Basic Micropro cessor Instructions

MicropracessofCPU'scanonly executea limited number of func-
tions.
2 Load- loaddatafrom memoryinto the CPU
2 Store- storedata fromthe CPU into memory
2 Brand or Jump - alter orderof instructionexecution
2 Math and LogicalOperations- internal operationswithin or
betweendi®erenhwords(shifts,adds,XOR, etc)

The speci ¢ operationsare often more complex,sut as \load
from memoryindirectly from a poirter in registerX to register
Y." Howeer, they all fall into thosesimplecategories.
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RISC - Reduced Instruction Sets

RISCmadineshavesmall,highlyoptimizednstructionsets.How-
e\er,the mainreasonsor the high performancef RISCmadines
IS morecomplicated.

The commoncharacteristico®f RISC madinesare:
2 Instructionpipelining

2 uniforminstructionlength

2 simpleaddressingnodes

2 |load/storearditecture

2 delgyed brandting

2 pipelining°oating point numbers
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Uniform Instruction Length

The simplestof theseis the uniforminstructionlength. In CISC
processorghe instructionlengthcouldvary from 1 byte to 4 (or

more)bytes. All RISCinstructionshave the samdength,making
It fasterto fetdh and procesdhe instructions.



Instruction  Pip elining

Every instructiongcesthrougha similar set of stagesvhenit is
processedFor exampleijn a givenprocessorthe stagesnight be:

2 fetdhing the instruction

2 decdalingthe instruction

2 loadingthe operands

2 processinghe instruction

2 saving the resultsto memory



Instruction  Pip elining

Fetch Decode Load Process Save




Simultaneous Execution

Sinceead ofthesestepas moreor lesandependenfromthe other
steps,it Is possibleto executemultiple instructionsat the same
time.

Fetch | Decode| Load |Process Save

Fetch |Decode| Load |Process Save

Fetch |Decode| Load |Process Save

Fetch |Decode| Load |Process Save

Fetch | Decode Load Process Save

e

At ary intermediatetime slice,e®ectigly ve instructionsare si-
multaneouslyexecuting.



Pip eline Exciency

To male pipelinesvork e®ectigly, threesimplemadi cationsare
addedto the internal arditecture.

2 Uniform instruction Length- all instructionshave a uni-
form byte length. This meansloadinginstructionsis always
the sameanddecaling the instructionsis straighforward.

2 Simple Address Mo des - only simpleaddressnodesare

alloved. Complicatednemorycalculationsare not alloved in
arny singleprogramstep.

2 Simple Load/Store Mo des - only simpleloadand store

commandare alloved. Thereare no complicatednulti-cycle
load or storecommandsn the processor.
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Mo dern CPU Speeds

Intel chipscanadiiewe 2 FLOPSper clock cycleper core.
For a dual core3.2 GHz madine- the speedis
3.2GHz* 2 cores* 2 Flops/Hz= 12.8GFlopsPeakPerformance



N-b ody Particle Codes

N-body particlecadesarean exampleof an unstructuredmplicit
dynamicproblem.The applicationdor thesecadesinclude

2 ewlution andformationof galaxies
2 gasdynamics

2 molecularchemistryand biology

2 plasmaphysics

Theseproblemsare clearlythe mostinterestingand excitingare
of researc mankindhasundertalento date. Theyalsohappento
be my curren areaof reseatrl.




Basic Steps in N-b ody Codes

All N-body cadeshave the samesetof basicsteps

2 readin initial data
2 Initialize calculation
2 calculatethe forceson ead particle

2 updatethe particle positionsbasedon the newforces
2 output dataasneeded
2 repeatthe last threestepsuntil done
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Initialization

g = 1;

dt = 0.02;

m = rand(n);

X = rand(1,n) *2 - 1;
y = rand(1,n) *2 - 1,
z = rand(1,n) *2 - 1;
vx = rand(1,n) * 2 - 1,
vy = rand(1,n) * 2 - 1,
vz = rand(1,n) * 2 - 1,
fx = zeros(1,n);

fy = zeros(1,n);

fz = zeros(1,n);
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Calculating Forces

To calculatethe forcesn n-body problemswe must nd the con-
tribution of ewvery particleon every other particle

for 1 = 1:n;
fx(1,)) = 0;
fy(1,)) =0;
fz(1,)) = 0;
for | = 1.n;

dx = x(1,)) - z(1,)):
dy = y(@.1) - y@);
dz = z(1,i)) - z(1,j);
r = sgrt(dx?2 + dy"2 + dz"2);
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if (i
dfx

dfy
dfz

fx(l,i;

fy(1,1)
fX(L,i)

end
end
end

Calculating Forces(2)

~= )

