L ecturel: I ntroduction

Administrative info

Welcome to ECE669 Welcome off-campus gudents!
Csaba Andras Moritz, Associate Professor @ ECE/UMASS
Questions/discussonsg/email questions are welcome!
My Focus: Design d Paralel Computer Systems

« Chipsto supercomputers

« Software/hardware tradeoffs

« Compilers and Programming Models

« Also: give anidea dbou state-of-the-art reseach in the aeaby
discussing research paper

Info:




Administrative info contd.

2(or 3) Homeworks (info will be avail able online):
- Cadhe smulators and network simulators (run on Sun machines)
- Experiments with analytical model based performance estimation

1 Reseach Projed
- Speaulative reseach on some aspect of parallel computing
- Two ideas/options are provided
« Fine-grained synchronization support
« Wirelessconnectivity ontiled sysems on a chip
- Fed freeto define your own project (out-of-the-box thinking appreciated!)
- Nedl to doresearch and write a paper, can be done in groups of max 2--
students depending on project. Send plans to me andras@ecs.umassedu
Grading
» 40% midterm exam (wil | have guestions about HWS)

» 40% projed, 20% HWs

Administrative info contd

Ned to have accesto SUN/Solaris madine for the HWs
Acknowledgements

- Prof Anant Agarwal, MIT, Prof Rgees BaruaU Maryland, Walter
LeeMIT, Michad Taylor MIT, Matt Frank MIT, .. and aher
members of the Raw projed at MIT, aswell as authors of the
textbookthat provided material leveraged in this class




M ajor themein architecture

Application Technologici
requirements constraints

o,
- Look at typicd applications
» Understand physicd limitations

Unfortunately

Requirements and constraints are often at
odds with ead ather!

Full
connectivity

Architedure ---> making tradeoff s

Gasp!!!




Thought for the week

Algorithms Languages
N

The System

s

Hardware
Technology

Compiler

Runtime

| ntr oduction

Wheat is Parallel Architedure?

Why Parall el Architedure?
« Applicdiontrends
« Tedndogy trends
+ Architeduretrends




What is Parallel Architecture?

A paralel computer isacolledion of processng elements
that cooperate to solve large problems fast

Some broad issJes:

» Resource All ocation:
- how large a ©llection?
- how powerful are the dements?
— how much memory? How much communication bandwidth?

» Data acces Communicaion and Synchronization
- how do the dements cooperate and communicate?
- how are datatransmitted between procesors?
- what are the astractions and primitives for cooperation?

 Performance and Scdability
- how doesit all trand ate into performance?
- how doesit scale? (multiple processors...)

Why Study Parallel Architecture?

Role of a omputer archited:

To design and engineer the various levels of a computer system
to maximize performance and programmability within limits of
technology and cost.

Need to understand hw/sw tradeoffs, fundamental concepts
within each layer, ...

Why Parall elism?
 Provides dternative to faster clock for performance
» Appliesat al leves of system design (hw, sw)
* Isafascinating perspedive from which to view architecture

10




Why Study it Today?

History: diverse and innowetive organizaional structures, often
tied to nowe programming models

Rapidly maturing under strong techndogicd constraints

«» The “kill er micro” is ubiquitous

« Laptops and supercomputers are fundamentally simil ar!

» Techndogicd trends cause diverse gproaches to converge
Tedndogicd trends make paral el computing inevitable

« In the maingtream

Neal to understand fundamental principles and design tradeoff s,
naot just taxonamies

« Naming, Ordering, Replication, Communication performance
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| nevitability of Parallel Computing

Applicaion cemands:. Our insatiable nead for computing cycles

« Scientific computing: CFD, Biology, Chemistry, Physics, ...

« General-purpose computing: Video, Graphics, CAD, Databases, TP...
Tedchndogy Trends

« Number of transistors on chip growing rapidly
« Clock rates expeded to go up aly slowly

Architedure Trends
« Instruction-level paral elism vauable but limited
» Coarser-level pardlelism, asin MPs, the most viable gproach

Econamics

Current trends:
» Today’s microprocesors have multiprocessor suppat
« Servers and workstations beaoming MP: Sun, SGI, DEC, COMPAQ!...
« Tomorrow’s microprocessors are multi processors
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Application Trends

Demand for cycles fuds advancesin hardware, and vice-versa
» Cycledrives exporential increase in microprocessor performance
« Drives parallé architedure harder: most demanding appli caions
Range of performance demands

