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Compilers: Organization Revisited

Machine
Code

UGS Backend

‘ Frontend Optimizer IR

® Optimizer
# Independenpartof compiler
# Differentoptimizationgpossible
# |IRtoIR translation
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X
La?' Intermediate Representation(IR)
UniverSity R

of
msterdam

® Flow graph

#® Nodesarebasicblocks
s Basicblocksaresingleentryandsingleexit

o Edgesepresentontrol- ow

#® AbstractMachineCode
# Includingthenotionof functionsandprocedures

® Symboltable(s)keeptrackof scopeandbinding
Informationaboutnames
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X Partitioning into basicblocks
UniverSity R

of
sterdam

1. Determinetheleaderswhichare:
#® The rst statement
#® Any statementhatis thetargetof ajump
#® Any statementhatimmediatelyfollows ajump

2. For eachleadents basicblock consistf theleaderandall
statementsip to but notincludingthe next leader
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=1

10 t7=1+i
11 i=t7

prod=0

t1=4*i
t2=altl]
t3=4*i
t4=Db[t3]
t5=t2*t4
t6=prod+t5
prod=t6

Partitioning into basicblocks (cont'd)

12 ifi <21 goto 3
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La?' Intermediate Representation(cont'd)
UniverSity R

of
sterdam

Structurewithin a basicblock:

® AbstractSyntaxTree(AST)
# |eavesarelabeledby variablenamesor constants
# |Interiornodesarelabeledby anoperator

#® DirectedAcyclic Graph(DAG)
® C-like
#® 3addresstatementglike we have alreadyseen)
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U L’zl | Dir ectedAcyclic Graph
niversity I

of
sterdam

® LikeASTs:
# |eavesarelabeledby variablenamesor constants

# |Interiornodesarelabeledby anoperator

® Nodescanhave variablenamesattachedhatcontainthe
valueof thatexpression

® Commonsubepression@arerepresentedy multiple edges
to the sameexpression
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DAG creation

Supposéhefollowing threeaddresstatements:

1. X yopz
2. X o0py
3. X Yy
1f i 20 ... will betreatedike casel with x unde ned
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U L:Zl | DAG creation (cont'd)
niversity I

of
sterdam

#® |f nodey Isunde ned,createeaflabeledy, samefor zif
applicable

#® Findnoden labeledop with childrennode y andnode z
If applicable Whennotfound,createnoden. In case3letn

benode y

® Makenode x pointto n andupdatetheattacheddenti ers
for x
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DAG example

t1=4%*|
t2 = a[tl]
t3=4%*|

t4 = b[t3]
t5=t2*t4

t6 = prod+ t5
prod=t6
t7=1+1

| = t7
if (i

20)goto1
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X Local optimizations
UniverSity R

of
Amsterdam

#® Onbasicblocksin theintermediataepresentation
# Machineindependenbptimizations

#® As apostcode-generatiostep(oftencalledpeephole
optimization)
# Onasmall®instructionwindow” (oftenabasicblock)
# Includesmachinespeci c optimizations
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Transformations on basicblocks

Examples

#® Function-preservingransformations
# Commonsubepressiorelimination
# Constanfolding
o Copy propagtion
# Dead-codeslimination
# Temporaryariablerenaming
# Interchangef independenstatements
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Transformations on basicblocks (cont'd)

#® Algebraictransformations

# Machinedependengliminations/transformations
#® Remoal of redundantoads/stores
o Useof machinadioms
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X Common subexpressionelimination
UniverSity R

of
sterdam

# If thesameexpressions computednorethanonceit is
calledacommonsubepression

# If theresultof theexpressions storedwe don't haveto
recomputat

#® MovingtoaDAG asIR, commonsubepressionsre
automaticallydetected!
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Constantfolding

» Computeconstanexpressiorat compiletime
# May requiresomeemulationsupport

Xx 3 b X 8

y X 2 y 16
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\\\ Copy propagation

| 1TV
s 1O 3
Al

# Propagteoriginal valueswhencopied
# Tamgetfor dead-codelimination

Xy Xy
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Dead-codeelimination

® A variablex is deadat a statemenif it is notusedafterthat
statement

® Anassignment Yy zwherexis deadcanbesafely
eliminated

# Requiredive-variableanalysig(discussedateron)
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La?l Temporary variable renaming
Univefrsity L ———————————————

s(t)erdam

tl a b tl a b

t2 tl1 2 t2 tl1 2

tl d e t3 d e

c t1 1 c t3 1

# |If eachstatementhatde nesatemporaryde nesanew
temporarythenthebasicblockis in normal-form

# Makessomeoptimizationsat BB level alot simpler
(e.g.commonsube&pressiorelimination,copy

CSA propagtion,etc.)
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Algebraic transformations

