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Mov ax, b
Sub ax, ¢
Mov bx, ax
Mov ax, a
Mul bx
Mov bx, ax
Mov ax, e
Mul f

Mov cx, ax
Mov ax, d
Sub ax, cx
Mov cX, ax
Mov ax, bx
Div cx
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Y) Label — id :

) A

¥) Statement — CompoundSt
0) | AssignmentSt
%) | CallSt

v) | IfSt

A) | ForSt

1) | WhileSt

\ +) Compoundst — begin Statements end

\)) Statements — Statement ';" S

1Y) |S

1Y) | A

\¥) AssignmentSt — id := E

Vo) CallSt — id ‘(" ParameterList ")’

\#) WhileSt — While Condition do Statement
\V) ForSt — For id := E to E do Statement
\A) IfSt — If Condition then Statement Elsepart
\4) Elsepart — else Statement

) |\

Y\) ParameterList — ParameterList ;" id

YY) | id

YY) Condition — Condition or Cond

Y¥) | Cond

Yd) Cond — Cond and C

Y9) IC

YV) C — NOT Condition

YA) |'(' Condition ")’

Y4) |Boolean

¥+) Boolean — E Relop E

¥\) |E
YY) | true
YY) | false
¥¥) Relop — <

¥0) | <=



%) | <>

V) | >=
YA) | >
YO)YE->E+T
f) |E-T
)T
fN)T->T*F
) |T/F
FF) |F

fo) F—id
f%) |No
™) I'CEY

fA) CaseSt — Case E of Caseparts Elsepart end
¥4) Caseparts — Caseparts CasePart
o) | CasePart

0\) CasePart — id : Statements

ifa>b+c

S iys 1y 5 oke

thena:=a+1
else f(a*b)

if then else
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class CNode

ValEnum Value;
CNode * LeftChild;
CNode * Sibling;

}

class AST
{
CNode *Root;
AST();
void AddChild(CNode * Father, CNode* Child);
CNode* MakeNode(void * _Value);
CNode* MakeNode(CNode *LeftChild , void * _Value, CNode *RightChild);

h

AST::AST()

{
Root = NULL;

}

CNode* AST::MakeNode(CNode *LeftChild , void * _Value, CNode *RightChild)
{

CNode *TempNode = MakeNode(_Value);

AddChild(TempNode,LeftChild);

AddChild(TempNode,LeftChild);

return TempNode;

}

CNode* AST::MakeNode(void * _Value)

{
CNode *TempNode = new CNode;

TempNode -> Value = _Value;
TempNode -> LeftChild = NULL;
TempNode -> Sibling = NULL;
return TempNode;

¥

void AST::AddChild(CNode * Father, CNode* Child)

CNode *Temp = Father -> LeftChild;
for(;;)
{

if(Temp == NULL)



Temp = Child;
break;
}
Temp = Temp -> Sibling;
}
}

CNode* AST::MakeNode(void *LeftChild ,void * Value, CNode *RightChild )
{

CNode *TempNode = MakeNode(_Value);

CNode *TempLeftChild = MakeNode(LeftChild);

AddChild(TempNode, TempLeftChild);

AddChild(TempNode,RightChild);

return TempNode;

CNode* AST::MakeNode(CNode *LeftChild, void * _Value, void *RightChild)
{
CNode *TempNode = MakeNode(_Value);
CNode *TempRightChild = MakeNode(RightChild);
AddChild(TempNode,LeftChild);
AddChild(TempNode, TempRightChild);
return TempNode;

CNode* AST::MakeNode(void *LeftChild, void * _Value, void *RightChild)
{

CNode *TempNode = MakeNode(_Value);

CNode *TempLeftChild = MakeNode(LeftChild);

CNode *TempRightChild = MakeNode(RightChild);

AddChild(TempNode, TempLeftChild);

AddChild(TempNode, TempRightChild);

return TempNode;

}
S — label Statement {Spntr = AST.MakeNode(labelpntr,S_Start,Statementpntr);}
label — id : {labelpntr = AST.MakeNode(id_lexval,S_label,S_colon); }
A { labelpntr = NULL,; }
Statement — Compoundst {Statementpntr = Compoundstpntr;}
|Assignmentst {Statementpntr = Assignmentstpntr;}
|Callst {Statementpntr = Callstpntr;}
|ifst {Statementpntr = ifstpntr;}
[forst {Statementpntr = forstpntr;}
|whilest {Statementpntr = whilestpntr;}
Compoundst — begin { Compoundstpntr = Statementspntr;}

Statements end

Statements — Statement ;'S {Statementspntr = AST.MakeNode(Statementpntr,S_Semicolon,Spntr);}

IS {Statementspntr = Spntr;}
A {Statementspntr = NULL;}
Assignmentst — id := E {Assignmentpntr = AST.MakeNode(id_Lexval,S_assign,Epntr);}

Callst — id '(" ParameterList )  { Callstpntr = AST. MakeNode(S_func);
AST.AddChild(Callstpntr,Parameterlistpntr);}

Whilest — while Condition { AST.MakeNode(Conditionpntr,S_while,Statementpntr);}

do Statement

forst — for id := Eto E do { forstpntr = AST.MakeNode(S_for);



Statement

ifst — if Condition do
Statement elsepart

elsepart — else Statement
A

ParameterList —
ParameterList ;" id

|id
Condition — Condition or
Cond

| Cond
Cond — Cond and C
IC

C — NOT Condition

| '( Condition 'y’
| boolean
boolean — E relop E

|E
| true
| false
relop — <
[<=
[<>
=
[>
E—-E+T
|[E-T
| T
T->T*F
| T/F
| F
F—id
| No
I'CE")
Casest — Case E of Caseparts
elsepart end

Caseparts — Caseparts
CasePart

| CasePart
CasePart — id : Statements

AssignTemppntr = AST.MakeNode(id_lexval, S_assign,Epntr);
AST.AddChild(forstpntr, AssignTemppntr);
AST.AddChild(forstpntr,Epntr);
AST.AddChild(forstpntr,Statementpntr);}

{ ifstpntr = AST.MakeNode(S_if);
AST.AddChild(ifstpntr,Conditionpntr);
AST.AddChild(ifstpntr,Statementpntr);
AST.AddChild(ifstpntr,elsepartpntr); }

{elsepartpntr = Statementpntr;}

{ elsepartpntr = NULL;}

{ParameterList = AST.MakeNode(ParameterList,S_semicolon,id_lexval); }

{ ParameterList = AST.MakeNode(id_lexval); }
{Conditionpntr = AST.MakeNode(Conditionpntr,S_or, Condpnitr); }

{Conditionpntr=Condpntr;}

{Condpntr = AST.MakeNode(Condpntr,S_and, Cpntr); }

{Condpntr = Cpntr; }

{ Cpntr = AST.MakeNode(S_Not);
AST.AddChild(Cpntr,Conditionpntr); }

{Cpntr = Conditionpntr;}

{Cpntr = booleanpntr;}

{ booleanpntr = AST.MakeNode(S_bool);
AST.AddChild(booleanpntr,Epntr);
AST.AddChild(booleanpntr,reloppntr);
AST.AddChild(booleanpntr,Epntr);}

{ booleanpntr = Epntr; }

{ booleanpntr = AST.MakeNode(S_true); }

{booleanpntr = AST.MakeNode(S_false);}

{reloppntr = AST.MakeNode(S_I);}

{reloppntr = AST.MakeNode(S_le);}

{reloppntr = AST.MakeNode(S_NEQ);}

{reloppntr = AST.MakeNode(S_ge);}

{reloppntr = AST.MakeNode(S_lg;}

{Epntr = AST.MakeNode(Epntr,S_plus, Tpntr);}

{Epntr = AST.MakeNode(Epntr,S_minus, Tpntr);}

{Epntr = Tpntr;}

{Tpntr = AST.MakeNode(Tpntr,S_mul,Fpntr);}

{Tpntr = AST.MakeNode(Tpntr,S_div,Fpntr);}

{Tpntr = Fpntr;}

{Fpntr = AST.MakeNode(id_lexval);}

{Fpntr = AST.MakeNode(No_lexval);}

{Fpntr = Epntr;}

{ Casestpntr = AST.MakeNode(S_case);
AST.AddChild(Casestpntr,Epntr);
AST.AddChild(Casestpntr,Casepartspntr);
AST.AddChild(Casestpntr,elsepart); }