Goal of applicaionsin using parallel madines. Speedup

Speedup (p processors) =  Performance (p processors)
Performance (1 processor)

For afixed problem size(inpu data set), performance =1/time

oo _ Time (1 processor)
Speedup fixed problem (p processors) = Time (p processors)
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Scientific Computing Demand

Grand Challenge problems
Global change

Human genome

Fluid turbulence

Vehicle dynamics

1TB — Ocean circulation
Viscous fluid dynamics
Superconductor modeling
100 GB - Quantum chromo dynamics
o Vision
=4
£
2 1aGe| S‘lc)rlucltural
Z Vehicle el
g signature Pharmaceutical design
Y
o 1GB -
i B 72-hour
S weather
@
100 MB — 48-hour 3D plasma
weather modeling Chemical dynamics
10MB - D Qil rese_rvoir
airfoil modeling
1 | 1 | |
100 MFLOPS 1 GFLOPS 10 GFLOPS 100 GFLOPS 1 TFLOPS

Computational performance requirement
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Enagineering Computing Demand

Large parallel madiines amainstay in many industries
« Petroleum (reservoir analysis)
« Automotive (crash simulation, drag analysis, combustion efficiency),

« Aeronautics (airflow analysis, engine dficiency, structural mechanics,
eledromagnetism),

« Computer-aided design
» Pharmacaiticads (moleaular modeling)
« Visudizdion
- in all of the &ove
- entertainment (filmslike Toy Story)
- architecture (walk-througls and rendering)
« Financia modding (yield and cerivative analysis)
- efc.
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Applications. Speech and | mage Processing

10 GIPS 5,000Words

Continuous
1,000Words e
1GIPS ContinUols Recognitior
Speech HDTVReceiver
Telephone  Recognition )
Number CIFVideo
100 MIPS Recognition  ISDN-CD Stereo
200Words Receiver
Isolated Speech p
10 MIPS Recodiiton Speech Coding
Speaker
Veriveation

1 MIPY Sub-Band
Speech Coding

T T 1
1980 1985 1990 1995

» Also CAD, Databases, . . .
* 100 processors gets you 10 years, 1000 gets you 20 !
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L ear ning Curve for Parallel Applications
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Speedup

20

| I |
50 100 150

Number of processors

« AMBER moleallar dynamics smulation program
« Starting point was vedor code for Cray-1

+ 145 MFLOP on Cray90, 406 for final version an 128-processor Paragon,
891  128-processor Cray T3D
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Commer cial Computing

Also relies on parallelism for high end
» Scdenat so large, but use much more wide-spread
» Computational power determines scade of business that can be handled

Databases, online-transadion processng, dedsion suppat, data
mining, data warehousing ...

TPC benchmarks (TPC-C order entry, TPC-D dedsion suppart)
« Explicit scding criteria provided
« Size of enterprise scdes with sizeof system
» Problem sizeno longer fixed as p increases, so

+« NOTE: throughpu isused as a performance measure (transadions per

minute or tpm)
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TPC-C Resultsfor M arch 1996
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= |BM PowerPC

0  Other
15,000

u]

m]

u]

10,000 — o

Throughput (tpmC)

5,000

i S

1
0 20 40 60 80 100 120

Number of processors

0

« Parallelism is pervasive
« Small to moderate scde paral dism very important
- Difficult to obtain snapshot to compare acossvendar platforms
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Summary of Application Trends

Trangition to parallel computing has occurred for scientific and
engineaing computing

In rapid progressin commercial computing
« Database and transadions aswell asfinancia
» Usudly small er-scde, but large-scde systems also used

Desktop aso uses multithreaded programs, which are alot like
parall el programs

Demand for improving throughpit on sequentia workloads
» Gredest use of small-scde multiprocessors
Solid application demand exists and will i ncrease

20
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Technology Trends

100
Supercomputers
10 |-
5]
< Mainframes
g Microprocessors
5 Minicomputers
o
1 .,
()
0.1 | | | | 1 J
1965 1970 1975 1980 1985 1990 1995

The natural buil ding block for multiprocessors is now adso abou the fastest!