# Therearemary possiblealgebraidransformations
# Usuallyonly thecommononesareimplemented
®» x x 0

®» X x 1

®» X X 2 X X 1

® X XX X X X
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X Machine dependenteliminations/transformations
University —— — ——————————
ms(tjérdam

b

® Remowal of redundantoads/stores
1 mov RO,a

2 mova,R0 // canberemoved
#® Remowal of redundanjumps,for example

1 beq...,$LX bne...,$Ly
2 ] $Ly $Lx:
3 $Lx

#® Useof machinadioms,e.qg.,
# Auto increment/decremeiaiddressingnodes
CSA # SIMD Iinstructions

slicy e Etc.,etc. (seepracticalassignment)
Systems
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Lil Other sourcesof optimizations

efrsity

ferdam

X

#® Globaloptimizations
# Globalcommonsubepressiorelimination
# Globalconstanfolding
# Globalcopy propa@tion,etc.

#® Loopoptimizations

#® They all needsomedata ow analysisonthe o w graph
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Loop optimizations

Codemotion

® Decreasamountof codeinsideloop

# Takealoop-invariantexpressiorandplaceit beforethe
loop

while (i limit  2) t limit 2
while(i 1)
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X Loop optimizations (cont'd)
Unlver5|ty L ——
Amsterdam

N

Induction variable elimination
#® Variableghatarelockedto theiterationof theloop are
calledinductionvariables

® Exampleinfor (i = 0; i < 10; i++) iisan
Inductionvariable

#® Loopscancontainmorethanoneinductionvariable,for
example,hiddenin anarraylookupcomputation

® Often,we caneliminatetheseextrainductionvariables
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X Loop optimizations (cont'd)
Univefrsity —— ————————
ms(t)erdam

Strengthreduction

#® Strengthreductionis thereplacemenof expensve
operationdy cheapepnes(algebraiaransformation)

#® Itsuseis notlimited to loopsbut canbe helpful for
Inductionvariableelimination

N

I I I I

tl1 i 4 tl1 t1 4

t2 atl t2 atl

If I 10)gototop If (I 10)gototop
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X Loop optimizations (cont'd)
of

msterdam

Induction variable elimination (2)

#® Notethatin thepreviousstrengthreductionwe have to
Initialize t1 beforetheloop

#® After suchstrengthreductionsve caneliminatean
Inductionvariable

T I tl1 t1 4
tl t1 4 t2 atl
t2 atl If (t1 40)gototop

If I 10)gototop
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. Finding loopsin o w graphs

Dominator relation

# NodeA dominateshodeB if all pathsto nodeB gothrough
nodeA

#® A nodealwaysdominatestself

We canconstruciatreeusingthisrelation:the Dominatortree
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Dominator treeexample

Flow graph Dominator tree
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X Natural loops

Unlver5|ty

msterdam

b

#® A loop hasasingleentrypoint, the headeywhich
dominategheloop

Theremustbeapathbackto theheader

Loopscanbefoundby searchindor edgesof which their
headglominatetheirtails, calledthe baclkedges

® Givenabacledgen d,thenaturalloopisd plusthe
nodeghatcanreachn without goingthroughd

| I
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Finding natural loopofn—d

proceduransert(m) {
If (notm loop) {
loop loop m
push(n)

}

}

sgadk 0
loop d
Insert)
while (sack 0) {

m = pop()
CSA for(p pred m) insert()
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X Natural loops(cont'd)

Univefrsity
0
Amsterdam

-

® Whentwo bacledgegyoto thesameheademnode,we may
join theresultingloops

® Whenwe considentwo naturalloops,they areeither
completelydisjoint or oneis nestednsidethe other

Thenestedoopis calledaninnerloop

| I

A programspendsnostof its time insideloops,soloops
areatargetfor optimizations.This especiallyholdsfor
Innerloops!
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Our examplerevisited

Flow graph
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Our examplerevisited

Flow graph

Natural loops:

1. backedge 10 > 7: {7,8,10} (the inner loop)
2. backedge 7 > 4: {4,5,6,7,8,10}

3. backedges 4 >3 and 8 > 3: {3,4,5,6,7,8,10}
4. backedge 9 > 1: the entire flow graph
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Reducible o w graphs

A o w graphis reduciblewhentheedgescanbe partitioned
Into forwardedgesandbacledges

Theforwardedgeanustform anacgyclic graphin which
every nodecanbereachedrom theinitial node

Exclusve useof structuredccontrol- ow statementsuchas

If-then-else , while andbreak producegeducible
control- ow

Irreduciblecontrol- ow cancreatdoopsthatcannotbe
optimized

Introductionto CompilerDesian— A. Pimentelp. 32/98



Reducible o w graphs (cont'd)