{Casepartspntr = AST.MakeNode(Casepartspntr,S_CaseParts,

Casepartpntr); }

{Casepartspntr = Casepartpntr;}

{CasePartpntr = AST.MakeNode(id_lexval,S_semicolon,Statementspntr) ;}

S w55 Gy b I Gl IS 4 el S LS ) U
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X+y*z
1335 o dez 5 5 e 4 3 Dle
tl=y*z
2:=x+tl
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assign assign
2N N
=1 + a +
: : D
N ~Z N -
b uminus b uminus N
! ] b uminus
c c i
c
ia) Synlax tree. (b) Dag.
DAG ;5 v &5 0 }i..ﬂ'”
Code for the Syntax tree : Code for the DAG :
tl:=-c tl:=-c
2:=b*tl 2:=b*tl
t3:=-c th:=t2+12
t4:=b*t3 a:=t5
th=t2+t4
a:=t5

ole a5 e sl See Bl 4 5 s (a1 (B g0 (sla it SIS il 55 o 42|
a:=b*(c-d)*e/f

t1:=c-d
t1:=b*tl
tl.=tl*e
t1:=t1/f
a:=tl

temporary variable -
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X:Zopy, X:=y, X:= &y, X:=*y, X[i] =y, x:=Vy[i], *x =y
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ks o, Lal (Gl abibl 4l
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push x1, push x2, ..., push xn, call p, n

338 o paia 5 Sl b s o 30 bd S Y

if x relopy
goto |
goton IS ¢4 s> goto J s dasl oM F
ST o a3 T p a1y 5 ale 1 el
ifat+b>c*d-e tl:=a+b
then t2:=c*d
begin t2:=t2—e
a:=a+b*c if not (t1 >t2) gotolLl
write(a, b,c*d —e) t3:=b*c
end a:=a+t3
else push a
read(a, i, j); push b
push t2
call write, 3
goto L2
L1: pusha
push |
push j
call read, 3
L2:

conditional jump -



ST s AT awp p gl 5 aler

casea*b—cof tl:=a*b
lrifa>2*j-1 tl:=tl-c
then if not (t1 = 1) goto L1
a:=b*c+d; t2:=2%*]j
2:writeln@*b -1, c/d); t2:=12-1
3: begin if not (a > t2) goto L2
b:a*c-d; t2:=b*c
write(b * 2); a:=t2+d
end; goto L2

else:a:=a*b-c*d*e+f*y

L1: if not (t1 = 2) goto L3
t2:=a*b
t2:=t2-1
push t2
t2:=c/d
push t2
call writeln, 2
goto L2
L3: if not (t1 = 3) goto L4
t2:=a*c

t2:=t2-d
push t2
call write, 1
goto L2
L4:tl:=a*Db
t2:=c*d
t2:=12*e
t1:=t1-1t2
t2:=f*g
a=tl+t2
L2:

O ol 8 gt ol (sl aalsl 53l plonil 35 1) Sl IS A5 s ko oo b o 055 oo 2|
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var
TempNo, LabelNo: integer;

procedure Init;

begin
TempNo :=0;
LabelNo :=0;

end;

function NewTemp: string;
begin

TempNo := TempNo + 1;

NewTemp := ‘T’ + int2str(TempNo);
end;

procedure RemoveTemp;
begin



TempNo := TempNo - 1
end;

function NewLabel: string;
begin

LabelNo := LabelNo + 1

NewLabel ;= ‘L’ + int2str(LabelNo);
end;

function isTemp(T: string): boolean;
begin

end;

procedure Emitin(S: string);
begin

writeln(target, s);
end;
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Source File -

Action -"

reduce - *

attributed grammer - *
non-terminal -°
attribute - *

string -



Ast —id :=E

E-E+T

E—-T
T->T*F

T—F
F— (E)
F—id

St — ASt | IfSt
I1fSt — If Condition

Then St

ElsePart
ElsePart — None

ElsePart — else St
Condition — Condition” AND B

Condition — Condition’ OR B

{Emitin(id.Lexval + =" + Eval);
if isTemp(Eval) then RemoveTemp;}
{if isTemp(E’val) then begin
Eval := E’val;
if isTemp(Tval) then
RemoveTemp;
end;
else if isTemp(Tval) then E’val := Tval,
Else Eval := NewTemp;
Emitin(Eval + <=" + E’val + ‘+” + Tval);}
{Eval := Tval;}
{if isTemp(T*val)
then begin
Tval := Tlval;
if isTemp(Fval) then
RemoveTemp;
end;
else if isTemp(Fval) then Tval := Fval;
Else Tval := NewTemp;
EmitIn(Tval + <= + Tlval + “*> + Fval);}
{Tval := Fval;}
{Fval := Eval;}
{Fval :=id.Lexval;}

Sl IS @ ol 8 LY s

ol W55 IS S5 Oy g il or 458 L 4 el (] s I

{Lthen := NewLabel ;

EmitIn(‘if < + Conditionval + “ goto ‘ + Lthen) ;
if isTemp(Conditionval) then RemoveTemp;
Lelse := NewLabel;

EmitIn(‘goto “ + Lelse);

Emitin(Lthen + “: ©);}

{Lend := NewLabel;

Emitin(‘goto © + Lend);

EmitIn(Lend + *: ©);}

{Emitin(Lend + *: “);}

{if isTemp then Condition’valm then
Begin
Conditionval := Condition’val;
if isTemp(Bval) then RemoveTemp;
End
else if isTemp(Bval) then Conditionval := Bval,
else Condition’val := NewTemp;

EmitIn(Conditionval + =" + Condition’val + *
and ¢ + Bval);}

{if isTemp then Condition’valm then

begin

Conditionval := Condition’val;
if isTemp(Bval) then RemoveTemp;
end;



else if isTemp(Bval) then Conditionval := Bval,
else Condition’val := NewTemp;
EmitIn(Conditionval + <:=> + Condition’val + * or

¢+ Bval);}
Condition — NOT Condition’ Emitin(Conditionval + “=" + ‘pot * +
Condition’val);}
B — ERelop E’ {if isTemp(E’val) then begin
Bval := Eval,
if isTemp(E’val) then
RemoveTemp;
end;

else if isTemp(E’val) then Bval := E’val;
Else Bval ;= NewTemp;
EmitIn(Bval + :=" + Eval + Relop + E’val);}

B — True {Bval := ‘true’;}
B — False {Bval := “false’;}
B—id {Bval :=id.lexval;}
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nl S (oo bl JAVA o ot o O L) 0 gl sl ANTLR loslinal b a6 al> o 5305 2 &1 LeXer
54&&&@\?‘}A{&gljéAqugjja..uf‘_s»:lqg‘\]ava&lgj@M&Qqﬁﬁb}ﬁﬁé\ﬁ ol sloul (g sl
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20 S sed G Tl asl L, MAIN() e > L8 pl gl 5,8 e3lizwl ANTLR L 5 o sbowl sla S
@QT&o&)bmﬂ‘Jhd‘ﬁwms Gﬂ)jr.:h‘?@‘tfbs.}j)jjbe:@_‘MJLexerw%
4 1) LeXer S 55 (g wsed 5 4l 3 03,5 slowl Db oS PAISEr 387 55 51 4503 & s 0>
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Lo Gl 5L S g JAVE 0L @ by o Ol e i bl s3 eS ( lol BUIDAST = true
L g 03,5 el O JIAST oS 51 e s &K s 0T sl 13 5 ol slowl Parser is™ 5 51 getAST()
G5 21 s Jlesl b Silew 53,8 slowl TreeParser s 51 oS 5 e85 0l oo adl 55 Jiolew 15T

