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Compilers: OrganizationRevisited

IRSource Machine
Code

IR
Frontend BackendOptimizer

Optimizer
Independentpartof compiler
Differentoptimizationspossible
IR to IR translation
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Intermediate Representation(IR)

Flow graph
Nodesarebasicblocks

Basicblocksaresingleentryandsingleexit
Edgesrepresentcontrol-�ow

AbstractMachineCode
Includingthenotionof functionsandprocedures

Symboltable(s)keeptrackof scopeandbinding
informationaboutnames
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Partitioning into basicblocks

1. Determinetheleaders,whichare:
The�rst statement
Any statementthatis thetargetof a jump
Any statementthatimmediatelyfollows a jump

2. For eachleaderits basicblockconsistsof theleaderandall
statementsup to but not includingthenext leader
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Partitioning into basicblocks (cont'd)

1   prod=0
2   i=1
3   t1=4*i
4   t2=a[t1]
5   t3=4*i
6   t4=b[t3]
7   t5=t2*t4
8   t6=prod+t5
9   prod=t6
10 t7=i+i
11 i=t7
12 if i < 21 goto 3

BB1

BB2
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Intermediate Representation(cont'd)

Structurewithin a basicblock:

AbstractSyntaxTree(AST)
Leavesarelabeledby variablenamesor constants
Interiornodesarelabeledby anoperator

DirectedAcyclic Graph(DAG)

C-like

3 addressstatements(like we have alreadyseen)
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Dir ectedAcyclic Graph

Like ASTs:
Leavesarelabeledby variablenamesor constants
Interiornodesarelabeledby anoperator

Nodescanhavevariablenamesattachedthatcontainthe
valueof thatexpression

Commonsubexpressionsarerepresentedby multipleedges
to thesameexpression
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DAG creation

Supposethefollowing threeaddressstatements:

1. x � y opz

2. x � op y

3. x � y

i f

�

i �

� 20

�

... will betreatedlike case1 with x unde�ned
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DAG creation (cont'd)

If node

�

y

�

is unde�ned,createleaf labeledy, samefor z if
applicable

Findnoden labeledop with childrennode

�

y

�

andnode

�

z

�

if applicable.Whennot found,createnoden. In case3 let n
benode

�

y

�

Makenode

�

x

�

point to n andupdatetheattachedidenti�ers
for x
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DAG example

1 t1 = 4 * i
2 t2 = a[t1]
3 t3 = 4 * i
4 t4 = b[t3]
5 t5 = t2 * t4
6 t6 = prod+ t5
7 prod= t6
8 t7 = i + 1
9 i = t7

10 if (i �

� 20) goto1

[ ] [ ]

*

* +

+

<=

prod

t6, prod

t5

t2 t4

t1, t3 t7, i 20

1i4ba
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Local optimizations

Onbasicblocksin theintermediaterepresentation
Machineindependentoptimizations

As apostcode-generationstep(oftencalledpeephole
optimization)

Ona small“instructionwindow” (oftena basicblock)
Includesmachinespeci�c optimizations
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Transformations on basicblocks

Examples

Function-preservingtransformations
Commonsubexpressionelimination
Constantfolding
Copy propagation
Dead-codeelimination
Temporaryvariablerenaming
Interchangeof independentstatements
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Transformations on basicblocks (cont'd)

Algebraictransformations

Machinedependenteliminations/transformations
Removal of redundantloads/stores
Useof machineidioms
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Commonsubexpressionelimination

If thesameexpressionis computedmorethanonceit is
calledacommonsubexpression

If theresultof theexpressionis stored,we don't have to
recomputeit

Moving to a DAG asIR, commonsubexpressionsare
automaticallydetected!

x � a
�

b x � a

�

b

� � �

�

� � �

y � a

�

b y � x
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Constant folding

Computeconstantexpressionat compiletime

May requiresomeemulationsupport

x � 3

�

5 x � 8

� � �

�

� � �

y � x � 2 y � 16
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Copy propagation

Propagateoriginal valueswhencopied

Targetfor dead-codeelimination

x � y x � y

� � �

�

� � �

z � x � 2 z � y � 2
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Dead-codeelimination

A variablex is deadatastatementif it is notusedafterthat
statement

An assignmentx � y

�

zwherex is deadcanbesafely
eliminated

Requireslive-variableanalysis(discussedlateron)
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Temporary variable renaming

t1 � a

�

b t1 � a
�

b
t2 � t1 � 2 t2 � t1 � 2

� � �

�

� � �

t1 � d � e t3 � d � e
c � t1

�

1 c � t3

�

1

If eachstatementthatde�nesa temporaryde�nesanew
temporary, thenthebasicblock is in normal-form

MakessomeoptimizationsatBB level a lot simpler
(e.g.commonsubexpressionelimination,copy
propagation,etc.)
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Algebraic transformations

Therearemany possiblealgebraictransformations

Usuallyonly thecommononesareimplemented

x � x

�

0

x � x � 1

x � x � 2 � x � x � � 1

x � x2 � x � x � x
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Machine dependenteliminations/transformations

Removal of redundantloads/stores
1 mov R0,a
2 mov a,R0 // canberemoved

Removal of redundantjumps,for example
1 beq...,$Lx bne...,$Ly
2 j $Ly � $Lx: ...
3 $Lx: ...