#® |rreduciblecontrol- ow graphscanalwaysbe made
reducible

#® Thisusuallyinvolvessomeduplicationof code

W o
.
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X Data o w analysis

Univefrsity

0
Amsterdam

-

# Dataanalysiss neededor globalcodeoptimization,e.g.:
# [savariablelive onexit from ablock? Doesa
de nition reacha certainpointin thecode?
# Data ow equationsareusedto collectdata ow information
# A typicaldata ow equationhastheform
ouS genS InS KkllS

#® Thenotionof generatiorandkilling depend®nthe
data ow analysisproblemto be solved

® Let's rst considerReachingDe nitions analysidor
structuredorograms
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Amsterdam

Reachingde nitions

#® A de nition of avariablex is a statementhatassignsor
mayassignavalueto x

°

An assignmento X is anunambiguousgle nition of x

An ambiguousassignmento X canbeanassignmento a
pointeror afunctioncall wherex is passedy reference

°
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X Reachingde nitions (cont'd)
University e ———————————

of
Amsterdam

-

°

Whenx is de ned, we saythede nition is generated

An unambiguousle nition of x kills all otherde nitions of
X

°

# Whenall de nitions of x arethesameat a certainpoint, we
canusethis informationto do someoptimizations

® Example:all de nitions of x de ne xto bel. Now, by
performingconstanfolding, we cando strengthreduction
If Xisusedinz y X

CSA
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X Data o w analysisfor reachingde nitions
Univefrsity —————————————————————————————
Ams?erdam

#® During data ow analysiswe have to examineevery path
thatcanbetakento seewhich de nitions reachapointin
thecode

® Sometimes certainpathwill never betaken,evenif it is
partof the o w graph

#® Sinceit is undecidablavhethera pathcanbetaken,we
simply examineall paths

#® Thiswon't causdalseassumptionso be madefor the
code:it is aconsenrative simpli cation

# [t merelycause®ptimizationsnotto be performed
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d: a=b+c

gen[S]=d
kill[S]=Da d

The building blocks

out[S]=gen[S] (in[S]-kill[S])

gen[S]=gen[S2] (gen[S1]-kill[S2])
kill[S]=kill[S2] (kill[S1]-gen[S2])

iN[S1]=in[S]
iN[S2]=out[S1]
out[S]=out[S2]

gen[S]=gen[S1]gen[S2]
kill[S]=kill[S1] kill[S2]

in[S1]=in[S2]=in[S]

out[S]=out[S1] out[S2]

gen[S]=gen[S1]
kill[S]=kill[S1]
in[S1]=in[S] gen[S1]
out[S]=out[S1]

Introductionto CompilerDesian— A. Pimentelp. 38/98



X Dealingwith loops
University —— — —————————————.

of
sterdam

#® Thein-setto thecodeinsidetheloopis thein-setof the
loop plustheout-setof theloop:inS1  InS ou Sl

#® Theout-setof theloop is the out-setof the codeinside:
ouS ou 3l

# [ortunatelywe canalsocomputeout S1 in termsofin Sl :
ouSlI genSl InSl kil SL

CSA
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Dealing with loops(cont'd)

| INnS1 O ouSLJ InS G genSl andK  kill S1
| J O

O G | K

AssumeO 0, thenlt J

of ¢ 1 K G J K

2 J ot J G J K JG

0> G I1? K G JGK G JK

O! O?soinSlL inS genSl andou S ou S1
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X
X Reachingde nitions example

University
of

Amsterdam
dg 1=m-1 001 1111
- 110 0000
d2 ] =N 111 0000
d; a=ul 110 0opp V00 1111 /
4 0001101
(@) 100 0000 001 OOOO
o 000 1001 / \ LeYEae
das l=1+1 010 0000 000 1111
g =i 000 0100 110 0000_do
5 j — j 000 1111

e2

. 110 0000 -
if (e1) //0 i
o~ a=u2 B g T

000 0100
else STeIST0h T
d- i =u3 882 88%8 100 1000

while (e2)

@:S)A\V In reality, data ow analysiss oftenperformedatthe granularity

oLy cE of basicblocksratherthanstatements
Systems

Architecture

-
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] . .
T Iterati ve solutions
ms(t)erdam

#® Programsn generaheednotbe madeup out of structured
control- ow statements

#® \Wecandodata ow analysisontheseprogramaisingan
iterative algorithm

#® Theequationgatbasicblocklevel) for reachingde nitions
are:

in B ) ouP
P predB

ouB genB InB killB

CSA
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Iterati ve algorithm for reachingde nitions

for (eachblockB) ot B genB
do{

change false

for (eachblock B) {

in B ) ouP
P predB

oldout ou B
ouB genB InB killB
If (o B  oldout)change true

}
} while (change)