.;t;tt?u'\AST

(;.w\a.\.aTd..]ayf.kfﬁJ):

import org.antlr.runtime.*;
import org.antlr.runtime.tree.*;
public class Main {
public static void main(String args[]) throws Exception {
SLexer lex = new SLexer(new
ANTLRFileStream("C:\\mohamad\\compiler\\java\\SParser\\input"));
CommonTokenStream tokens = new CommonTokenStream(lex);
SParser g = new SParser(tokens);
try {
SParser.program_return r= g.program();
System.out.print(""+((Tree)r.getTree()).toStringTree());
} catch (Exception e) {
e.printStackTrace();

¥
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¥
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639,59 e
Int x;
Int I,
For(i=0;i<10;i=i+1){
X=i+x;
}
LTI

Tree= (VAR_DEF int x) (VAR_DEF int i)(for(=i0)(<I 10)(=i(+I 1))(BLOCK(=x(+|
X))))

$2505:dks
Do{
X=x+1;
IWhile(x<5)
DT

Tree: do{(=x(+x 1)}while((<x 5))

39,90 Jle

char c;
int X;
void bar(int x);
int foo(int y, char d) {
inti;
for (i=0; i<3; i=i+1) {
X=3;
y=5;
}
}

Ry
(VAR_DEF char ¢) (VAR _DEF int x) (FUNC_DECL (FUNC_HDR void bar
(ARG_DEF int x))) (FUNC_DEF (FUNC_HDR int foo (ARG_DEF inty)
(ARG_DEF char d)) (BLOCK (VAR_DEF inti) (for (=1 0) (<i3) (=i (+11))
(BLOCK (=x3) (=Y 5)))))

Pl odeT (SIS Laea b ols Jlto aalsl s

Yy
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B) block
- B) methodDeclaration
B paramDecl
-8 type
-8 primitiveType
- B) typeArgument
-(§) stmt
- B) assgnStmt
- B) paramList
- B) switchBlockStatementGroups
- B) switchBlockStatementGroup
B sitchLabel
- B) parExpr
- B) relationalExpression
- B relationalOp
- B) expr
~B) term
- ) factor
-0 NUMBER
O WHITESPACE
- DIGIT

allal ()< [els] [#]

[Jstmt block

'if' parExpr stl=stmt ('else' stZ=stmt)? -> ~(IfThenElse parExpr §sti §st2)

'while' parExpr stmt -> ~(While parExpr stmt)

'do' st= stmt 'while' parExpr':' -> ~(DoWhile stmt parExpr)

'switch' parExpr '{' switchBlockStatementGrowps '}' -> ~(Switch parExpr switchBlockStatementGroups)
'return' expr2 ';'

@Asr Ay -+eery ijl
tmt

» - - e
Y

IfThenElse

m
I
s
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oy
[~ ]
B Iy
¥ |

Break on Terminate
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-
| &

if (a>10){
X=X+2;
y=r*d+3;
}
else
r=t*e-3;

e
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EX
o |
eos |
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mov cx,2 ;i=2

mov ax, cx ;ax =i

mul ax ;ax=ixi

inc ax ;ax=ixi+1
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end
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procedure gencode (n);
begin
/* case 0 */
if nis a left leaf representing operand name and n is
the leftmost child of its parent then
print 'MOV' + name + ', ' + top(rstack)
else if n is an Interior node with operator op, left child ny
and right child n, then
[* case 1 */
if label (n2) = 0 then begin
let name be the operand represented by n 2 ;
gencode(n 1);
print op + name + ', * + top (rstack)
end
[* case 2 */
else if 1 <= label (n1) < label (nz) and label(n;) < r then begin
Swap ( rstack;)
gencode (ny) ;
R : = pop(rstack); /* n, was evaluated into register R */
Gencde(n,);
printop + R + °’ + top(rstack)
push(rstack, R ) ;
swap ( r stack)
end
/* case 3 */
else if 1 <= label(n;) <= label(n;) and label(n,) < r then begin
gencode( ny) ;
R := pop(rstack); /* n; was evaluated into register R */
Gencode(nz) ;
print op + top(rstack) + *’+R
push(rstack,R )
end
/* case 4, both labels >=r the total number of registers */
else begin
gencode(ny);
T := pop(rstack);
print 'MOV' + top (rstack) + ', " + T;
gencode( nl);
push(t stack, T);
printop + T + " + top (rstack)
end
end

£y



Bl (o 3 g5 5y L5353 5 o S N 68 ok 2t CASE O L o, U1 Jls s 4572) Sl
D3O K 50 55 Gl o Khas 5 o 03litl 3y 50 ol Sl le b &8 ST

2,8 ) 3"Mov" + top (Rstack) +','+name ! sws 5,5

o

A2 5 N dles 55kl OP Shes SN 6 8 0, S J1s s case 1L o¥ il
L sslwe label (n2) Bl 53 brzl 5a(Cnd Bsles ¢S5 ) Bl o NAME &5 2ol gimes N2 oS ol
s 1A RStACK iy (VL 55 15 Slas ams & )y 55 s 0N COOR w5 ol i

A

® @ ren

oS dw Sl a5 WSHL L el e S Slslaw N2 SNt s gt Cdls
FE ol (B e 4 5L 0sk S 3 ol 53 o 5Ll 3 e la DU Sl T
Sl (6,803 31 iy 35 3500 sla S 51w o7 335 Jolo (55355 (811 Cmgln ST Takt] oS!
S35 2 0P om 350 Shes o 3558 0 &S Wy gENCOAE Sl 3L N2 5N1 (gl
oLl sl bntyl 53 4SS x5 555 o Jue S 0 IS 1y M2 5N1 Jools 8 ole U

.;,:f@rt?gsigencode &\J)bé&fjb.;}sdu@l};\}d\l{éb)sﬂkﬁJa&.@hb‘zj

O sl b sben b 55 0L 3550 LS sl S 5 3 a S o 5T 55 10 Sl
é\j);,dﬁfguﬁ;u;\_u),patﬁ(case4gaau)sug@&;r s odiladl gl

555 o o3lizl TStack

LY



Gencode (*); //case4 , r=2
Gencode (-); /lcase 3, r=2
Gencode (*); /lcase 1, r=2
Gencode (5); //case 0, r=2

Mov R0,5

Mol R0,6
R=R0 /IR=1
Gencode (/); /lcasel

Gencode (8);

Mov R1,8

Div R1,4;

Sub RO,R1;

Push RO;

Gencode (+) /lcase 4

Gencode (/)
Gencode (4)
Gencode (-)
Push RO //[R=2

Gencode (*) //case 3
Gencode (2); //IR=1
Mov RO,2;

Gencode (-);
Gencode (6);
Mov R1,6
Sub R1,4;
Mul RO,R1
Add RO,t1
Mul RO,t0
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While G cannot be R-colored
While graph G has a node N with degree less than R
Remove N and its associated edges from G and push N on a stack S
End While
If the entire graph has been removed then the graph is R-colorable
While stack S contains a node N
Add N to graph G and assign it a color from the R colors
End While
Else graph G cannot be colored with R colors
Simplify the graph G by choosing an object to spill and remove its node
N from G

Graph Coloring '
Symbolic Register '
Interference Graph ™

Live*
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(spill nodes are chosen based on object’s number of definitions and
references)
End While
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LinearScanRegisterAllocation
Active 2 {}
foreach live interval i, in order of increasing start point
ExpireOldIntervals (1)
if length(active) =R then
SpillAtInterval (1)
else
register[i] a register removed from pool of free registers
add i to active, sorted by increasing end point
ExpireOldIntervals (1)
foreach interval j in active, in order of increasing end point
if endpoint[j] _ startpoint[i] then
return
remove j from active
add register[j] to pool of free registers
SpillAtInterval (1)
spill last interval in active
if endpoint[spill] > endpoint[i] then
register([i] register|[spill]
location[spill] new stack location
remove spill from active
add 1 to active, sorted by increasing end point
else
location[i] new stack location

