
Basic Micropro cessor Instructions

MicroprocessorCPU'scanonlyexecutea limited number of func-
tions.

² Load- loaddata from memoryinto the CPU

² Store- storedata from the CPU into memory

² Branch or Jump- alter orderof instructionexecution

² Math and LogicalOperations- internal operationswithin or
betweendi®erent words(shifts,adds,XOR, etc)

The speci¯c operationsare often more complex,such as \load
from memoryindirectly from a pointer in registerX to register
Y." However, they all fall into thosesimplecategories.
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RISC - Reduced Instruction Sets

RISCmachineshavesmall,highlyoptimizedinstructionsets.How-
ever, themainreasonsfor thehighperformanceof RISCmachines
is morecomplicated.

The commoncharacteristicsof RISCmachinesare:

² instructionpipelining

² uniforminstructionlength

² simpleaddressingmodes

² load/storearchitecture

² delayedbranching

² pipelining°oating point numbers
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Uniform Instruction Length

The simplestof theseis the uniforminstructionlength. In CISC
processors,the instructionlengthcouldvary from 1 byte to 4 (or
more)bytes. All RISCinstructionshave the samelength,making
it fasterto fetch andprocessthe instructions.
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Instruction Pip elining

Every instructiongoesthrougha similar set of stageswhenit is
processed.For example,in a givenprocessor,the stagesmight be:

² fetching the instruction

² decoding the instruction

² loadingthe operands

² processingthe instruction

² saving the resultsto memory
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Instruction Pip elining

Fetch Decode Load Process Save
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Simultaneous Execution

Sinceeach of thesestepsismoreor lessindependent fromtheother
steps,it is possibleto executemultiple instructionsat the same
time.

Decode

Decode

Decode

Load

LoadDecode

Fetch

Fetch

Fetch

Fetch

Fetch

Decode

Load

Save

Save

Save

Save

SaveProcess

Load

Load

Process

Process

Process

Process

At any intermediatetime slice,e®ectively ¯ve instructionsaresi-
multaneouslyexecuting.
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Pip eline E±ciency

To make pipelineswork e®ectively, threesimplemodi¯cationsare
addedto the internalarchitecture.

² Uniform instruction Length- all instructionshavea uni-
form byte length. This meansloadinginstructionsis always
the same,anddecoding the instructionsis straightforward.

² Simple Address Mo des - only simpleaddressmodesare
allowed. Complicatedmemorycalculationsarenot allowed in
any singleprogramstep.

² Simple Load/Store Mo des - only simpleloadandstore
commandsareallowed. Thereareno complicatedmulti-cycle
loador storecommandsin the processor.
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Mo dern CPU Speeds

Intel chipscanachieve 2 FLOPSper clock cycleper core.

For a dual core3.2GHzmachine- the speedis

3.2GHz* 2 cores* 2 Flops/Hz= 12.8GFlopsPeakPerformance
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N-b ody Particle Codes

N-body particlecodesarean exampleof an unstructuredimplicit
dynamicproblem.The applicationsfor thesecodesinclude

² evolution andformationof galaxies

² gasdynamics

² molecularchemistryandbiology

² plasmaphysics

Theseproblemsareclearlythe most interestingand excitingare
of research mankindhasundertakento date. Theyalsohappento
be my current areaof research.
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Basic Steps in N-b ody Codes

All N-body codeshave the samesetof basicsteps

² readin initial data

² initializecalculation

² calculatethe forceson each particle

² updatethe particlepositionsbasedon the newforces

² output dataasneeded

² repeat the 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 forcesin n-body problems,wemust ¯nd the con-
tribution of every particleon every otherparticle

for i = 1:n;
fx(1,i) = 0;
fy(1,i) = 0;
fz(1,i) = 0;
for j = 1:n;

dx = x(1,i) - z(1,j);
dy = y(1,i) - y(1,j);
dz = z(1,i) - z(1,j);
r = sqrt(dx^2 + dy^2 + dz^2);
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Calculating Forces(2)