Introductionto CompilerDesian— A. Pimentelp. 43/98



% Reachingde nitions: an example
University
of
sterdam
dl:ii=m 1 gen[B1] = {d1,d2,d3}
B1|d2:j=n kill[B1] = {d4,d5,d6,d7}
d3:a=ul

prg— gen[B2] = {d4,d5}
B2 dd:i=i+1

d5:j=j 1 kill[B2] = {d1,d2,d7}
gen[B3] = {d6}
kill[B3] = {d3}
ez R R A
Block B Initial Passl Pass2
in B ou B in B out B in B ou B

Bl 0000000 | 1110000 | 0000000 | 1110000 | OOO0000 | 1110000
B2 0000000 | 0001100 | 1110011 | 00111220 | 1222211 | 0OO11110
CSA B3 0000000 | 0000010 | 0011110 | 0001110 | 0011110 | OOO1110
%oyrgt%lﬁgr B4 0000000 | 0000001 | 0011110 | 0010111 | 0011110 | OO10111

Architecture
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X Avalilable expressions

Univefrsity

0
Amsterdam

-

® An expressioreis availableatapoint p if every pathfrom
theinitial nodeto p evaluatese, andthevariablesusedby e
arenot changedfterthelastevaluations

#® An availableexpressioreis killed if oneof thevariables
usedby eis assignedo

An availableexpressioreis generatedf it is evaluated

Notethatif anexpressioreis assignedo avariableused
by e, this expressiorwill notbegenerated

| I
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Available expressiongcont'd)

#® Availableexpressionaremainly usedto nd common
subepressions

Bl (t1=4*]| Bl [t1=4*]|
B2 ? B2 l0=4+i

\v \v

B3 [t2 =4 *| B3 [t2 =4 *|
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Available expressiongcont'd)

I

# Data ow equations:

ouB egenB InB ekillB

in B ﬂ out P for B notinitial
P predB

iInB1 0 whereBl1 istheinitial block

® Thecon uenceoperatots intersectionnsteadof theunion!

CSA
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X Livenessanalysis
ms(t)erdam

#® A variableis live atacertainpointin the codeif it holdsa
valuethatmaybe neededn thefuture

® Solwe backwards:
# Finduseof avariable
# Thisvariableis live betweerstatementshathave
founduseasnext statement
# Recursaintil you nd ade nition of thevariable

CSA
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% Data ow for liveness

Univefrsity
0
Amsterdam

® UsingthesetsuseB anddef B

o def B isthesetof variablesassignedialuesin B prior
to any useof thatvariablein B

# useB isthesetof variablesvhosevaluesmaybeused
In B prior to any de nition of thevariable

#® A variablecomediveinto ablock(inin B), if it is either
usedbeforerede nition of it is live comingout of the block
andis notrede nedin theblock

#® A variablecomedive outof ablock (in out B) if andonly
If it is live cominginto oneof its successors

CSA
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Data o w equationsfor liveness

INB useB ouB defB
ou B ) inS

S succB

# Notetherelationbetweerreaching-de nitionseguations:
therolesof in andou areinterchanged

CSA
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X Algorithms for global optimizations

Univefrsity
0
Amsterdam

Global commonsubexpressionelimination
#® Firstcalculatethe setsof availableexpressions
® Foreverystatemensof theformx y zwherey zis
availabledo thefollowing
# Searclhbackwardsin thegraphfor the evaluationsof
y Z
# Createanew variableu

#® Replacestatementsy y zbyu y zw u
# Replacestatemensbyx u

CSA
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Copy propagation

® Supposeacopy statemens of theformx yis
encounteredWe may now substitutea useof x by a useof
y If
# Statemensis theonly de nition of X reachingtheuse

# Oneverypathfrom statemens to theuse,thereareno
assignmentsoy

CSA
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e Copy propagation(cont'd)
niversity 5

of
Amsterdam

-

#® To nd thesetof copy statementsve canuse,we de ne a
new data ow problem

°

An occurrencef acopy statemengenerateghis statement
An assignmento x or y kills thecopy statemenk vy
Data ow equations:

| I

ouB cgenB InB ckllB

in B ﬂ out P for B notinitial
P predB

CSA in Bl OwhereB1 is theinitial block
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Lil Copy propagation(cont'd)

efrsity

ferdam

X

#® Foreachcopy statemens. x ydo
#® Determinetheusesof x reachedy thisde nition of x

# Determineaf for eachof thoseuseshisis theonly
de nition reachingt ( s In Byse)

# If so,remove sandreplacetheusesof x by usesof y

CSA
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X Detectionof loop-invariant computations
Ams(t)erdam

1. Mark invariantthosestatementsvhoseoperandsare
constanbr have reachingde nitions outsidetheloop

2. Repeastep3 until no new statementaremarkedinvariant

3. Mark invariantthosestatementsvhoseoperand®itherare
constanthave reachingde nitions outsidetheloop, or have
onereachingde nition thatis markedinvariant