Liner Scan Register Allocation'
Static Compilation

Dynamic Compilation "




Slanl 5105 ALY

45 Aas anads aal slie 4 |y O )b 45 Cul oplla S5 dins Lamads Jlate Cods
9 e Do dw 93 DU e das el el gl ol e s abisle 4y ot Sl
shonls olastl pslie 4 s S cpl 458 Sl 45,05 Kiws Sl S35 m 5 g0 508
A ke oS Ak e 3LaT 53 oa b S A5 55 ¢ il arai 5 Oy gtes Seile olutal
355 n b (Sols bl el Calien (63lome (sla DL 4 OLSS (S50 DL (6,185 -
JUasI 51 ;K5 e it a8 ol ol oa OT Sy o Ll syl 3 s ol ST 5 &8
13 0 &K L pimes bl
Cl Kae 55 sl 55 (G35 Ol e Lol 531 Easl Ll e a5 Dl 5203 ol =Y
e Ol an )y SLal )L il s o aS 558 50 Ol g 51 5 jee Jsb 2l 53 Csl
S g oS
sl eslawl U AS o cdb |y s sla OLS 1 SLS sl Ol ) gy (gdibe -V
25 e 53 G5l (G5155 Lo b sudaen o3zl 4SG1 Wy ST (6,8 sl Dy g2
Aas o e i ) (g ges DS B ol Dl ekins janass Ll das oo 2885 fos
LS (6,8 o ad gl S 5 guoma s Jasl I
Ans oS3 1y ooy OT & 48715 Joddl) s mbas 55 (G155 am 55 oo Al &G ¥

S Ty 530 0T 51 aS” Jlasl oS 8

O odins Lamads 5 ows ) giws dile) fm Len 5 5L 5500 Ll sl gl sls oSS
5J&ij‘5ﬂ|ﬂousu@63&>¢)}u>@bjwé)@wj&m
Lo 03,8 ol GlasT Sl ol s .ol o A 5 S odins araind 5 (5 pul v Dl g
QT,:JrﬂfﬁoM@jg;ﬁ_@b@“TJlSc\Sd_wa{‘_;)&wCJba\f:wa

.J)‘)‘)M&)K‘kw&‘)yQM\)}L&).&.‘JL‘:)}CJGQMJM

Instruction Reordering’

Spill Code *

0\



9893 b po b TA,0

S 4 S e lan b s OU aneds Sl SIL &g 4 sl (59, 5 il 5 o0 IS AiSle
ol oms 3l o S 1y sl S (JelST (65155 a8 Sl ol UST il ) r S pe 355 03
558 03Ul S i OLE amad Ll 35 Co e b LS sdzes e3lizul Ol ST Sl ol S,
a1 S S D akins amasn NS ol Sen g 555 ood [l g0 IS Ale ey
B 03 35k e Gl (Saly Cor e oS das e oS e b Jas 5 ses iy
03,0 (5l S oS e 03linal OT 1 s LS 4 gazme o pile (6 87 0l 4ty &K o7 oS

(V JS8) g5 o o5ls ol | YU 1 o (sla S 5 AT o 4zt s

Q0 Q O ¢
©,

source program

1 Load R1,a

2 Load R2,b

3 Mul R3,R1,R2
4 Load R4, c

5 Load RS, d

6 Add R6,R4,R5 @
7 Load R7, e

8 Add R8,R1,R7

S Mul R9, R6, R8

10 Add R10,R3,R9 @
11 Stor R10, h

Dependency DAG

IL program
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Load PR1,a

Load PR2, b

Mul FR3, PRI, FR2
Load PR4, ¢

Load PRS, d

Add PRS, PR4, PR3
Load PR7, &

Add PRE, PR1, PR7
Mul PRO, PRS, PFRE
10 Add PR10,FR3, PR9
11 Stor PR10, h

ANy

B =d O LA e L b

FOSTTASS

code scheduling regisier allocation
4 Load PR4,c 1 Load R1,a
5 Load PRS. d 2 Load R2, b
7 Load MR7,c 3 Mol R2,I1,R2
1 Load PR1,a 4 Load R3,c
2 Load PRZ, b 5 Load R4, d
6 Add FPRG, PR4, PR3 6 Add R3, R3, R4
8 Add PRE, PR1, PRT T Load R4, ¢
3 Mul PR3 PRI1,PR2Z 8 Add R1,.RI1_R4
9 Mul FR9, PR6, FRE 9 Mul RI.RI1.R3
10 Add PRILO, PR3, PRY 10 Add R1, R1,R2Z
11 Etor PRI1O, W 11 Spar R1, h

l

code scheduling

register allocation J'

4 Load Rl,¢c 4 Load R3, ¢ 1
5 Load RZ,d 5 Load R4, d

7 Load R3, e I Load Rl,a

1 Load R4, a 2 Load R2.b

2 Load RS, b 6 Add BRI, R3I, R4
O Add RI1,RI, K2 3 Mul HI HI,HZ
B Add R3 R4 R3I 7 Load Rd.e

3 Mul R4 . R4A.RS B Add RI1.R1. R4
9 Mul R1,R1,R3 9 Mul RILRI1.ER3
10 Add R4, R4, R1 10 Add R1,R1,R2
11 Stor R4, h 11 Stor R1,h
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solid lines -- original dependencies.
dashed lines -- dependencies added by regisier allocation
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4 Load PR4, ¢ LoadR1, ¢
5 Load FR35,d Load R2,d
6 Add PR6, PR4, PRS Add R1L,R1,R2
1 Load PR1, a after Load R2, a
7 Load PR7,e == register==> Load R3,¢
8 Add PRS,FPR1, PR7 allocation AddR3,R2,R3
9 Mul PR9, PRE, PR6 Mul R1, R3,R1
2 Load PR2,b Load R3,b
3 Mul PR3, PR1, PR2 Mul R3, R2, R3
10 Add PR10, PR3, PR9 Add R1,R3,R1
11 Stor FR10, h StorR1,h
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Load PR1,
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4 Load PR4,c LoadR1,c
5 Load PRS, d Load R2,d
7 Load PR7, e Load R3, ¢
1 Load PR1,a Load R4, a
6 Add PR6, PR4, PR5 after Add R1,R1,R2
2 Load PR2.b ==register==> LoadR2.b
8 Add PRS, PR1,PR7 allocation Add R3,R4,R3
3 Mul PR3, PR1, PR2 Mul R4,R4,R2
9 Mul FR9Y, PR6, PR3 Mul K1, K1, R3
10 Add PR10, PR3, PR9 Add R4, R4,R1
11 Stor PR10, h StorR4, h
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while (leader set or ready set is not empty) do

4.1 Move nodes without interlocks from leader set Lo ready set
4.2 if (AVLREG > threshold value) then
if (ready et is not emply) then
select one node from ready set with maximum
cumulative Cost.
else
gelect one node from leader set with maximum
curnulative cost
endif
else {invoke CSR}
if there are nodes in ready set that can free registers
then
select one node which frees the most registers.
if there are more than one such node then
select one with maximum cumulative cost.
endif
else
if there are figdes In leader set hat can free regisiers
then
select one which frees the most regigiers.
if there are more than one such node then
select one that has the fewest interlocks.
endil
else
find a partially ¢valuated path, (for example,
one of its RAW dependency has been lifted)
select one node from the leaders of this path.
if there are no such partially evaluated paths then
gelect any one node from the ready set
or from the leader set if the ready set is empty.
endifl
endif
endif
endif

4.3 Issue the selecied instruction
if the issned instruction creates one live register then
decrement AVLREG by 1.
for each pseudo-register referenced in this instraction do
decrement its relerence count by 1
if the reference count drops (o 0 then
increment AVLREG by 1.
endif
end for
Remove this instruction from the DAG
Remove all dependencies cansed by this instruction
Reserve il destination regiater in o reservation table.