if (i ~= j)
dfx = -g* m(1,i)* m(1,j) / r^2 * dx/r;
dfy = -g* m(1,i)* m(1,j) / r^2 * dy/r;
dfz = -g* m(1,i)* m(1,j) / r^2 * dz/r;
fx(1,i) = fx(1,i) + dfx;
fy(1,i) = fy(1,i) + dfy;
fx(1,i) = fz(1,i) + dfz;

end
end

end
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Timestep

Forward Eulermethod

vnew
i = vold

i + anew
i dt (1)

xnew
i = xold

i + vnew
i dt (2)

for i = 1:n
vx(1,i) = vx(1,i) + fx(1,i)/m(1,i) * dt;
vy(1,i) = vy(1,i) + fy(1,i)/m(1,i) * dt;
vz(1,i) = vz(1,i) + fz(1,i)/m(1,i) * dt;

x(1,i) = x(1,i) + vx(1,i) * dt;
y(1,i) = y(1,i) + vy(1,i) * dt;
z(1,i) = z(1,i) + vz(1,i) * dt;

end
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Pip eline E±ciency

All the modi¯cations are donefor the sake of e±ciency. This
hasno reale®ecton the typesof programsallowedin a high level
language.It onlyimpactshow thecompilertranslatestheprogram
into machinecode.
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Problems with Pip elines

Unfortunately, youdon't alwaysknown what the next instruction
is in realprograms.If thereis a branch which relieson the \cur-
rent" systemstate,you can't predictwhich path to follow.

Therearethreeapproachesto this problemin normalRISCpro-
cessors:

² treat thebranch asa no-opandcontinuetheexecution(assume
it will fail)

² beginto processthe instructionsafter following the branch

² guessthebranch routebasedonrecent behavior at this location

² randomlypick a direction
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Floating Poin t Pip elines

Floating point pipelinecan be usedto increasethe e±ciencyof
complex°oating point operations. Equationsare broken into a
list of sequential operationsandelements of anarray areoperated
on in this pipelinesimultaneously.

Take the exampleof gravity. In vectornotation,we canwrite-

~a =
GM
r 2 r̂

But to calculatethe accelerationin the x-directionin Cartesian
coordinates,we needto write the equationin this form.
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Pip elining Gra vit y
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FP Pip elines

The processwouldbe the stepsusedto calculatethe acceleration
in the x directionfromoneparticle.What happensif youwant to
calculatethe accelerationfrom all the particlesin the simulation?

Obviously, you just increasethe complexity of the pipeline,so

ax(j ) =
nX
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Multiple Floating Poin t Pip elines

If thereareenoughparticle,wecoulde±ciently runmultiplepipelines
simultaneously. In this way, wecouldsimultaneouslycalculatethe
accelerationsfor multiple particles.

Are theresystemsthat have multiple °oating point pipelines?

YES! Graphicscards! The NVIDIA 7800graphicscard has24
parallel°oating point pipelines.
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Graphic Pro cessing Units

From John Ashley'sdissertationproposal: \... a graphicscard
can executea single-precisionIEEE °oating point multiply-add
operation(a*b+c) and an additionalmultiply operationfor each
component of a pixel(typicallyrepresentedasthreecolorchannels
anda transparencychannel,referredto asRGBA) per clock cycle
per fragment processor.In the 7800that leadsto a peakrating
of 24 fragment processors* 3 FLOPs per channelper clock * 4
channelsper fragment * 400MHz = 115.2GFLOP theoretical
peakperformance.This is,however,unobtainableoverany length
of time asthe memoryunits can't keepup with the processing....
Nvidia claimsthe chip cansustainup to 6.4GPixelsper second
which, at up to 12FLOPSper pixel,points to performanceof up
to 76.8GFLOPSsustained."
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The GRAPE Program

The¯rst GRAvity PIpelinecomputerwasbuilt in 1991by agroup
of Japaneseastronomers.Their approach to the n-body problem
wasto godirectly to the hardwaredesignto improveperformance
by dramaticallyincreasingthe sizeand number of °oating point
pipelinesusedin the calculation.