-g* m(1,))*
-g* m(1,))*
-g* m(1,)*
fX(1,i)
fy(1,1)
= f2(1,i)

m(1,) [/ r2 * dx/r,
m(1,) [/ M2 * dyr,
m(1,) [/ r2 * dz/r,
+ dfx;

+ dfy;
+ dfz;

13



Timestep

Forward Euler methda
)

Xinew — XiOId + Vinewdt

ew _ Viold n ainewdt

for 1 = 1:n
vx(1,)) = wvx(1,)) + fx(1,)/m(1,)

vy(1,i) vy(1,i) + fy(1,))/m(1,i)
vz(1,)) =vz(1,)) + fz(1,)/m(1,)

x(L,) =x(21,) + vx(1,) * dt;

ydip) =y@n +vy(d) *df
z(L,y)y =z(A,) + vz(1,) * dt;
end
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Pip eline Exciency

All the madi cations are donefor the sale of exciency This
hasno reale®ecbn the typesof programsallovedin a highlewel

languagelt onlyimpactshow the compilettranslateghe program
Into madinecade.
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Problems with Pip elines

Unfortunately you don't always known what the next instruction
IS in realprograms.If thereis a brant whid relieson the \cur-
rert" systemstate,you can't predictwhid path to follow.

Therearethreeapproabesto this problemin normalRISC pro-
Cessors:

2 treat the brand asa no-opandconinuethe executior(assume
it will fail)

2 pbeginto procesgshe instructionsafter folloving the brand

2 guesshe brand routebasednrecem behavior at this location

2 randomlypidk a direction
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Floating Point Pip elines

Floating poirt pipelinecan be usedto increasdhe exciencyof
complex®oating point operations. Equationsare broken into a
list of sequetial operationsandelemets of anarray areoperated
onin this pipelinesimultaneously

Take the exampleof gravity. In vectornotation,we canwrite-

GM
a= rzr\

But to calculatethe accelerationn the x-directionin Cartesian
coordinateswe needto write the equationin this form.

1

ax
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Pip elining Gravity

X2 = x*x
y2=y*y
72 =17%z1
12 = x2+y2
R2=r2+1z2
L
GM

/

0

A

'

1 =sqrt(r2)

rinv = 1/r

rinv2 = 1/12

g = m*rinv2

cx=x/r

ax =g *cx

output ax

X

a, =
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FP Pip elines

The processvould be the stepsusedto calculatethe acceleration
In the x directionfrom oneparticle. What happensif youwart to
calculatethe acceleratiorfirom all the particlesin the sinulation?

Obviously you just increasehe complexiy of the pipeline,so

n GMI Xjj
|—1|61 % E
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Multiple Floating Point Pip elines

If thereareenouglparticle,wecouldexcierily run multiple pipelines
sinultaneouslyIn this way, we couldsinultaneouslhcalculatehe

accelerationfor multiple particles.
Are theresystemghat have multiple °oating poirt pipelines?

YES! Graphicscards! The NVIDIA 7800graphicscard has 24
parallel®oating point pipelines.
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Graphic Pro cessing Units

From John Ashley'sdissertationproposal: \... a graphicscard
can executea single-precisiofEEE °oating point multiply-add
operation(a*b+c) andan additionalmultiply operationfor ead
commnern ofapixel(typicallyrepreseted asthreecolorchannels
andatransparencyghannel referredo asRGBA) per clock cycle
per fragmen processor.In the 7800that leadsto a peakrating
of 24 fragmen processorg 3 FLOPs per channelper clock * 4
channelsper fragmen * 400MHz = 115.2GFLOP theoretical
peakperformanceThisis, honvever, unobtainablever any length
of time asthe memoryunits can't keepup with the processing...
Nvidia claimsthe chip cansustainup to 6.4 GPixelsper second
whid, at up to 12FLOPSper pixel, poirts to performancef up
to 76.8GFLOPSsustained."

21



The GRAPE Program

The rst GRAVvity Plpelinecomputemwasbuilt in 1991by a group
of JapanesastronomersTheir approaht to the n-body problem
wasto godirectly to the hardwaredesigro improve performance
by dramaticallyincreasinghe sizeand number of °oating poirt
pipelinesusedin the calculation.

Theydesignedndcreatech specialpurposechipsto dothesecal-
culationthat interfacedwith a normalgenerapurposecomputer.
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Generations of GRAPE

The GRAPE computerdhave beenthroughsix generationsf re-
visions,and have onethe GordenBell Prizeseentimes.

The speedin 1995was112G°ops. The speedof the Grape 6 In
2003was 40 T°ops. The costfor dewelopingthesesystemsvas
relatively low - the last versionwasabout 1 million dollars.
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The Grap e Pip eline
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Fig, 6. Block diagram of the pipeline unit of the G5 chip.