4.4 Insert new leaders into the leader set

end while
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Load 4
Stor. 1
Add 2
Multiply 3

el 0 0313 O # K5 53 515055 DAG .ol ¥ ¢ AVLREG (g 5| ,ldie a7 =St PP

Welghted DAG

boldface numbers associated with nodes are cumulative costs
italic numbers associated with edges are execution time estimates
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Prcpass Iostpass Integratcd
1 Load R1,a 4 LoadR3.c 4 LoadR2.¢c
4 Load R2,c 5 Load R4, d 5 Load R3,d
5 Load R3,d 1 LoadR1, a 7 Load R4, e
7 Load Rd, e 2 IoadR2,b 1 Load R1,a
s Stor R4, templ 6 Add R3,R3, R4 6 Add R2,R2,R3
2 Load R4, h 1 Mul R2, R1, R2 2 Load R3, h
6 Add R2,R2 R3 7 Load R4, e 8 Add R4,R1,R4
s Load R3, templ 8 Add R1,R1, R4 3 Mul R1,R1,R3
8 Add R3,R1,R3 9 Mul R1,R1, R3 9 Mul R2, RZ, R4
3 Mul R1,R1, R4 10 Add R1,R1, R2 10 Add R1,R1,R2
9 Mul R2,R2,R3 11 StorR1, h 11 Stor R1, h
10 Add R1,R1,R2
11 Stor R1,h
(22 cycles) (20 cycles) (17 cycles)
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LinEacEFoRrMAaTION{V, E)

mark all nodes in the DDG as not in any lineage
compute the height of every node in the DDG
while there is a node not in any lineage do
recompute height + false
v; +— highest node not in lineage
start a new lineage containing v;
mark v; as in a lincage
while v; has a descendent do
v; + lowest descendent of v; that is not in any lineage
for each descendent vy 3 v; of v; do
add sequencing edge from vg to v;
endfor
if »; has multiple descendents
recompute height + true
endif
add vj to lineage
if v; is already marked as in a lineage
break;
mark v; as in a lineage
vy U
end while
if recompute height = true
recompute the height of every node in the DDG
endif

end while
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ScHEDULING(G, L, A, N)

L. ReadyList + {{v, B;) such that v; has no predecessors }
2, RegAvailable +— {R;, Ra, ..., Bn}
3. while ReadyList # 0 do
4. for each node v; in the ReadyList in decreasing height order do
5. if (FirstNode(n;) = False) or (((v:, ;) € A) and (R; € RegAvailable))
6. Remove B; from RegAvailable
7. Remaove (vi, ;) from ReadyList
8. Schedule(v;, B;)
a. Add to the ReadyList all successors of v
that have all its predecessors listed
10. if LastNode(v;) and (v, B;) € A
11. Return H; to RegAvailable
12, endif
13. endif
14. endfor

15. end while
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reverse engineering -°
reengineering -

Call graph -~

Class dependency graph -*
Open Source -°

Call flow graph -*

Polymorphic - ¥

Dynamic binding -*

Class Hierarchy Analysis - *
Rapid Type Analysis -°
Polymorphism -

Control flow graph -°
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main{int arge, char *argv{ b

{
if (arge == 1){
printf"1 "];1_‘\—%_\(1_—
Jelse{ A
if{arge == 2){ - r -
printf2, T ——— ]
}else { BES Eg BEE
printf{"others"; s
} BES
I
s | BES

E i
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l=1; |1]

goto L2; 1
For1:=1toNdo
s1: L1:s1; [2] i/
EndFor =1+ 1 = 3=(2
S2 L2:if I <=n[ 3 |- \l/

goto L1;

Sl L2 4
for alex g1, J =5 0L > Ol F v S

S AL awpT an IS 1yl ST el & Sl s g atdl led 5 5 U8 dised sl

3 gei gl il Gla IS (61 1) S A8 0L OIS e 535 Js Koo

Program Trivial N4
1. read(n); El.h i read 1
. ush n; call rea
< s s
2.if (.n (.).) then. " If (n < 0) then goto L1
3. write("negative");
else / \
4. write("positive"); B2, B3.
endif L1. Push "negative" Goto L2,
5. switch (n) call write,1 §
case 1: goto L3 Ba.
6. write("one"); L2. Push "positive"
break; call write,1
. B6.
case 2: N
e e Push "one
7. write("two"); break; ;
| call write,1
case 3: goto L8 <—_|[B5.
8. write("three"); B8 L3. If n <> 1 then goto L4;
break; Push "2"
default —{ call write,1 S~ [E7.
9. write("other"); goto L8 L4. If n <> 2 then goto L5;
endswitch; BlO. \l/
end trivial _ E:ISIP:Nr?tel S~—_B9.
goto L8 L5. If n <> 3 then goto L6;
B11.
L6. Push "Other"
— call write,1
B12.
L8. Stop

Case dhex (3l asl (5l J S 0L > I T A K

it led o el (SRS 0L 1S ey 0T 3T 1Sty ;&0 5 55 15 5,05, S0



Read n,m;
For i:=ntomdo
Begin
read j;
switch j;
case 1:
ai=a+m*n;
ji=a-m*n;
break;
case 2:
j=i-1
break;
default 3:
print j;
end;
end.

1- push n;

2- push m;
3-call read,2;
4-pop n;

5- pop m;
6-i:=n;

7- goto L2;
8- L1: pushj;
9- call read,1;
10- pop j;

11-if j<>1 goto L2;

12- T1:=m*n;
13- a:=a+T1,;
14- j:=j-1;
15- goto L5;
16- L3:

If j<>2 goto L4;

17- j:5j-1;
18- goto L5;
19- L4:
Push j;
20- call print,1;
21-L5:
i:=i+1;

if i<=m goto L1;

22-L.2:
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B1
1.7
B2 B3 B4 B5
o L2: o L1: s L3: o] L4:
1.7 1.7 16 19..20
@ B6 B7 B8
L5:
12.15 17.18 21
| f A

a3l (sla S 53T e ST (11 o ok ik 45T e b 4yl S i (ST e odalin 57 4SS0
“)v\fu\ib ‘J.:J‘ ‘Jj:“f dth" ;}‘Jf J._J}: &L..g} g;..w‘ ol WQUICKSON cu 4,5\.}‘ DL sl,..w\ ol UM

.J}AJM)JML;\AJAA\J}:M:A{JA_A;

void quicksort(m, n)

intm, n
{ - . .
inti, j;
if (n<=m)
return;
i=m-1;
i=n
v =al[n];
while (1)
{
do
i=i+1;
while (a[i] < v);
do
i=i-y
while (a[j] > v);
if (i>=])
return a[j];
x = a[i];
a[i] = afjl;
afil =x;
}

quicksort(m, j);
quicksort(i + 1, n);

\Al
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quicksort:
1. pop n;
2. pop m;
3.ifn<=mgoto I1;
4.i=m-1;

8. t1 = a[i];
9.iftl <vgoto 12;

10.j=j-1;
11.tl =a[j];
12. if t1 > v goto 13;
13.if I >=j goto 14;
14. x=a[j];
15.t1 =a[j];
16. a[i] =tlI;
17. a[j]l=x;
18. goto 12;
14 19. push m;
20. push j;
21. call quicksort, 2;
22.tl=i+1;
23. push tl;
24. push n;
25. call quicksort, 2;