-

CSA
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X Codemotion
Unlvefrsny L ——
Ams(t)erdam

N

1. Createapre-headefor theloop
2. Findloop-invariantstatements

3. For eachstatemens de ning x foundin step2, checkthat
(a) it isin ablockthatdominateall exits of theloop
(b) xisnotde ned elsavherein theloop
(c) all usesof x in theloop canonly bereachedrom
this statemens

4. Movethestatementshatconformto thepre-header

CSA
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Bl

A\

B2

v=v 1
if v <= 20 goto B5

B4

i |B5

CSA Condition (a)

Computer
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Codemotion (cont'd)

I=1| Bl

i=3
if u < v goto B3

T y

B2

v=v 1

if v <= 20 goto B5

B4

Condition (b)

i=1| Bl

if u < v goto B3

~

=2 B3

B2

B4

i=i|B5

Condition (c)
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X Detectionof induction variables

Univefrsity
0
Amsterdam

-

#® A basicinductionvariablel is avariablethatonly has
assignmentsf theformi | ¢

#® Associatedvith eachinductionvariablej isatriple 1 c d
wherel is abasicinductionvariableandc andd are
constantsuchthatj] c¢ 1 d

°

In this casej belongso thefamily of |

°

Thebasicinductionvariablei belonggo its own family,
with theassociatedriple 1 1 0

CSA

Computer
Systems
Architecture
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X Detectionof induction variables (cont'd)
Univefrsity e ————————————————————
Ams?erdam

# Findall basicinductionvariablesin theloop
# Findvariablesk with asingleassignmenin theloop with

oneof thefollowing forms:
ok | bk b,k bk jJ bk b jwhere
b is aconstantand | is aninductionvariable
# If j isnotbasicandin thefamily of I thentheremustbe
# No assignmenof | betweertheassignmenof | andk
# Node nition of | outsidetheloop thatreachesk

CSA

Computer
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la?l Strengthreductionfor induction variables

Univei;rsity
0
msterdam

A

® Considerachbasicinductionvariablel in turn. For each
variablej in thefamily of i with triple 1 c d :

# Createanew variables
#® Replacgheassignmento j by | s

# |Immediatelyaftereachassignment | nappend
S s cn

# Placesin thefamily of i with triple | c d
# |[nitialize sinthepreheaders ¢ 1 d

CSA

Computer
Systems
Architecture
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“\‘\\ Strength reduction for induction variables (cont'd)

Bl

i=m 1

v = a[tl]

tl=4*n

B2

i=i+1
t2=4%*|
t3 = a[t2]

if t3 < v goto B2

\

B3

if i < n goto B5

Strength reduction
e

D

B4

BS

Bl
I=m 1
tl1=4*n
v = a[tl]
S2=4*i
L =
I=i+1
S2=s2+4
t2 =s2
t3 = a[t2]
if t3 <v goto B2
if i < n goto B5
B4 B5
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% Elimination of induction variables

Univefrsity

0
Amsterdam

-

#® Considereachbasicinductionvariablei only usedto
computeotherinductionvariablesandtests

® Takesomej ini'sfamily suchthatc andd from thetriple
| cd aresimple

® Rewritetestsif (irelop X) to
r ¢ x d;if (jrelop 1)

Deleteassignmentso i from theloop

| I

Do somecopy propa@tionto eliminatej sassignments
formedduringstrengthreduction

CSA
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X
Lil Alias Analysis

Univefrsity
0
Amsterdam

#® Aliases,e.g.causedy pointers,make data ow analysis
morecomplex (uncertaintyregardingwhatis de ned and
used:x  p mightuseary variable)

#® Usedata ow analysigo determinenvhata pointermight
pointto

#® Iin B containdor eachpointerp thesetof variableso
which p couldpoint atthebeginning of block B
# Elementfin B arepairs p a wherepisapointer
anda avariable,meaninghat p might pointto a

® ou B isde nedsimilarly for theendof B

CSA

Computer
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x Alias Analysis (cont'd)
Amsterdam

\

® De ne afunctiontranss suchthattranss in B ou B

#® trang is composemf trans, for eachstmts of block B

® Ifsisp &aorp &a cincaseaisanarraythen
transg S
S p b ary variableb pa
# If sisp g cforpointergandnonzerantegerc,
then
trang S S p b ary variableb

pb qgb
Sandb is anarrayvariable

# Ifsisp q,then
(gmspﬁ\er trans S S p b aryvariableb

Systems pb qgb S
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%
U L:Zl | Alias Analysis (cont'd)
niversity -

of
Amsterdam

— If sassigngo pointerp ary otherexpressionthen
trang S S p b ary variableb

— If sisnotanassignmento apointet thentrang S S
# Data ow equationdor aliasanalysis:

ou B trangs inB

in B ) ouP
P predB

wheretrangs S trans, trans, , trans, S
CSA

Computer
Systems
Architecture
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X Alias Analysis (cont'd)
Ams(t)erdam