Useof machineidioms,e.g.,
Auto increment/decrementaddressingmodes
SIMD instructions

Etc.,etc. (seepracticalassignment)
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Other sourcesof optimizations

Globaloptimizations
Globalcommonsubexpressionelimination
Globalconstantfolding
Globalcopy propagation,etc.

Loopoptimizations

They all needsomedata�ow analysison the�o w graph
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Loop optimizations

Codemotion

Decreaseamountof codeinsideloop

Take a loop-invariantexpressionandplaceit beforethe
loop

while (i �

� l imit � 2) � t � l imit � 2
while (i �

� t)
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Loop optimizations (cont'd)

Induction variable elimination

Variablesthatarelockedto theiterationof theloopare
calledinductionvariables

Example:in for (i = 0; i < 10; i++) i is an
inductionvariable

Loopscancontainmorethanoneinductionvariable,for
example,hiddenin anarraylookupcomputation

Often,wecaneliminatetheseextra inductionvariables
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Loop optimizations (cont'd)

Strength reduction

Strengthreductionis thereplacementof expensive
operationsby cheaperones(algebraictransformation)

Its useis not limited to loopsbut canbehelpful for
inductionvariableelimination

i � i

�

1 i � i

�

1
t1 � i � 4 � t1 � t1

�

4
t2 � a

	

t1



t2 � a

	

t1




if (i � 10)gototop if (i � 10)gototop
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Loop optimizations (cont'd)

Induction variable elimination (2)

Notethatin thepreviousstrengthreductionwehave to
initialize t1 beforetheloop

After suchstrengthreductionswecaneliminatean
inductionvariable

i � i

�

1 t1 � t1

�

4
t1 � t1

�

4 � t2 � a

	

t1




t2 � a

	

t1



if (t1 � 40)gototop
if (i � 10)gototop

Introductionto CompilerDesign– A. Pimentel– p. 25/98



University
of

Amsterdam

CSACSA
Computer
Systems

Architecture

Finding loopsin �o w graphs

Dominator relation

NodeA dominatesnodeB if all pathsto nodeB go through
nodeA

A nodealwaysdominatesitself

Wecanconstructa treeusingthis relation:theDominatortree
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Dominator tr eeexample
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6

7

8

9 10

Flow graph Dominator tree
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Natural loops

A loophasasingleentrypoint, theheader, which
dominatestheloop

Theremustbeapathbackto theheader

Loopscanbefoundby searchingfor edgesof which their
headsdominatetheir tails,calledthebackedges

Givena backedgen � d, thenaturalloop is d plusthe
nodesthatcanreachn withoutgoingthroughd
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Finding natural loop of n d

procedureinsert(m) {
if (notm � loop) {

loop � loop




m
push(m)

}
}

stack � /0
loop �

�

d

�

insert(n)
while (stack

�

� /0) {
m = pop()
for (p � pred

�

m

�

) insert(p)
}
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Natural loops(cont'd)

Whentwo backedgesgo to thesameheadernode,we may
join theresultingloops

Whenweconsidertwo naturalloops,they areeither
completelydisjointor oneis nestedinsidetheother

Thenestedloop is calledaninnerloop

A programspendsmostof its time insideloops,soloops
area targetfor optimizations.Thisespeciallyholdsfor
innerloops!
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Our examplerevisited

1

2

3

4

5 6

7

8

9 10

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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Our examplerevisited

1

2

3

4

5 6

7

8

9 10

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 reduciblewhentheedgescanbepartitioned
into forwardedgesandbackedges

Theforwardedgesmustform anacyclic graphin which
everynodecanbereachedfrom theinitial node

Exclusive useof structuredcontrol-�ow statementssuchas
if-then-else , while andbreak producesreducible
control-�ow

Irreduciblecontrol-�ow cancreateloopsthatcannotbe
optimized
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Reducible�o w graphs (cont'd)

Irreduciblecontrol-�ow graphscanalwaysbemade
reducible

Thisusuallyinvolvessomeduplicationof code

a

cb

a

cb

c'
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Data�o w analysis

Dataanalysisis neededfor globalcodeoptimization,e.g.:
Is avariablelive onexit from ablock?Doesa
de�nition reachacertainpoint in thecode?