Theydesignedandcreateda specialpurposechipsto dothesecal-
culationthat interfacedwith a normalgeneralpurposecomputer.
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Generations of GRAPE

The GRAPE computershave beenthroughsix generationsof re-
visions,andhave onethe GordenBell Prizeseventimes.

The speedin 1995was112G°ops. The speedof the Grape 6 in
2003was 40 T°ops. The cost for developingthesesystemswas
relatively low - the last versionwasabout 1 million dollars.
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The Grap e Pip eline

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

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

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

All computerscanbe built from NAND gates.
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Evolution of Hardw are

Hardware in computers,especiallychips, have evolved dramati-
cally in the last 40 years. They have followed a set of discrete
stagesin complexity.

² discretecomponents

² integratedcircuits

² largeandvery largescaleintegration

² fully programmablegatearrays
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Discrete Comp onents

Computerswereoriginallymadewith simpleandseparatecompo-
nents. Tubes,resistors,capacitors,andeventually transistorswere
usedto constructbasiclogiccircuits. The circuitswerecombined
to form morecomplexdevicesthat formedCPU'sin computers.

First generationof computerswerebuilt with very simpleparts.
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In tegrated Circuits

In the 1950's,electricalengineersbeganto imaginebuilding ex-
tremelycomplexcircuits. Constructionand reliability startedto
becomeanissue,becausewiredconnectionsstartedto betoo slow
to usein thesecircuits.

In 1958,Jack Kilby at TexasInstruments built the ¯rst integrated
circuit. This ideawasworked on independently and further im-
provedby 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 In tegration

As CPU designsimproved and becamemorecomplex,the inte-
gratedcircuitsbecamemorecomplex.The AMD 4200+X2 has
157million transistors.

Onelimiting factoron thesemachinesis the connectivity between
the circuits ¯xed in the system.Although someproblemsmight
work better with di®erent internal con¯gurations,and you can't
just changethat whenyou have etchedthemout of silicon.

Development costsfor largeMicrochips is now in the billions of
dollarsfor thesechips.
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Programmable Logic Device

PLDs were introducedin the 1970'sprogrammablearray logic
devicesby both IBM andMonolith MemoriesInc. Thesedevices
allowedelectricalengineersto createcustomcircuitsby atechnique
similar to programmingReadOnly Memory.

A logicdesignwascreatedby the engineer,then the devicewas
\burned" to replicateany desiredlogictable. 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
current generationof FPGAshave 20million transistors,andcan
be programmed(or burned)to do a wide variety of tasks. The
¯rst generationof thesechipshad1000gatesandwasreleasedby
the company Xilinx.

In the last 2-3years,severalcomputercompanieshave startedto
o®erFPGAsasoptionson their top endcomputers.
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FPGA Use Issues

² programmingFPGAsis generallynot easy

{ compilersare just beginningto take advantage of FPGA
capabilities

{ optimal resultsrequireuseof non-standardlibrariesor cus-
tom programmingin Verilogor VHDL

² FPGAsarestill arebleedingedgetechnologies

{ rapid changesin technologyandstandards
{ unclearfuture
{ limited usercommunity
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FPGA Use Issues

² costsfor implementation may be excessive

{ the lack of continuity in platforms,languagesandparadigms
will be a signi¯cant barrierto widespreadadoption

BUT... they arevery e®ective for someproblems

This is oneof the leadingareasin modernsupercomputing.

² how do usethem?

² how do we make themeasyto use?

² how well will they work for realproblems?

35



Real World Applications of FPGAs

The latest versionof the GRAPE project doesnot usea special
chip, but implements pipelineson FPGAs. Although the perfor-
mancefor development isnot nearlyashighasthespecialpurpose
boards,the speedupis very signi¯cant.
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FPGAs at GMU

Right now, GMU hasan FPGA unit on loan from SGI to Dr.
RainaldLohner.He wasloanedthe unit to explorehow it might
be usedin his °uids simulations.
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