#® How to usethealiasdata ow information?Examples:

# In reachingde nitions analysig(to determinegenand
kil l)
statementp agenerateade nition of every
variableb suchthat p couldpointto b
p akills de nition of b only if bis notanarray
andis theonly variablep couldpossiblypointto (to
beconsenrative)
# Inlivenessanalysigto determinadef anduse
P ausespanda. It de nesbonlyif bisthe
uniquevariablethat p might pointto (to be

conserative)
CSA a  pde nesa, andrepresenttheuseof p anda
Com useof ary variablethat p couldpointto

Systems
Architecture
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X Codegeneration

University
of
sterdam

Instruction selection

#® \Wasaproblemin theClSCera(e.g.,lots of addressing
modes)

#® RISCinstructionameansimplerinstructionselection

°

However, new instructionsetsintroducenew, complicated
Instructiong(e.g.,multimediainstructionsets)

CSA

Computer
Systems
Architecture
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x Instruction selectionmethods
Amsterdam

-

® Tree-basednethodqIR is atree)
# Maximal Munch
# Dynamicprogramming
® T[reegrammars
s Inputtreetreatedasstringusingpre X notation

s Raeawrite stringusinganLR parserandgenerate
Instructionsassideeffect of rewriting rules

» |f theDAG is notatree,thenit canbe partitionedinto
multiple trees

CSA

Computer
Systems
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% Treepattern basedselection
UniverSity S

of
msterdam

N

°

Everytargetinstructionis representedy atreepattern

°

Suchatreepatternoftenhasanassociatedost

Instructionselections doneby tiling the IR treewith the
Instructiontreepatterns

® Theremaybemary differentwaysan|R treecanbetiled,
dependingntheinstructionset

°

CSA
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move
mem mem
\ \
/ ' \ '
mem const b / \

+ constd

/N

temp2 constc

|
/N

emp 1l consta

CSA
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Treepattern basedselection(cont'd)

MOVEM M r

meTm

e

Name Effect Trees Cycleg
— r temp 0
ADD i i g N 1
*
MUL oo VAN 1
+ +
ADDI ri rj c / snst 004 \ const 1
LOAD 1 Mrj ¢ mr A . mem 3
/+ +\ const
%St COﬂ(
OV ove oV move
STORE Mrj ¢ mjmfi mﬁm}\mﬁm/"‘i o ] 3
w + const
/ s“lsl con< \
M K 6
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x Optimal and optimum tilings
UniverSity L ——————————————————

of
Amsterdam

Thecostof atiling is thesumof the costsof thetreepatterns

#® An optimaltiling is onewhereno two adjacentiles canbe
combinednto asingletile of lower cost

#® An optimumtiling is atiling with lowestpossiblecost
An optimumtiling is alsooptimal, but notvice-versa

CSA

Computer
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% Maximal Munch

UnlverS|ty

Amsterdam

N

# Maximal Munchis analgorithmfor optimaltiling
# Startattheroot of thetree
# Findthelargestpatternthat ts

# Covertherootnodeplustheothernodesn thepattern;
theinstructioncorrespondingdo thetile is generated

# Do thesamefor theresultingsubtrees
# Maximal Munchgenerategheinstructionsn reverseorder!

CSA

Computer
Systems

Introductionto CompilerDesian— A. Pimentelnp. 72/98



X

] . .
x Dynamic programming
Ams?erdam

#® Dynamicprogrammings atechniqugor nding optimum
solutions
# Bottomup approach
# Foreachnoden thecostsof all childrenarefound
recursvely.
# Thentheminimumcostfor noden is determined.

® After costassignmendf theentiretree,instruction
emissionfollows:
# Emission(node n) : for eachleavesl; of thetile
selectecht noden, performEmission( |;) . Thenemit
CSA theinstructionmatchedat noden

-
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X Registerallocation...agraph coloring problem
Ams(t)erdam

#® Firstdoinstructionselectiomassuminganin nite number
of symbolicregisters
#» Build aninterferencegraph
# Eachnodeis asymbolicregister
# Two nodesareconnectedvhenthey arelive atthe
sametime
#® Colortheinterferenceagraph
# Connectedhodescannothave the samecolor

# Minimize thenumberof colors(maximumis the
numberof actualregisters)

CSA

Computer
Systems
Architecture
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X Coloring by simpli cation
ms(t)erdam

» Simplify interferencegraphG usingheuristicmethod
(K-coloringagraphis NP-complete)

# Findanodemwith lessthanK neighbors

# Remowe nodemandits edgedrom G, resultingin G .
Storemon astack

# ColorthegraphG

# GraphG canbecoloredsincem haslessthanK
neighbors

N

CSA
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Architecture
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X . . . .