Data�ow equationsareusedto collectdata�ow information
A typicaldata�ow equationhastheform
out

	

S




� gen

	

S







�

in
	

S



� kil l

	

S


 �

Thenotionof generationandkilling dependson the
data�ow analysisproblemto besolved

Let's �rst considerReachingDe�nitions analysisfor
structuredprograms
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Reachingde�nitions

A de�nition of a variablex is a statementthatassignsor
mayassignavalueto x

An assignmentto x is anunambiguousde�nition of x

An ambiguousassignmentto x canbeanassignmentto a
pointeror a functioncall wherex is passedby reference
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Reachingde�nitions (cont'd)

Whenx is de�ned,we saythede�nition is generated

An unambiguousde�nition of x kills all otherde�nitions of
x

Whenall de�nitions of x arethesameata certainpoint,we
canusethis informationto do someoptimizations

Example:all de�nitions of x de�ne x to be1. Now, by
performingconstantfolding, wecandostrengthreduction
if x is usedin z � y � x
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Data�o w analysisfor reachingde�nitions

Duringdata�ow analysiswe have to examineeverypath
thatcanbetakento seewhichde�nitions reachapoint in
thecode

Sometimesacertainpathwill neverbetaken,evenif it is
partof the�o w graph

Sinceit is undecidablewhetherapathcanbetaken,we
simplyexamineall paths

Thiswon't causefalseassumptionsto bemadefor the
code:it is a conservative simpli�cation

It merelycausesoptimizationsnot to beperformed
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The building blocks

S

S

S

S

d: a=b+c

S1

S2

S1 S2

S1

gen[S]=

�

d

�

kill[S]= Da �

�

d

�

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]
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Dealingwith loops

Thein-setto thecodeinsidetheloop is thein-setof the
loopplustheout-setof theloop: in

	

S1



� in

	

S







out

	

S1




Theout-setof theloop is theout-setof thecodeinside:
out

	

S




� out

	

S1




Fortunately, wecanalsocomputeout

	

S1




in termsof in

	

S1




:
out

	

S1




� gen

	

S1







�

in
	

S1



� kil l

	

S1


 �
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Dealingwith loops(cont'd)

I � in

�

S1

���

O � out

�

S1

���

J � in

�

S

�
� G � gen

�

S1

�

andK � kil l

�

S1

�

I � J

�

O

O � G

�

�

I � K

�

AssumeO � /0, thenI1 � J

O1 � G

�

�

I 1

� K

�

� G

�

�

J � K
�

I 2 � J

�

O1 � J

�

G

�

�

J � K
�

� J

�

G

O2 � G

�

�

I 2

� K

�

� G
�

�

J

�

G � K

�

� G

�

�

J � K

�

O1 � O2 soin

�

S1
�

� in
�

S

�

�

gen

�

S1

�

andout

�

S

�

� out

�

S1

�
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Reachingde�nitions example

d1 i = m - 1
d2 j = n
d3 a = u1

do
d4 i = i + 1
d5 j = j - 1

if (e1)
d6 a = u2

else
d7 i = u3

while (e2)

001 1111
110 0000

;
000 1111
111 0000

;
000 1101
110 0000

100 0000
000 1001

d1 d2010 0000
000 0100

d3001 0000
000 0010

do
000 1111
110 0000

;

;

d4

110 0000
000 1111

000 1100
110 0001

000 1000
100 0001 d5

000 0100
010 0000

if

e1

000 0011
000 0000

d6 d7

000 0010 100 1000
000 0001

001 0000

e2

;

In reality, data�ow analysisis oftenperformedat thegranularity
of basicblocksratherthanstatements
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Iterati vesolutions

Programsin generalneednotbemadeupoutof structured
control-�ow statements

We candodata�ow analysison theseprogramsusingan
iterative algorithm

Theequations(atbasicblock level) for reachingde�nitions
are:

in
	

B



�

P � pred

 

B

!

out

	

P




out

	

B




� gen

	

B







�

in

	

B




� kil l

	

B


 �
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Iterati vealgorithm for reachingde�nitions

for (eachblockB) out

	

B




� gen
	

B



do {
change � false
for (eachblockB) {

in

	

B




�

P � pred
 

B

!

out

	

P




oldout � out
	

B




out
	

B



� gen

	

B







�

in

	

B




� kil l

	

B


 �

if (out

	