Bsd o Mg el IS lae J S 0L oS sl dn e &S alal s

Bl B2 B3

i=m-1 =i+l j=j-1;

j=n 2:=4%i {4;1:4*1-; B4

tl:=4*n | t3 := a[t2] t5 1= a[t4]; 1 if(i >=J) goto B6

v = a[tl]; if t3 <v goto B2 if t5 > v goto B3
B5 v \Lﬁ/ B6 Y
t6 1= 4*i: t1l:=4*i;
X := a[t6]; X = a[t11];
t7:=4*j; t12:=4*i;
t8 := 4% t13:=4 *n;
t9 := a[t8]; t14 := a[t13];
at7]:=t9; a[t12]:= t14;
t10 := 4*j; t15:= 4* n;
a[t10] = x; a[tl5] :=x;
goto B2;

vy



B1
quicksort:
1. pop n;
2. pop m;
3.ifn<=m
goto 11
B9
B2
11:
4.i=m-1;
5.j=n;
6. v=aln];
B3 /
B6 /v 12:
. 7.i=i+1;
}‘5‘ "lzj‘mﬁ 8. 11 = a[il:
-t =aljl; b O.iftl<v
16. a[i] =tl1; goto 12;
17. a[j]=x; '
18. goto 12;
7}
B4 | ¢
13:
B5 10.j=j-1;
13 if i >= ] L1t =afj];
goto 4; < 12.iftl >v
goto I3; ‘—‘
B7 v B8
14 22.tl=i+1;
19. push m; .| 23.pushtl;
20. push j; | 24. pushn;
21. call quicksort, 2; 25. call quicksort, 2;

g 3o e QUICKSOIt b J 287 0L o 318 - (a4 S
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Common expretion elimination -
Copy propagation - ¥

Dead code elimination -*
Constant flooding - ¢

Loop optimization -°

Basic block optimization -*

Data flow analysis - ¥

Def-Use Chain -*

Reaching definition - *

Define -°

Use -

Yo
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int *i; N

j=&i;
*i++;

9D (51 pen 85 KI5 (n 50358 (S s a5 ctber ) S 4z 5 Sl @= (D, €) dhar )5 e ol

e o Sl S B3 T laie sl el ol (gl elyl £55 51C 5D 4S5 5055 L C
o 055 0355 oy g il o adeiin sl IS 3 S ylad 8 (oo s 1) I o 7 el o )
ool 3 eslizal b s Gy m adol <SS e (sl Kill 5 Gen Out dn _alul L 46 sazen jlgar b coslial 5 (o u

.(,.:.,_L.,JsaA:JJ\L;LASM{J&\sjsa.uﬁwfwsquu@wq&):puww

sl i ol o 3z (s a5 b g 3513 3 g2 s ad gl SV K J s 55 oS bl 4 sezee = GeN

iy o a3 SN OT 4 adsl &S ol 5147 i ylad 4 sama = I

Ll aby Ola 31 a5l SO s 53 sdome Uiy a5 alal gy 5 Ll sy 4351 S 4 4T iy 55 4 gazeas = Kl
ol iy (o 0T (sim gla S w5 diph (oo ol adsl S S s 51 ST (G )laS 45 ez = OULE
:Q&fuﬁ:‘-)jbgog:

In[B] = v Out[p] V p € Predecessor(B)
Kill[B] = In[B] — Gen[B]
Out[B] = Gen[B] + (In[B] - Kill[B])

B1 B2
.: 11j=8
210 12i=7
B3
18k=1i+2
19i=i+1
201=i+3

global variable -°
Aliasing - ¥
Reference Parameter - *

vi
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Gen[B3] = {(k 18), (i, 19), (I, 20)}

In[B3] ={(i, 5), (i, 12), (j, 11)}
Kill[B3] = {(i, 5). (i, 12)}

out[B3] ={(k, 18), (i, 19), (I, 20), (j, 11)}

2037 (oo s 15 25 IS a3 OUL 5 In (Kl GeN (sl 45 gazms 5 J =S 0L > 3 8 (Jle (sl

el e

Program Sums
1. read(n);
2.i=1;
3. sum=0;
4. while (i<=n)
do
5. sum=0;
6. j=1,;
7. while (j<=1)
do
8. sum =
sum + j;
9.. j=j+1;

endwhile
10.. write(sum,
i);
11.. i=i+1;

endwhile

12.. write(sum, 1);
end Sums

:M)JT dw IS

1. pushn
Call read, 1
2.i=1
3.sum=0
4. if not(i<=n)
Goto 12
5.sum=0
6.j=1
7. if not(j <=1)
Goto 10
8. sum =sum +j
9.j=j+1
Goto 7
10.push sum
Push i
call write, 2
1li=i+1;
Goto 4
12. push sum
Pushii

call write, 2

Start

B1

A 4

1. pushn
Call read, 1

2.i=1

3.sum=0

B2 v

4. if not(i<=n)

Goto 12

A 4

\ 4

Py

7. if not(j <=1)
Goto 10

B5

A 4

B6 /

10.push sum

1li=i+1;

Push i

B7

A 4

8. sum =sum +j
9.j=j+1
Goto 7

A 4

call write, 2

Goto 4

12. push sum
Push i

call write, 2

Y

End
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ga.lﬁis\fdjiigtg@)ldf)\{ﬁ):Ki“ w}wgo\iﬁci:5m&pwlag\qj\éf)&):f!cdbdlj
s ylas .njf.BBJ asl sl SN el LKl wMQ)}TQw.\{L;\ﬁjiia P NP R U WA LR

640 8l 35 o odaliac) \ JSCE s Jlie O simdil 4y sl 5 03 00 g1 500
{In[B2] =U out(p) , p= [B1,Be] }
OUL(B6) 53,5 armlons Losiits 3l gias | OUL(Bg) sims - admin 350 50 4 Jg il oo aieios OUL[By] 47
sl 0ut(B2) 5In(Bs) 3l b
Out[B1]={ (n,1),(i,2),(sum ,3)}
Al el 5 v;win,'u;migdln}Outoa,ﬂ@,\fgﬂ

Algorithm Reaching Definition

Input: Gen and kill sets for each basic block
Output: In and Out sets for each basic block

1. for each node n do
OUTI[n] = GENI[n]
IN[n] = null
endfor
2. change = true
3. while change do
change = false
5 for each node n in traverse(CFG) do
6 IN[#] =w OUT[P], where P is an immediate predecessor of n
7. OLDOUT = OUT[n]
8
9

>

OUT[n] =GEN[n] U (IN[#] - KILL[#n])
if OUT[n] = OLDOUT
then change = true
endif
endfor
endwhile

ods ool OLDOUL 457 L3 OUt L ol avwloee L= OUL L OUL Hliis ad gl SN o (sl oS dslad o0 odalioe
Lg\jout)\xia&)y)b.u\{\i4.»\.51.\.LLUKS..\.A)@@%:}J\Qgﬁujlj&;)y):.nf@wﬁa@\
25 RS Ol OIS 4w g0 sl iy (oo Ll 4 02 SIS oT iy (3L s O3 4ds) sl SO ST
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Start

Bl\l/

1. read(i)
2. read(j)
3.1=1itl
4. if(i < 5) goto B3

B2 \L B3

5.d:=1% 8.d =i
6.d:=d+1 9.j:=d+1
7.1:=d*2

B4

10.j :=d*i

11, write(j)

12.if j<100 goto Bl =~ —> Stop

Gen Kill In Out In Out In Out
B1 (,2).(,3) %19%),07)(],10) (4,2,0,3) (100 (,2).G3 j10)(d8 gj),Z),(i,

) )
(d,6)(1,7
)
(i.3)
B2 (49,6 (349 (203 €O (265 BT (203
i.2)
B3 (49,69 (2/€9) (203) €99 (265 B9 (203
' (i.3)
B4 (10) (269 @667 (10  (@8)G9) (10, (d.8)G9
(0.8)..9) d6),(.7) 8) )
(4,2)(1,3) (d,6)(i,7 (d,6),(i,7
) )
i3 (263

o3l 5 (w5 Jade 5 J S 0L 1 50V S

15,8 adeialy eslizal 3 50 Gyl ad sl S o (6l 015 o0 4555 45 duled o olalie o

3y (o sl L L g 45T ST e e adsl S a1 Bgb s ST Bl il
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L.