General Technology Trends
» Microprocessor performance increases 50% - 1000 per yea
* Transistor count doules every 3 yeas
* DRAM size quadruples every 3 yeas
* Huge investment per generationis caried by hug commodity market
180 Y
160 B Y AN
140 0 P AU
190 oo o DEC
100 oo ERie cccc®--- integer —O—— FP
80 +
{0) A
40 + :
20 - ?6_0 ........... ] .;...,...:../..’../ .........................
0+ + + + + |
1987 1988 1989 1990 1991 1992
* Not that single-processor performanceis plateauing, but that
paral €lism is anatural way to improveit.
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Technology: A Closer L ook

Basic advanceis decreasing featuresize (A )
« Circuits become dther faster or lower in power

Die sizeisgrowing too
« Clock rate improves rougHy propartional to improvement in A
« Number of transistorsimproveslike A2 (or faster)

Performance > 100x per decale; clock rate 10x, rest transistor court

How to use more transistors?
« Pardlelism in processng
- multiple operations per cycle reduces CPl
« Locdity in data acces

- avoidslatency and reduces CPI
- also improves procesor utilization

» Both nedd resources, so tradeoff
Fundamental issueis resource distribution, asin uniprocessors

Proc $

Interconnect
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Clock Freguency Growth Rate
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o 30% per yea
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Transistor Count Growth Rate

100,000,000

10,000,000

1,000,000

Transistors

100,000

10,000

L0000 T 1980 1 1990 | 2000_]
19757071985 0 1995 " 2005

100 milli on transistors on chip by ealy 2000s A.D.

* Transistor court grows much faster than clock rate
- 40% per year, order of magnitude more contribution in 2 decades
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Similar Story for Storage

Divergence between memory cgpadty and speed more pronourced

« Capadty increased by 10@x from 1980-95, speed orly 2x

« Gigabit DRAM by c. 2000, but gap with processor speed much greder
Larger memories are slower, whil e procesors get faster

» Ned to transfer more data in parall el

» Nedal degoer cache hierarchies

» How to arganize cabes?

Parall elism increases effedive size of ead level of hierarchy,
withou increasing accesstime

Parall elism and locdity within memory systems too

« New designs fetch many hits within memory chip; follow with fast
pipelined transfer aaossnarrower interface

- Buffer cadhes most recently accessed data
Diskstoo: Parale disks plus cading

26
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Architectural Trends

Architedure trandates techndogy s giftsto performance and
cgpability

Resolves the tradeoff between parallelism and locdity
« Current microprocessor: 1/3 compute, 1/3 cade, 1/3 off-chip conred
« Tradeoffs may change with scde and technd ogy advances
Understanding microprocesor architedural trends
» Helps build intuition about design issues or parallel machines
«» Shows fundamental role of parall €lism even in “sequential” computers

Four generations of architedural history: tube, transistor, I1C, VLSI
« Here focus only on VL SI generation

Greaest delinedionin VLS| has been in type of parall elism exploited
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Architectural Trends

Gredest trendin VLSI generation isincrease in parall elism

« Up to 1985 hit level paral €ism: 4-bit -> 8 hit -> 16-hit
- slows after 32 bit
— adoption of 64-bit now under way, 128-bit far (not performance isaue)
- great infledion point when 32-bit micro and cache fit onachip

» Mid 80sto mid 90s: instruction level paral elism
- pipelining and simple ingtruction sets, + compiler advances (RI1SC)
— onchip cadhes and functional units => superscaar execution
— greater sophigtication: out of order execution, speculation, prediction

« to deal with control transfer and latency problems

 Next step: threal level parall €lism

28
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Phasesin VL SI Generation

Bitlevel parallelism Instruction-level Thread-level (?)
100,000,000
10,000,000 |
1,000,000 |
a
2 g o
g & igoass
= 100,000 ! 0 BR300
E 0 R2000
F i
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E -, 18080
E 18008
I
4004
1,000 ! I I I I I |
1970 1975 1980 1985 1990 1995 2000 2005

« How goodisinstruction-level paral elism?
» Thread-level neaded in microprocesors?
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Architectural Trends. ILP
* Reported speadups for superscdar procesors
* Horg, Harris, and Jardine [1990)] ..........ccccennee. 1.37
e Wang and WU [1988] ..........oevvermrreerersirrresneeea. 1.70
» Smith, Johrson, and Horowitz [1989 .............. 2.30
« Murakami et al. [1989 ......ccovuermevemereerereesrreennenne 2.55
e Chang et al. [1990] ...c.ovvmreereeemereemeeeeneeen e, 2.90
o Jouppi and Wall [1989] ........ccvvvvvvvrriieriiriiiiees 3.20
* Lee, Kwok, and Briggs[199]] .......ccccovvvenervennne 3.50
¢ Wall [1991] w.ovoeeeeeeeeeeeeeeeee et 5
« Melvin and Patt [1991] ......ooveevveerremereerereeeneeee 8
o Butler et al. [1991] ...ovveeeoveeeeeeeeeee s 17+
« Large variance due to differencein
— application domain investigated (numerical versus non-numerical)
- capabilities of procesor modeled
30
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|LP Ideal Potential