B




�

� oldout)change � true
}

} while (change)
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Reachingde�nitions: an example

d1: i = m �1
d2: j = n
d3: a = u1

d4: i = i + 1
d5: j = j � 1

d6: a = u2

d7: i = u3

B3

B1

B2

B4

gen[B1] = {d1,d2,d3}
kill[B1] = {d4,d5,d6,d7}

kill[B2] = {d1,d2,d7}
gen[B2] = {d4,d5}

gen[B3] = {d6}
kill[B3] = {d3}

gen[B4] = {d7}
kill[B4] = {d1,d4}

Block B Initial Pass1 Pass2

in

"

B

#

out
"

B
#

in

"

B

#

out

"

B

#

in

"

B

#

out

"

B

#

B1 0000000 1110000 0000000 1110000 0000000 1110000

B2 0000000 0001100 1110011 0011110 1111111 0011110

B3 0000000 0000010 0011110 0001110 0011110 0001110

B4 0000000 0000001 0011110 0010111 0011110 0010111
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Available expressions

An expressione is availableata point p if everypathfrom
theinitial nodeto p evaluatese, andthevariablesusedby e
arenot changedafterthelastevaluations

An availableexpressione is killed if oneof thevariables
usedby e is assignedto

An availableexpressione is generatedif it is evaluated

Notethatif anexpressione is assignedto a variableused
by e, thisexpressionwill notbegenerated
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Available expressions(cont'd)

Availableexpressionsaremainlyusedto �nd common
subexpressions

t1 = 4 * i

?

t2 = 4 * i

B2

B3

B1 t1 = 4 * i

t2 = 4 * i

t0 = 4 * i
i = ...

B1

B2

B3
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Available expressions(cont'd)

Data�ow equations:

out

	

B




� e_gen

	

B







�

in
	

B



� e_kil l

	

B


 �

in

	

B




�

P � pred

 

B
!

out
	

P



for B not initial

in

	

B1




� /0 whereB1 is theinitial block

Thecon�uenceoperatoris intersectioninsteadof theunion!
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Li venessanalysis

A variableis live ata certainpoint in thecodeif it holdsa
valuethatmaybeneededin thefuture

Solve backwards:
Finduseof a variable
Thisvariableis live betweenstatementsthathave
founduseasnext statement
Recurseuntil you �nd ade�nition of thevariable
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Data�o w for liveness

Usingthesetsuse

	

B




anddef

	

B




def

	

B




is thesetof variablesassignedvaluesin B prior
to any useof thatvariablein B
use

	

B




is thesetof variableswhosevaluesmaybeused
in B prior to any de�nition of thevariable

A variablecomeslive into ablock (in in

	

B




), if it is either
usedbeforerede�nition of it is live comingoutof theblock
andis not rede�nedin theblock

A variablecomeslive outof ablock (in out

	

B




) if andonly
if it is live cominginto oneof its successors
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Data�o w equationsfor liveness

in

	

B




� use

	

B







�

out

	

B




� def
	

B

 �

out

	

B




�

S � succ
$

B
%

in
	

S



Notetherelationbetweenreaching-de�nitionsequations:
therolesof in andout areinterchanged
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Algorithms for global optimizations

Global commonsubexpressionelimination

First calculatethesetsof availableexpressions

For everystatementsof theform x � y

�

zwherey

�

z is
availabledo thefollowing

Searchbackwardsin thegraphfor theevaluationsof
y

�

z
Createanew variableu
Replacestatementsw � y

�

zby u � y

�

z; w � u
Replacestatementsby x � u
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Copy propagation

Supposeacopy statementsof theform x � y is
encountered.We maynow substituteauseof x by a useof
y if

Statements is theonly de�nition of x reachingtheuse
Oneverypathfrom statements to theuse,thereareno
assignmentsto y
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Copy propagation(cont'd)

To �nd thesetof copy statementswe canuse,wede�ne a
new data�ow problem

An occurrenceof acopy statementgeneratesthisstatement

An assignmentto x or y kills thecopy statementx � y

Data�ow equations:

out

	

B




� c_gen

	

B







�

in

	

B




� c_kil l

	

B


 �

in

	

B



�

P � pred

 

B

!

out

	

P




for B not initial

in
	

B1




� /0 whereB1 is theinitial block
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Copy propagation(cont'd)

For eachcopy statements: x � y do
Determinetheusesof x reachedby thisde�nition of x
Determineif for eachof thoseusesthis is theonly
de�nition reachingit ( � s � in

	

Buse




)
If so,removesandreplacetheusesof x by usesof y
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Detectionof loop-invariant computations