2, i=L

i sum=0;

4 whila (i<=n) do

Program Sums L
read(nj; L

3, sum= 1,

6, j=L

7. while (j <=1i) do

2, SUM = Sm +j;

0, j=i+ L

endwhile;

10. writesum, i);

1. i=i+1
endwhile;

12, write(sum, i};

end Sums

GEM={ |:KILL=}1:

IN= "In;|"|smn“sun10_|Ssmn'J_|II i

OUT={ L:n.2:1,3:20m,5:sum,6:), &2m 9,111

GEN={}:KILL={}:
IN={1:n.2:,5:50m,6:,%:5um,9 3.1 11
OUT={1:n,2:1,5:50m,6:],8:5um, 91,1111

GEN=} ;KILL={}:
IN=1 L:n,2:0,5:5um,6:), 8:um. 9,111}
OUT={1:n.2:0.5:50m, 6], &:mum. %), 11:1]

"""""""""""""""" GEN=1 LKILL=] LiIN=| |:0UT=[}:
s GEN={ Lin}:KILL=} I:n}:IN=! ;0UT={L:n{;

...... GEN={ 28 KILL={ 21 L bdN=] L 0UT={1,2:1)
) GEN={Xsum |;KILL={ 3 sum,5:zum, &:zum |
TUIN= 1,2 1:0UT=] 1n 20 3o !

GEN=} ;KILL={}: ] o
+ IN=4 L, 2o 3ssum, 5 sum, G, B sum, B L
OUT=!L:n2u,3:mum 5:sum, 6 &sum. 2, 10

GEN=!%sum{ KILL={ 3:5um, 3 :5um, 5 zum!
Mgt IN={1:n,2:1,3:5um, 5:50m, 6], & sum,9:j,1 11
OUT={L:n. 21 5:5um. 6, 9,1 11

GEN={ ] KILL={], 9
----------------------------- IN=! 10201 5:sum.60,9:0,1 11
OUT=3Ln, 20 5:sum 61, 100

GEN={&:sum};:KILL={3:50m.5:sum,&sum};
[N=1 1:n,2:1,5:5um, 6] &:sum. 2, 1121
OUT={1:n.2:1,6:,8:5um,9:.1 11}

""" .., GEN={3]}:KILL={6%:3%:
" IN=dn, 260 Bsum, 9, 1 1
OUT={1:n2:18:5um.9, 11:1):

-, . GEN={11abKILL=120,] Ll
" IN=3 1,205 sum, 6 Bsum, 9 1
OUT={ L:n.5:sum,f:) &sum, 2, 1101
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Node Deinition-Use Pairs

entry (none)

1 (none)

2 (none)

3 (none)

4 [1:n,4:n],[2:1,4:1],[11:1,4:1]

5 (none)

6 (none)

7 [6:,7:51,[9:,7:31,[2:1,7:1],[11:1,7:1]

8 [5:sum,8:sum],[8:sum,8:sum],[6:],8:1,[9:],8:j]

9 [6:3,9:j1,[9:5,9:]]

10 [2:1,10:i],[11:1,10:1],[S:sum,10:sum],[8:sum,10:sum]
11 [2:,1 4] 11,1 14]

12 [2:1,12i],[11:1,12:1],[3:sum,12:sum],[5:sum,12:sum],[8:sum,12:sum]
exit (none)
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Algorithm Def-Use Chain

Input: A flow graph for which the IN sets for reaching definitions have been computed for each node
n.

Output: DUPairs: a set of definition-use pairs.

Method: Visit each node in the control flow graph. For each node, use upwards exposed uses and
reaching definitions to form definition-use pairs.

1. DUPairs = ¢
2. for each node n do
3 for each upwards exposed use U in n do
4. for each reaching definition D in IN[#] do
5 if D is a definition of v and U is a use of v
then DUPairs = DUPairs U (D,U)
endif
endfor
endfor
endfor
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B5
t6 := 4*I;

X:.= a[t6]1 t6 — 4*|
—A* ] . y
t7'._4 *-I’ X := a[té];

t8 1= 4%] 8 = 4%]
t9 := a[t8]; ——= | g j: a[t8];
aft7]:=t9; a[té]'—tg' ’
t10 := 4%*j; e
a[t10] = x; agt%l I;2X
goto B2; 9 ’
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B1 B2 B3
l:=m-1 I=1+1 j=j-1
ji= 2:=4% = 4% -
tl:= 4*n | t3:=a[t2] ™1 15 := a[t4]; | if(1>=]) goto B6
v = a[tl]; if t3 < v goto B2 if t5 > v goto B3
B5 B6 Y
X =13; X=X :=13;
a[t2] :=t3; t14 :=a[tl];
at4] :=x; a[t12]:= t14;
goto B2 aftl] :=x;
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lai=d+e | [bi=d+e |
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X :=13;
a[t2] :=ts3;
a[t4] =x;
goto B2

s o B 25 Do 4

X :=13;
aft2] :=t5;
a[t4] :=t3;
goto B2
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In[B] = m (P a predecessor of B) Out[P]
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Out[B] = Gen[B] u (In[B] - Kill[B])
:A‘Ztg@ﬁj@)}@rb“)}g‘

Algorithm Copy Propagation

1. for each node n do
GENI[n] = each copy in block
KILL[n] = each redefine of copy in block
OUT[n] = GENI[n]
endfor
2. change = true
3. while change do
change = false
5 for each node n in traverse(CFG) do
6. IN[#] = n OUT[P], where P is an immediate predecessor of n
7. OLDOUT = OUT[x]
8
9

»

OUT[n] =GEN[n] U (IN[#] - KILL[#n])
if OUT[#] != OLDOUT
then change = true
endif
endfor
endwhile
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bi=z+y bi=z+y
a:=6 >
X:=2%*a X:=2*6
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Algorithm OnePathOfConstantPropagation

1. for each node n in CFG do
GEN[n] = set of (a, b) |a=Db in Block n and b is Constant
KILL[n] = Set of redefinition of Constants in the block n
OUT[n] = GEN[n]

AV



endfor
2. change = true
3. while change do
change = false
5 for cach node n in traverse(CFG) do
6. IN[n] = n OUT[P], where P is an immediate predecessor of n
7. OLDOUT = OUT[n]
8
9

»

OUT[n] =GEN[n] U (IN[#] - KILL[#n])
if OUT[x] !'= OLDOUT
then change = true
endif
endfor
endwhile
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Algorithm Constant Propagation

Input : Gen(n), Kill(n)
1. NewConstants := true;
2. While NewConstants do
3 OnePathOfConstantPropagation;
4. NewConstants := False;
5 For cach basic block n in CFG do
6

Temp = IN(n)
9. for s = first statement to last statement in n do
10. if s = ‘x := constantValue’
11. then remove any existing definition of x from Temp
12. add ‘x= constantValue’ to Temp
13. else if s = ‘x := y op z’ then if both y=c1 and z = c2 belong to temp
14. then remove any existing definition of x from Temp
12. add ‘x=c¢’, where c =cl op c2, to Temp
13. else remove any definition ‘x = ¢’ from Temp;
14. end for;
15 NewConstans := In(n) <> Temp;
16. Sunstitues any def
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B#

Bl
B2
B3
B4
BS
B6

Gen

{1,2,3}
Null
Null
Null
Null
Null

Y

B4 v
8: d:==a+3
9:e=j*d
B6 v

» 12: b:=b*d

T o oy 5 gl B I8 18 (65 b Lasl o, S el

Kill

Null
Null
Null
Null
{1}
Null

in
Null
Null
Null
Null
Null
Null

Initial
Out
{1,2,3}
{1,2,3}
{1,2,3}
{1,2,3}
{1,2,3}
{1,2,3}

S st 3 3 e Gyl STl adsl LSS s e sl LIS skl 3 1 OUT (g a0 goma

B# In Out In Out

B1 Null {1,2,3} Null {1,2,3}
B2 {1,2,3} {1,2,3} {1,2,3} {1,2,3}
B3 {1,2,3} {1,2,3} {2,3} {2,3}
B4 {1,2,3} {1,2,3} {1,2,3} {1,2,3}
B5 {1,2,3} {2,3} {2,3} {2,3}
B5 {1,2,3} {2,3} {2,3} {2,3}
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B1