30 3~
_. 25 25 ) il
g
3 20} 2L
S o
& 3
[
£ 15 g 1.5
‘S %]
_5 10 - 1+
g
L 5 0.5
0 0 L !
0 1 2 3 4 5 6+ 0 5 10
Number of instructions issued Instructions issued per cycle

* Infinite resources and fetch bandwidth, perfed branch prediction and renaming

— real caches and nonzero miss latencies
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Results of ILP Studies

» Concentrate on perall €lism for 4-issaie machines

[] perfect branch prediction
4x

[ 1 branch unit/real prediction

Jouppi_89  Smith_89 Murakami_89 Chang_91 Butler 91 Melvin_91

* Redistic studies show only 2-fold speedup
» Recent studies how that more ILP needsto look acoss threads

32
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Architectural Trends: Bus-based M Ps

*Micro onachip makesit natura to conred many to shared memory
—dominates server and enterprise market, moving down to desktop

Faster processors began to saturate bus, then bus technology advanced
—today, range of sizesfor bus-based systems, desktop to large servers

70—
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Bus Bandwidth
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Economics

Commodity microprocessors nat only fast but CHEAP
* Development cost is tens of milli ons of dollars (5-100 typicd)
* BUT, many more ae sold compared to supercomputers

» Crucial to take advantage of the investment, and use the
commodity building block

« Exotic parall € architedures no more than spedal-purpose

Multi procesors being pushed by software vendars (e.g. database)
aswell as hardware vendars

Standardizaion by Intel makes snall, bus-based SMPs commodity

Desktop: few small er processors versus one larger one?
« Multiprocessor on a chip

&

Consider Scientific Supercomputing

Proving groundand driver for innowative architedure and techniques
» Market small er relative to commercia as MPs become mainstream
» Dominated by vedor machines startingin 70s

» Microprocessors have made huge gains in floating-point performance
- high clock rates
- pipdined floating point units (e.g., multiply-add every cycle)
— instruction-level parallelism
- effective use of caches (e.g., automatic blocking)

» Plus econamics

Large-scale multiprocessors replace vector supercomputers
« Well under way arealy

36
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Raw Uniprocessor Performance: LINPACK

10,000
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4 CRAY n =100
« Micro, n = 1,000
0 Micro, n =100

T

“IBM Power2/990
MIPS R4400
Xmp/l4se
DEC Alpha
HP9000/735

LINPACK (MFLOPS)
=
o
S]

DEC Alpha AXP

= CRAY 1s HP 9000/750
[ IBM RS6000/540
10 |-
L l MIPS M/2000
I MIPS M/120
Sun 4/260

1 | Bl | 1 ]
1975 1980 1985 1990 1995 2000

37

Raw Parallel Performance: LI NPACK

10,000
E o MPP peak
m CRAY peak
1,000 |
Paragon XP/S MP1
—~ (6768)
2 Paragon XP/S MPi
[e] (1024) o
I CM5 o
o 100
5 T932(32) m
5 Paragon XP/S
z .
= CM-200 o
CM-2 o = C90(16)
10 ¢
. iPSC/860
Ymp/832(8) * nCUBE/2(1024)
1
E Xmp/416(4)
0.1 L L L L L |
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» Even vedor Crays becane pardld: X-MP (2-4) Y-MP (8), C-90 (16), T94 (32
* Since 1998, Cray produces MPPstoo (T3D, T3E)
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500 Fastest Computers
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Summary: Why Parallel Architecture?

Increasingly attradive
« Econamics, techndogy, architedure, application demand

Increasingly central and mainstream

Parall elism exploited at many levels

« Instruction-level paral elism
« Multi processor servers
« Large-scale multi processors (“MPPS’)

Focus of this class multiprocessor level of parall elism
Same story from memory system perspedive
« Increase bandwidth, reduce arerage latency with many locd memories

Wide range of parall el architedures make sense?
- Different cost, performance and scdability

40
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