1. Mark invariantthosestatementswhoseoperandsare
constantor have reachingde�nitions outsidetheloop

2. Repeatstep3 until no new statementsaremarkedinvariant

3. Mark invariantthosestatementswhoseoperandseitherare
constant,have reachingde�nitions outsidetheloop,or have
onereachingde�nition thatis markedinvariant
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Codemotion

1. Createapre-headerfor theloop

2. Find loop-invariantstatements

3. For eachstatementsde�ning x foundin step2, checkthat
(a) it is in a block thatdominateall exits of theloop
(b) x is notde�ned elsewherein theloop
(c) all usesof x in theloopcanonly bereachedfrom

thisstatements

4. Move thestatementsthatconformto thepre-header
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Codemotion (cont'd)

i = 2
u = u + 1

i = 1

if u < v goto B3

v = v � 1
if v <= 20 goto B5

j = i

B3

B2

B4

B5

B1

i = 1 B1

i = 2
u = u + 1

if u < v goto B3

v = v � 1
if v <= 20 goto B5

j = i

B3

B2

B4

B5

i = 3

i = 2
u = u + 1

i = 1

if u < v goto B3

B3

B2

B1

v = v � 1
if v <= 20 goto B5

j = i B5

k = i
B4

Condition (a) Condition (b) Condition (c)
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Detectionof induction variables

A basicinductionvariablei is avariablethatonly has
assignmentsof theform i � i

&

c

Associatedwith eachinductionvariable j is a triple

�

i ' c ' d

�

wherei is abasicinductionvariableandc andd are
constantssuchthat j � c � i

�

d

In thiscasej belongsto thefamily of i

Thebasicinductionvariablei belongsto its own family,
with theassociatedtriple

�

i ' 1 ' 0

�
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Detectionof induction variables (cont'd)

Findall basicinductionvariablesin theloop

Findvariablesk with asingleassignmentin theloopwith
oneof thefollowing forms:

k � j � b, k � b � j , k � j
(

b, k � j

�

b, k � b

�

j , where
b is a constantand j is aninductionvariable

If j is notbasicandin thefamily of i thentheremustbe
No assignmentof i betweentheassignmentof j andk
No de�nition of j outsidetheloop thatreachesk

Introductionto CompilerDesign– A. Pimentel– p. 59/98



University
of

Amsterdam

CSACSA
Computer
Systems

Architecture

Strength reduction for induction variables

Considereachbasicinductionvariablei in turn. For each
variable j in thefamily of i with triple

�

i ' c ' d

�

:
Createanew variables
Replacetheassignmentto j by j � s
Immediatelyaftereachassignmenti � i

&

n append
s � s

�

c � n
Places in thefamily of i with triple

�

i ' c ' d

�

Initialize s in thepreheader:s � c � i

�

d
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Strength reduction for induction variables (cont'd)

i = i + 1
t2 = 4 * i
t3 = a[t2]
if t3 < v goto B2

Strength reduction

i = m � 1
t1 = 4 * n
v = a[t1]

if i < n goto B5

B5

B1

B2

B3

B4

i = m � 1
t1 = 4 * n
v = a[t1]

s2 = 4 * i

t3 = a[t2]
if t3 < v goto B2

t2 = s2
s2 = s2 + 4
i = i + 1

if i < n goto B5

B5

B3

B2

B1

B4
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Elimination of induction variables

Considereachbasicinductionvariablei only usedto
computeotherinductionvariablesandtests

Take somej in i's family suchthatc andd from thetriple

�

i ' c ' d

�

aresimple

Rewrite testsif ( i relop x) to
r � c � x

�

d; if ( j relop r)

Deleteassignmentsto i from theloop

Do somecopy propagationto eliminate j � s assignments
formedduringstrengthreduction
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Alias Analysis

Aliases,e.g.causedby pointers,makedata�ow analysis
morecomplex (uncertaintyregardingwhatis de�ned and
used:x �

� p mightuseany variable)

Usedata�ow analysisto determinewhatapointermight
point to

in

	

B




containsfor eachpointerp thesetof variablesto
which p couldpointat thebeginningof blockB

Elementsof in
	

B



arepairs

�

p ' a

�

wherep is apointer
anda avariable,meaningthat p mightpoint to a

out

	

B




is de�ned similarly for theendof B
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Alias Analysis (cont'd)

De�ne a functiontransB suchthattransB
�

in
	

B

 �

� out

	