L’?I Coloring by simpli cation (cont'd)
Univefrsity L ——
Ams?erdam

o Spill
\ # |f anodewith lessthanK neigborscannotbefoundin
G
s Mark anoden to bespilled,remove n andits edges

from G (andstackn) andcontinuesimpli cation

® Select
# Assigncolorsby poppingthe stack

# Arriving ataspill node,checkwhethent canbe
colored.If not:
s Thevariablerepresentety this nodewill residein
memory(i.e. is spilledto memory)
s Actualspill codeis insertedn the program

CSA

Computer
Systems
Architecture
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% Coalescing
UniverSity L ——————

of
msterdam

N

# If thereis nointerferenceedgebetweerthe sourceand
destinatiornf amove, themoveis redundant

#® Remawing themove andjoining thenodesds called
coalescing

Coalescingncreaseshedegreeof anode

A graphthatwasK colorablebeforecoalescingnight not
beafterwards

| I

CSA
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x Sketch of the algorithm with coalescing
of
Amsterdam

#® Labelmove-relatechodesn interferencegraph

#® While interferencegraphis nonempty
# Simplify, usingnon-maoe-relatechodes

# Coalescanove-relatecdhodesusingconsenrative

coalescing
s Coalescenly whentheresultingnodehaslessthan

K neighborswith asigni cant degree
# No simpli cations/coalescingsifreeze”a
move-relatechodeof alow degree  donotconsider
Its movesfor coalescinganymore

opilicd & Select
Systems
Architecture

-
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Registerallocation: an example

Live in: k,j

g = mem[j+12]

h=k 1

f=g*h

e = mem[j+8]

m = mem|[j+16] J
b = memf]
c=e+8
d=c
k=m+4
J=b

goto d
Live out: d,k,j h g

® Assumead-coloring(K 4)
@25V AN

compre i Sir_nplify by removing andstackingnodeswith 4
SEEE neighborgg,h k.f.e,m)

Architecture

A

Introductionto CompilerDesian— A. Pimentelp. 79/98



Registerallocation: an example(cont'd)

® After removing andstackingthenodesy,h,k,f,e,m:

—P &b d&c

d L c

After simplification After coalescing

# Coalescenow andsimplify again

CSA
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Registerallocation: an example(cont'd)

Stacked elements:

d&c
j&b

oSSKQ x o
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Registerallocation: an example(cont'd)

Stacked elementS.U 4 registers available: m - -

m
e
f

k
g
h

h g ETC., ETC.

@SN No spills arerequiredandbothmoveswereoptimizedaway

Computer
Systems
Architecture

A
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&3 . .
X Instruction scheduling

Univefrsity
0
Amsterdam

® IncreasdLP (e.g.,by avoiding pipelinehazards)
# Essentiafor VLIW processors
#® Schedulingatbasicblocklevel: list scheduling

#® Systenresourcesepresentefdly matrix Resources
Time

# Positionin matrixis trueor false,indicatingwhether
theresourcas in useatthattime

# Instructionsrepresentefly matricesResources
Instructionduration

# Usingdependenganalysistheschedulas madeby
CSA tting Instructionsastight aspossible

Computer
Systems
Architecture
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X List scheduling(cont'd)

UnlverS|ty

Amsterdam

N

#® Findingoptimalschedulas NP-completgroblem use
heuristicsg.g.atanoperationcon ict schedulgéhe most
time-critical rst

® ForaVLIW processqrthe maximuminstructionduration
IS usedfor scheduling painful for memoryloads!

#® Basicblocksusuallyaresmall(5 operation®ntheaverage)
bene t of schedulindimited  TraceScheduling

CSA

Computer
Systems
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CSA

Computer
Systems
Architecture

Trace scheduling

Schedulanstructionsover codesectiondargerthanbasic
blocks,so-calledraces

A traceis a seriesof basicblocksthatdoesnot extend
beyondloop boundaries

Apply list schedulingo wholetrace

Schedulingcodeinsidea tracecanmove codebeyondbasic
blockboundaries compensatéhis by addingcodeto the
off-traceedges
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Trace scheduling(cont'd)

CSA
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Trace scheduling(cont'd)

Operation to be moved
below Branch in

5| trace

Basic Block | Op A Branch Copied code
in Trace | Branch
' Op A
_ OpC Basic Block | op A OpC
Basic Block in Trace
in Trace | OP B OpB
ek ook
asic Bloc @)
in Trace Operation to be moved 4 Moved code only
Branch | ziove Branch Op A allowed if no side-
Branch | effects in Off trace
code
¥ OpC -
Op A OpC
OpB Off Trace OpB
In Trace (b)
Op A OpC Op
CSA — 8
Vg .
| Operation to be moved
CSomtpUter Op B <1 pefore Op A ’—' Copiéd code in
ystems In Trace off Trace Basic Block

(©)

Architecture
N
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X Trace scheduling(cont'd)
Univefrsity L ————
Ams(t)erdam

Traceselection

Becausef the codecopiesthetracethatis mostoften
executedhasto bescheduledrst

A longertracebringsmoreopportunitiedor ILP (loop
unrolling!)