Block diagram of the G5 chip pipeline taken from Kawai, A., Fukushige,T., Makino, J., & Taiji, M. 2000,
PASJ, 52,659-676
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The Grap e Function Pip eline
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Fig. 7. Block diagram of the function generator of the
G5 chip.

Block diagram of the G5 chip function taken from Kawai, A., Fukushige,T., Makino, J., & Taiji, M. 2000,
PASJ, 52,659-676
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The Grap e Chip

CLK SYSCLK

a
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Fig. 8. [/0O specification of the G5 chip.

Pin diagram of the G5 chip from Kawali, A., Fukushige, T., Makino, J., & Taiji, M. 2000,PASJ, 52
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The NAND Gate

Vcc

%— OUTPUT

INPUT A

INPUT B —

>
1

All computerscanbe built from NAND gates.



Evolution of Hardw are

Hardware in computersesgecially chips, have ewolved dramati-
cally in the last 40 years. They have folloved a set of discrete
stagesn complexiy.

2 discretecommnerts

2 Integratedcircuits

2 largeand very largescalantegration

2 fully programmabl@atearrays
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Discrete  Comp onents

Computersnvereoriginallymadewith simpleandseparateomymo-
nens. Tubes,resistorscapacitorsandevertually transistorsivere
usedto constructbasiclogiccircuits. The circuitswereconbined
to form morecomplexdeviceghat formedCPU'sin computers.

First generatiorof computersnverebuilt with very simpleparts.
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Integrated Circuits

In the 1950's electricalengineerdeganto imaginebuilding ex-
tremely complexcircuits. Constructionand reliability startedto
becomanissuepecausaviredconnectionstartedto betoo slov
to usein thesecircuits.

In 1958 Jak Kilby at Texadnstrumerts built the rst integrated
circuit. This ideawasworked on independetly and further im-
proved by Robert Noyce,a founderof Intel.

The rst integratedcircuits had a few dozento a few hundred
transistors.
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Large and Very Large Scale Integration

As CPU designamproved and becameamore complex,the inte-
gratedcircuits becamanorecomplex. The AMD 4200+ X2 has
157million transistors.

Onelimiting factoronthesemadadinesis the connectiviy between
the circuits xed in the system. Although someproblemamight

work better with di®eren internal con gurations,and you can't
just changethat whenyou have etthedthem out of silicon.

Dewelopmen costsfor large Microchips is now in the billions of
dollarsfor thesechips.
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Programmable Logic Device

PLDs were introducedin the 1970'sprogrammablearray logic
devicedy both IBM and Monolith Memoriednc. Thesedevices
allovedelectricabngineert createcustoncircuitsby atedinique
similarto programmingReadOnly Memory

A logicdesignwas createdby the engineerthen the devicewas
\burned" to replicateary desiredogictable. Theseearlydevices
coulddo the work of a fewhundredlogiccircuits.

(Wilkipedia)
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Field Programmable Gate Arra ys

FPGAs are similar to PLDs, but MUCH more complex. The
currert generatiorof FPGAshave 20 million transistorsandcan
be programmedor burned)to do a wide variety of tasks. The
‘rst generatiorof thesechipshad 1000gatesand wasreleasedby

the compawy Xilinx.

In the last 2-3years,seeralcomputercompanie$ave startedto
o®er-PGAsasoptionsontheir top endcomputers.
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FPGA Use Issues

2 programming-PGAsis generallynot easy

{ compilersare just beginningto take adwartage of FPGA
capabilities
{ optimal resultsrequireuseof non-standardibrariesor cus-
tom programmingn Verilogor VHDL
2 FPGAsarestill arebleedingedgetedinologies

{ rapid changesn tednologyand standards
{ unclearfuture
{ limited usercomnunity
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FPGA Use Issues

2 costsfor implememation may be excesse

{ thelad of cortinuity in platforms,Janguageandparadigms
will be a signi can barrierto widespreacdoption

BUT... they arevery e®ectig for someproblems

This is oneof the leadingareasn modernsupercomputing.

2 how do usethem?
2 howv dowe malke themeasyto use?

2 how well will they work for real problems?
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Real World Applications of FPGAs

The latest versionof the GRAPE project doesnot usea special
chip, but implemets pipelineson FPGAs. Althoughthe perfor-

mancedor dewelopmenis not nearlyashighasthe specialpurpose
boards,the speedupis very signi car.
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FPGAs at GMU

Right nov, GMU hasan FPGA unit on loan from SGI to Dr.
RainaldLohner. He wasloanedthe unit to explorehow it migh
be usedin his °uids sinulations.
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