B




transB is composedof transs, for eachstmtsof blockB
If s is p � &a or p � &a

&

c in casea is anarray, then
transs

�

S

�

�

�

S �

� �

p ' b

�)

any variableb
� �




� �

p ' a

� �

If s is p � q

&

c for pointerq andnonzerointegerc,
then

transs
�

S
�

�

�

S �

� �

p ' b

�)

any variableb

� �




� �

p ' b

�) �

q ' b

�

�

Sandb is anarrayvariable

�

If s is p � q, then
transs

�

S

�

�

�

S �

� �

p ' b

�)

any variableb

� �




� �

p ' b

�) �

q ' b

�

� S

�
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Alias Analysis (cont'd)

– If sassignsto pointerp any otherexpression,then
transs

�

S

�

� S �

� �

p ' b

�)

any variableb
�

– If s is notanassignmentto apointer, thentranss

�

S

�

� S

Data�ow equationsfor aliasanalysis:

out

	

B



� transB

�

in

	

B


 �

in
	

B



�

P � pred

 

B

!

out

	

P




wheretransB
�

S
�

� transsk

�

transsk * 1

�,+

+ +

�

transs1

�

S

� � � �
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Alias Analysis (cont'd)

How to usethealiasdata�ow information?Examples:
In reachingde�nitions analysis(to determinegenand
kil l )

� statement � p � a generatesade�nition of every
variableb suchthat p couldpoint to b

�

� p � a kills de�nition of b only if b is notanarray
andis theonly variablep couldpossiblypoint to (to
beconservative)

In livenessanalysis(to determinedef anduse)

�

� p � a usesp anda. It de�nesb only if b is the
uniquevariablethat p mightpoint to (to be
conservative)

� a �

� p de�nesa, andrepresentstheuseof p anda
useof any variablethat p couldpoint to
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Codegeneration

Instruction selection

Wasa problemin theCISCera(e.g.,lotsof addressing
modes)

RISCinstructionsmeansimplerinstructionselection

However, new instructionsetsintroducenew, complicated
instructions(e.g.,multimediainstructionsets)
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Instruction selectionmethods

Tree-basedmethods(IR is a tree)
MaximalMunch
Dynamicprogramming
Treegrammars

Input treetreatedasstringusingpre�x notation
Rewrite stringusinganLR parserandgenerate
instructionsassideeffectof rewriting rules

If theDAG is nota tree,thenit canbepartitionedinto
multiple trees

Introductionto CompilerDesign– A. Pimentel– p. 68/98



University
of

Amsterdam

CSACSA
Computer
Systems

Architecture

Treepattern basedselection

Every targetinstructionis representedby a treepattern

Sucha treepatternoftenhasanassociatedcost

Instructionselectionis doneby tiling theIR treewith the
instructiontreepatterns

Theremaybemany differentwaysanIR treecanbetiled,
dependingon theinstructionset
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Treepattern basedselection(cont'd)

+

mem

const d

+

mem

mem

move

const b

temp 1 const a

* temp 2 const c

+

Name Effect Trees Cycles

— ri temp 0

ADD ri

- r j

. rk
+

1

MUL ri

- r j

/ rk
*

1

ADDI ri

- r j

.

c
+

const

+

const
const 1

LOAD ri

- M
0

r j
.

c
1

+

const

mem

+

mem

const

mem

const

mem
3

STORE M

0

r j

.

c

1

- ri

+

const

mem

move

+

mem

move

const

mem

move

const

mem

move
3

MOVEM M

0

r j

1

- M

0

ri

1

mem

move

mem
6
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Optimal and optimum tilings

Thecostof a tiling is thesumof thecostsof thetreepatterns

An optimaltiling is onewhereno two adjacenttilescanbe
combinedinto asingletile of lower cost

An optimumtiling is a tiling with lowestpossiblecost

An optimumtiling is alsooptimal,but not vice-versa
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Maximal Munch

MaximalMunchis analgorithmfor optimaltiling
Startat therootof thetree
Find thelargestpatternthat�ts
Cover therootnodeplustheothernodesin thepattern;
theinstructioncorrespondingto thetile is generated
Do thesamefor theresultingsubtrees

MaximalMunchgeneratestheinstructionsin reverseorder!
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Dynamic programming

Dynamicprogrammingis a techniquefor �nding optimum
solutions

Bottomupapproach
For eachnoden thecostsof all childrenarefound
recursively.
Thentheminimumcostfor noden is determined.