Useheuristicsabouthow oftenabasicblock s executed
andwhich pathsto andfrom a block have the mostchance
of beingtaken(e.g.innerloops)or usepro ling (input
dependent)

-

CSA
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X Other methodsto increaselLP

Univefrsity

0
Amsterdam

-

Loop unrolling

Techniquédor increasingheamountof codeavailable
Insidealoop: make severalcopiesof theloop body

Reducedoop controloverheacandincreases$LP (more
Instructionsto schedule)

Whenusingtraceschedulinghis resultsin longertraces
andthusmoreopportunitiedor betterschedules

In generalthe morecopies thebetterthejob thescheduler
cando but thegain becomesninimal

CSA
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Loop unrolling (cont'd)

for (i =0; i <100; i +=4) {

ali] = ali] + Db[i];
for (i = 0; i < 100; i++) afi+l] = a[i+l] + Db[i+1];
alii = ali] + b becomes  he2] = ai+2]  + b[i+2]:
ali+3] = a[i+3]  + b[i+3];
}

CSA
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Software pipelining

Also atechniqudor usingthe parallelismavailablein
severalloop iterations

Softwarepipeliningsimulatesa hardwarepipeline,hence
Its name

Iterattion O

Iteration 1

Iteration 2

Iteration 3

Iteration 4

Software
pipelined
iteration

TherearethreephasesPrologue SteadystateandEpilogue
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Software pipelining (cont'd)

ADDD F4,F0,F2
SD 0(R1),F4
SBGEZ R1, Loop 1 Loop control

\/

Prologue | T1 : LD
T2 ADDD . LD

Loop: LD FO,0(R1)
Body

TO LD

Steady state| T... Loop: SD ADDD : LD SBGEZ Loop
Tn SD ADDD

CSA Epilogue | Tn+l SD ADDD

Computer Tn+2 SD
Systems
Architecture

N
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Modulo scheduling

Schedulingnultiple loop iterationsusingsoftware
pipeliningcancreatefalsedependencielsetweernvariables

usedin differentiterations

Renaminghevariablesusedin differentiterationsis called
moduloscheduling

Whenusingn variablesfor representinghe samevariable,
the steadystateof theloop hasto beunrolledn times
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Compiler optimizations for cacheperformance

Merging arrays(betterspatiallocality)

Int val[SIZE], structmemge{
int key[SIZE]; int val, key; };
structmegem_array[SIZE]
Loop interchange
Loop fusionand ssion

Blocking (bettertemporallocality)

CSA
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N Loop interchange

\ &Q\:%\!‘
i

[Ualll

Exchangingof nestedoopsto changahe memoryfootprint
Betterspatiallocality

for (i = 0; i < 50; i++) for (j = 0; j < 100; j++)
for (j = 0; j < 100; j++) becomes for (I =0; i < 50; i++)
afj]li] = b * c[lil; afj]li] = bl * c[Ill;

CSA
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Loop fusion

Fusemultiple loopstogether
Lessloop control
Biggerbasicblocks(scheduling)
Possiblybettertemporallocality

for (i = 0; i <n; i++) for (i =0 i <n; i++) |
cliif = afi] + b[i; clij = afi] + Dbfi;

or G =0 <m e A =ap el
dil = all * el }

CSA
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Loop ssion

Splitaloop with independenstatementsto multiple loops
Enablesthertransformationge.g. vectorization)
Resultsn smallercachefootprint (bettertemporal

locality)
for (i =0; i <n; i++) {
for (i =0 i <n i) { alii = bl + c[i
afil = bfi] + cfi }
dil = e[ * fi SRS e S @ @ )
} dil = e[l * fi];
}

CSA

Computer
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Blocking

Performcomputation®n sub-matricegblocks, e.g.when
multiple matricesareaccessetothrow by row andcolumnby

column

Matrix multiplication x = y*z
X j Y K Z

for (i=0; i < N; i++)

r=0;
for (k = 0; k < N; k++) { i i k
r=r+ ylijiklz[K0l;
g
X[i0 =r;
3
|| not touched older access Bl recent access
Blocking
X j Y K Z ]

Computer
Systems
Architecture
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