AT
LUT

CALL, DSRL DSRA DSLLY,
CSALY, DSRAY

LT, ELTL, SLTU. SLTLU
Camimnl

ELOE, Ll

EL, BME

1T, BCLF

MY, MOMT

dJ, JR

JAL, JRLA

TRAP

[RET

Filwaring peis
AL, D, ALHD S, ADDL. PS5
SUA.D0, 5UB.5 S5UR.FS
FL .0, AL 5 UL PS5
FADD, D, BADD. 5, WADD, P
DIy O, BV, 5 DIV, P3
T _._

[ N S



ASE (ISA)

2-Way, 64-Kbyte Instruction Cache  Predecode Branch Front-End BTB Instruction
24-Entry L1 TLEf256-Entry L2 TLE Cache Prediction Table (4K Entrios) TLB/Prefetcher

¥
I Instruction Decoder |
¥

3-Way x86 Instruction Decoders

o Trace Cacq_a BTB Trace Cache N Quad
Instruction Control Unit {72-Entry) 4 - ”512 Entries) (12K pops) pop Queue Pumped
. | ¥
L) Allocator / Register Renamer 3.2GBIs
Memory “T Queue Integer/Floating Point uop Queue Bus
[ Mt uier Fast neral FP Schedul (Simplg £P Interface

Unit

v ¥
In r Register File /| Bypass Network FP Register / Bypass
AGU AGU 2x ALU || 2x AL | | | stow aLu FP L2 Cache
MMX FP (256K Byte
Load Store Simple Simple Complex SSE Move 8-way)
2-Way, 64-Kbyte Data Cache Address | | Address Instr. Instr. Instr. SSE2
2-Eniry [LBi255-Entn LB
! i i 48GBIs
System Interface L2 SRAMs L1 Data Cache (8Kbyte 4-way) 236 bits

Al 4




Defining Computer Architecture

* Instruction Set Architecture (ISA) design

— I.e. decisions regarding:

* registers, memory addressing, addressing modes, instruction
operands, available operations, control flow instructions,
instruction encoding

— example ISAs: x86, ARM, MIPS, IBM
» 32 bit and 64 bit
« CISC, RISC
— Extending an ISA: new operations, e.g. bit

manipulation to facilitate security, new data types
e.g. 256-bit operands

aJnjo8Iyoly Jeyndwon Buluyeq



Defining Computer Architecture

« Computer organization:

— Hardware implementation of the ISA

« Number of pipe stages, size of caches, number of
functional units, prediction, prefetching...

— Design to maximize performance within constraints:
cost, power, and availability

— Many options for implementing the ISA (huge and
challenging design space)
« Critical making right choices

— Hardware configurable and dynamic: challenging
how to configure it and use it efficiently

aJnjo8Iyoly Jeyndwon Buluyeq



[M1aTi va TTAPETE HAONMO
OPXITEKTOVIKNG UTTOAOYICTWYV

 Karavonon tng opyavwong, Twv TTEPIOPICUWY Kal OUVATOTATWY TWV
MOVTEPVWYV Kal MEAAOVTIKWY UTTOAOYIOTWV

e 2XeOIAOMNOG O€ WNAO £TTITTEDD - OXI AETITOUEPNG OXEDIATUOC

*  KaAUTepn yvwaon Twg eTTNPEEAGEI UAIKO TNV €TTIO00N TWV
TTPOYPOAUMATWY Kal TTWC YPAPOUPE KOAUTEPA TTPOYPAUMATO

— T repiopilel/ernpeadlel Tnv €TTido0ON;
— MNwc BeATiwvoupue Tnv €1Tidoon;

« ECoikeiwong e epyaAcia Kal TEXVIKWY YIa avaAluon Tng €1Tidoong
EVOC TTPOYPAUMATOC.



[MAnpo@opicc via To EINMNA605

A1daokwv: ['lavvog 2adeidong

AwAéCerc: 4.30-6 Aevtépa- 4.30-6 TIEumn
Opovtiompio [Euntn 6-7

Epyaoctpro: Agvtepa 10.30-12.30

Bon0oc: I1étpog Iavaym

loToo€eAida: www.cs.ucy.ac.cy/courses/EPL605

T1 Ba pyabete/oTOXOI:
— Teyvoloyia Ymoloyiotwv — TAcELS, evKalpieg Kot meEPLOPICUOL
— MeBodoroyia aEloAdynong Kot cUYKPLONS ATOd00T G ENEEEPYUTTOV
— Baoweég apyéc: pipelining kot memory hierarchy
— IIpoywpnuéveg 'Evvolec: Tlapariinioudg (ILP, DLP, TLP)
— Xpnon opopmv epyareinv yia eEepedvnon oe Paboc Kdmolwv TTuymdv
NG OPYLTEKTOVIKNG



[MAnpo@opicc via To EINMNA605

* [1poatraiToupeva

— Opyavwaon YT1oAoyIoTwWV Kal ZUMPBOAIKOS
[TpoypauuaTtiouog (EMA221)
* ApXITEKTOVIKI) oUVOAOU evioAwv (ISA): TTx MIPS, x86 KTA
* AlGdpopog dedouévwy (datapath)
« Movada eAéyxou (control unit)
o 2XEOIOOMNOGC EVOC WNPIOKOU CUCTAUATOG/ATTAOU ETTECEPYAOTH)

« Ta Baoika o€ oxéon Ye Kpun uvAun (caches) kai
dlaocwAnvwon (pipelining)

« Alaxeipion MvAung (eikovikn/Trpayuartiki uvAun, caches)
— KaAr N'vwon C kar UNIX

« BiBAloypagia: Computer Architecture a
Quantitative Approach, Henessy & Patterson 5th
edition, apBpa, web
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* EpyaoTtnpio:
— gloaywyn epyaAciwv (1rx scripting, simplescalar,mars,
gprof, pin,perf)
— agloAoynon epyaciwy
— oulnTNOEIC, TTAPOUCIATEIC
— Xpelaleote UNIX Aoyapiaocpo
* AcloAoynon
— Epyaociec 25-30 %
— [MepiAnpn/Ttapouciaon dpBpwv 5%
— 2uppeToxn 5%
— TeAk Epyaacia (project) 15% (MeTATITUXIOKOUG)
— Tehik} — 45-55%