After costassignmentof theentiretree,instruction
emissionfollows:

Emission(node n) : for eachleavesli of thetile
selectedatnoden, performEmission( li ) . Thenemit
theinstructionmatchedatnoden
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Registerallocation...agraph coloring problem

Firstdo instructionselectionassuminganin�nite number
of symbolicregisters

Build aninterferencegraph
Eachnodeis a symbolicregister
Two nodesareconnectedwhenthey arelive at the
sametime

Color theinterferencegraph
Connectednodescannothave thesamecolor
Minimize thenumberof colors(maximumis the
numberof actualregisters)
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Coloring by simpli�cation

Simplify interferencegraphG usingheuristicmethod
(K-coloringagraphis NP-complete)

Findanodem with lessthanK neighbors
Removenodem andits edgesfrom G, resultingin G

2

.
Storem onastack
Color thegraphG

2

GraphG canbecoloredsincemhaslessthanK
neighbors
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Coloring by simpli�cation (cont'd)

Spill
If a nodewith lessthanK neigborscannotbefoundin
G

Mark a noden to bespilled,removen andits edges
from G (andstackn) andcontinuesimpli�cation

Select
Assigncolorsby poppingthestack
Arriving ataspill node,checkwhetherit canbe
colored.If not:

Thevariablerepresentedby thisnodewill residein
memory(i.e. is spilledto memory)
Actual spill codeis insertedin theprogram
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Coalescing

If thereis no interferenceedgebetweenthesourceand
destinationof a move, themove is redundant

Removing themoveandjoining thenodesis called
coalescing

Coalescingincreasesthedegreeof anode

A graphthatwasK colorablebeforecoalescingmightnot
beafterwards
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Sketchof the algorithm with coalescing

Labelmove-relatednodesin interferencegraph

While interferencegraphis nonempty
Simplify, usingnon-move-relatednodes
Coalescemove-relatednodesusingconservative
coalescing

Coalesceonly whentheresultingnodehaslessthan
K neighborswith a signi�cant degree

No simpli�cations/coalescings:“freeze”a
move-relatednodeof a low degree � donot consider
its movesfor coalescinganymore
Spill

Select
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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]
b = mem[f]
c = e + 8
d = c
k = m + 4
j = b
goto d
Live out: d,k,j

e

d

h g

kj b

f

m

c

Assumea 4-coloring(K � 4)

Simplify by removing andstackingnodeswith � 4
neighbors(g,h,k,f,e,m)
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Registerallocation: an example(cont'd)

After removing andstackingthenodesg,h,k,f,e,m:

After simplification

d

j b

c

j&b d&c

After coalescing

Coalescenow andsimplify again
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Registerallocation: an example(cont'd)

R0 R1 R2 R3Stacked elements:   d&c
j&b
 m
e
f
k
g
h

4 registers available:

e

d

h g

kj b

f

m

c

e

d

h g

kj b

f

m

c
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Registerallocation: an example(cont'd)

R0 R1 R2 R3
e
f
k
g
h

4 registers available:

e

d

h g

kj b

f

m

c

e

d

h g

kj b

f

m

c

Stacked elements:   m

ETC., ETC.

No spillsarerequiredandbothmoveswereoptimizedaway
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Instruction scheduling

IncreaseILP (e.g.,by avoidingpipelinehazards)
Essentialfor VLIW processors

Schedulingatbasicblock level: list scheduling
Systemresourcesrepresentedby matrix Resources 3

Time
Positionin matrix is trueor false,indicatingwhether
theresourceis in useat thattime
Instructionsrepresentedby matricesResources 3

Instructionduration
Usingdependency analysis,thescheduleis madeby
�tting instructionsastight aspossible
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List scheduling(cont'd)

Findingoptimalscheduleis NP-completeproblem � use
heuristics,e.g.atanoperationcon�ict schedulethemost
time-critical�rst

For a VLIW processor, themaximuminstructionduration
is usedfor scheduling � painful for memoryloads!

Basicblocksusuallyaresmall(5 operationson theaverage)

� bene�t of schedulinglimited � TraceScheduling
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Tracescheduling

Scheduleinstructionsover codesectionslargerthanbasic
blocks,so-calledtraces

A traceis a seriesof basicblocksthatdoesnotextend
beyondloopboundaries

Apply list schedulingto wholetrace

Schedulingcodeinsidea tracecanmove codebeyondbasic
blockboundaries � compensatethis by addingcodeto the
off-traceedges
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Tracescheduling(cont'd)

BB1

BB2 BB3

BB4
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Tracescheduling(cont'd)

Operation to be moved
before Op A

Op COp A
Op B

Off Trace

Off Trace

in Trace
Basic Block

in Trace
Basic Block

in Trace
Basic Block

(c)

(b)

(a)

Copied code

Basic Block
Off Trace

trace
Op A
Branch

Op B
Op C

Branch

Op A

Branch

Op B

Op B

below Branch in

Op C
Op A
Op B Op B

Op C

Branch
Op A

Op A Op C Op B
Op A

Op C

In Trace

allowed if no side-

In Trace
Copied code in
off Trace Basic Block

code
effects in Off trace

Moved code onlyOperation to be moved
above Branch

In Trace

In Trace

Operation to be moved
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Tracescheduling(cont'd)

Traceselection

Becauseof thecodecopies,thetracethatis mostoften
executedhasto bescheduled�rst

A longertracebringsmoreopportunitiesfor ILP (loop
unrolling!)

Useheuristicsabouthow oftenabasicblock is executed
andwhichpathsto andfrom a blockhave themostchance
of beingtaken(e.g.inner-loops)or usepro�ling (input
dependent)
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Other methodsto increaseILP

Loop unrolling

Techniquefor increasingtheamountof codeavailable
insidea loop: make severalcopiesof theloopbody

ReducesloopcontroloverheadandincreasesILP (more
instructionsto schedule)

Whenusingtraceschedulingthis resultsin longertraces
andthusmoreopportunitiesfor betterschedules

In general,themorecopies,thebetterthejob thescheduler
cando but thegain becomesminimal
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Loop unrolling (cont'd)

Example

for (i = 0; i < 100; i++)
a[i] = a[i] + b[i];

becomes

for (i = 0; i < 100; i += 4) {
a[i] = a[i] + b[i];
a[i+1] = a[i+1] + b[i+1];
a[i+2] = a[i+2] + b[i+2];
a[i+3] = a[i+3] + b[i+3];

}
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Softwarepipelining

Also a techniquefor usingtheparallelismavailablein
severalloop iterations

Softwarepipeliningsimulatesa hardwarepipeline,hence
its name

pipelined
Software

iteration

Iterattion 0
Iteration 1

Iteration 2
Iteration 3

Iteration 4

Therearethreephases:Prologue,SteadystateandEpilogue
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Softwarepipelining (cont'd)

Loop: LD
ADDD F4,F0,F2

SD

F0,0(R1)

0(R1),F4

Body

SBGEZ R1, Loop Loop control

T0

T1

T2

T... Loop:

LD

ADDD .

.

SD

LD

LD SBGEZ Loop.ADDD

LD

SD ADDD .
Steady state

Prologue

Epilogue

Tn

Tn+1

Tn+2

SD ADDD

SD
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Modulo scheduling

Schedulingmultiple loop iterationsusingsoftware
pipeliningcancreatefalsedependenciesbetweenvariables
usedin differentiterations

Renamingthevariablesusedin differentiterationsis called
moduloscheduling

Whenusingn variablesfor representingthesamevariable,
thesteadystateof theloophasto beunrolledn times
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Compiler optimizations for cacheperformance

Mergingarrays(betterspatiallocality)

int val[SIZE]; structmerge{

int key[SIZE]; 4 int val, key; };

structmergem_array[SIZE]

Loop interchange

Loop fusionand�ssion

Blocking (bettertemporallocality)
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Loop interchange

Exchangingof nestedloopsto changethememoryfootprint
Betterspatiallocality

for (i = 0; i < 50; i++)
for (j = 0; j < 100; j++)

a[j][i] = b[j][i] * c[j][i];
becomes

for (j = 0; j < 100; j++)
for (i = 0; i < 50; i++)

a[j][i] = b[j][i] * c[j][i];
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Loop fusion

Fusemultiple loopstogether
Lessloopcontrol
Biggerbasicblocks(scheduling)
Possiblybettertemporallocality

for (i = 0; i < n; i++)
c[i] = a[i] + b[i];

for (j = 0; j < n; j++)
d[j] = a[j] * e[j];

becomes

for (i = 0; i < n; i++) {
c[i] = a[i] + b[i];
d[i] = a[i] * e[i];

}
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Loop �ssion

Split a loopwith independentstatementsinto multiple loops
Enablesothertransformations(e.g.vectorization)
Resultsin smallercachefootprint (bettertemporal
locality)

for (i = 0; i < n; i++) {
a[i] = b[i] + c[i];
d[i] = e[i] * f[i];

}

becomes

for (i = 0; i < n; i++) {
a[i] = b[i] + c[i];

}
for (i = 0; i < n; i++) {

d[i] = e[i] * f[i];
}
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Blocking

Performcomputationson sub-matrices(blocks), e.g.when
multiplematricesareaccessedbothrow by row andcolumnby
column

i

j

i

k j

k

X Y Zfor (i=0; i < N; i++) 
for (j=0; j < N; j++) {

r = 0;
for (k = 0; k < N; k++) {

r = r + y[i][k]*z[k][j];
};
x[i][j] = r;

};

Matrix multiplication x = y*z

not touched older access recent access

i

j

i

k j

k

X Y Z

Blocking
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