Sl: r1=1
S2:12=2

A

S3: r3=r1+1r2 S4: r7=r2-rl

B4 v,

S5:r8=rl1-r2
S6: rl=11

S7: r9=r1*r2

0L 18 1 gl 4 ges Y Ko

b Jlesl 38 J 28 D18 (555 15 b L pb_ui“ Je-

Bi#t Gen Kill | Initial
in Out
B1 (r1,1) (r1,-) Null (r1, 1)
(r2, 2) (r2,-) (r2, 2)
(r1, 11)
B2 Null (r3,-) Null (r1,1)
(r2, 2)
(r1, 11)
B3  Null (r7,-) Null (r1,1)
(r2, 2)
(r1, 11)
B4 (r1,11) (r1,-) Null (r1, 1)
(r8, ) (r2, 2)
(r1,11)
B5 Null (r9, -) Null (r1, 1)
(r2, 2)
(r1, 11)
In Out In Out In Out
B1 Null (r1, 1) Null (r1, 1) Null (r1, 1)
(r2, 2) (r2, 2) (r2, 2)
B2 (r1,1) (r1, 1) (r2, 2) (r2, 2) (r2, 2) (r2, 2)
(r2, 2) (r2, 2)
B3 (r1,1) (r1, 1) (r1, 1) (r1, 1) (r1, 1) (r1, 1)
(r2, 2) (r2, 2) (r2, 2) (r2, 2) (r2, 2) (r2,2)




B4 (rl,1) (r1, 11) (r2, 2) (r1, 11) (r2, 2) (r1, 11)
(r2, 2) (r2, 2) (r2, 2) (r2, 2)
B5 (r2,2) (r2, 2) (r2, 2) (r2, 2) (r2, 2) (r2, 2)
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B1
Sl: r1=1
S2:r2=2
S3: r3=r1+2 S4: r7=2-1
B4 <
S5:r8=r1-2

S6: r1=11

S7:r9=r1*2

0L 1 8 s ol sl Jlesl oYY S

5L o NP-Hard alies <SG LT Ggb (5 alis €315 550 5 dltens ol o (81 5,503 i) LT 45 Conlon) Jl g
AL oo e s (S5l i 53 050l ST (8 e i n ST S ealizal L 015 o+ LT € NP-Complete L
s 5 6l o i3 ) obiel L LT €3 50 o ¢ dns o plonil ) sgeols (5o a5 o7 5 ool T2l 6 i

?J;&b&twa\(}‘ﬁa:@‘)

(Unreachable Code and/or Dead Code  _wswd bl pé o5 b 03 pous” Bio> FY.F
Elimination)
U.Alf..k_:;fv_ajo:Lé:._w\QTj\alﬁﬁAJ}x&:ﬂwkaﬂ\)dﬁsuﬁ‘\f:}j@u&fuj\)}:ﬁ:@o:fﬁ

1)



FE RS ) i aS 338 o pabnie BLalS Ol 53 oS ol 6 480 b b Dy ses b 5 Sl
o 033 a5 jlw g by &S Un " e BB Le ST e 0T 4S5, 8 Sy s Slar |
b (o AU o s BB 8 IS O b 358
G35 358 (oo o 5 03 50 it (AL 05 b 03litul 3) 5a (6 ke aaliy AT )3 s 4 el G Sl apler
St 2908 5 ol ly 03,0 U8 (o J 01 (o0 claite (S LA Gl o g0 S5TALL 03 50 ki 4 (parais

HE B R T SR

X =13;
at2] :=t3;
a[t4] :=x;
goto B2
e S
X =13;
a[t2] :=ts3;
a[t4] :=t3;
goto B2
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Kill[B] = Def(B) = { Set of variables defined in B}
Gen[B] = Use(B) = {Set of Variables used before a redefinition in B}
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Algorithm Live Variable
Input: Kill and Gen sets

1. forall Block n do
IN[n] := NULL
GEN[n] =Use(n)={ Set of Variables used before a redefinitioninn }
KILL[n] = Def(n)

endfor

2. changes := true

3. while there are changes do

4. for each Block n do

3. OUT[n] := U IN[S] S € Succ(n)
6. OLDIN := IN[n]
7. IN[n] := GEN[n] u (OUT[n] — KILL[n])
9. if IN[n] '= OLDIN
then change = true B1
endif
endfor

endwhile

Initially:

Gen[B1] = Gen[B2] = ¢
Gen[B3] = {A}
Gen[B4] = {X0, B}
Kill[B1] = ¢

Kill[B2] = {B}

Kill[B3] = {A}
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Kill[B4] = {X1,B}
o) (sla iza o, SN Yy IS

In a5 0Out G b 51 50Ut 4y gdes (sba SN G5 b 51 0395 0 45 b g e SleMbl cdulad o otalie oS aneiT
ﬂjﬁ.ﬁl}}d}oj&‘j.M)@‘prwa‘a“While%6‘;2—‘&)})};&4{.3}:L_;db}‘}du;;‘és)&{
Wl 0l aintin 5 025 S Gk el S 1 i 350 (5o a2 sams

Start

B1] V
1. read(i)
« [2- read(j)
3.1 =1+l

4. if(i < 5) goto B3
2] J [63]

.11, write(j)
~|12. if <100 goto B1 f—> Stop

Initially: GenKillIniOut In{Out In {Out In
Gen[B1] =¢ Bl ¢ i,jidi o oil] ¢dil] ¢
Kill[B1] = {(i, 1), (i, 2)} et T Lt
Gen[B2] = {(i. 5), (i, 6)} B2 i.jij,di¢i ¢ 1,jidii,jidili,j
Kill[B2] ={(, 5), (d,6)} B3 i,j j,di¢gi ¢ 1, jd iijdilij
Gen[B3] = {(i, 8)} Badi j ¢ ¢ di ¢ di ¢ d,i
Kill[B3] = {(j, 8)}

Gen[B4] ={(d, 10)}
Kill[B4] = {(i, 10)}
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If (condition) then
X1:=A+BB*12
Else X2 := A/2 + BB*12
/* no definitions for A & BB

X3 = BB * 12
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Kill[B] ={ (X op Y) e Flow graph/ X or Y are redefined in block B
Gen[B] ={ (X opY)/XorY are not defined afterward in block B }
Out[B] = (In[B] — Kill[B]) u Gen[B]

In[B] = n Out[P], V P € Pred(P)
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Bl | t1:=4%* Bl | t1:=4%*
B2 | =
? t0:=4* | B2
B3 | t2:=4* B3 | t2:=4*
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T:=4%*i
T1:=T
ZM‘}SGABZJJ
TO:=4%*i
TO:=T
s 2 B33
T2:=T
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Statements Available Experssions
.......... none
a=b+c
.......... onlyb+c
b:=a-d
.......... onlya—d
ci=b+c
.......... onlyb+c
d:=a-d
.......... none
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Out[B] = Gen[B] v (In[B] - Kill[B])
In[B] = n (P a predecessor of B) Out[P]
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Algorithm Available Expressions

1. GEN(start) := NULL
2. IN(start) == {}
3. OUT((start) := GEN(start); Start
4. for each block n <> start do B1] ¥
OUTI[n] := U = KILL[n] La=x+y
endfor b x =4
5. change :=true :
6. while there are change do B2 \1/ A‘
7. change := false B % B3
8. forn <> start do 4.bi=x+y 5.i=x+y |
9. IN[n] := n OUTIP], p a predecessor of n
10. OLDOUT := OUTI[n] B_4| /
11. OUT][n] := (IN[n] — KILL[n]) 6.1<n
12. if OUT[#] != OLDOUT N
then change = true [B4] p.i=x+y |
endif —l.ci=x+ S
endfor 8.1;=1+ cy g
endwhile
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Je gl Ll ods s

1y pman s l 4T K 0T 53 5781 P = &AEC (bl wbls il )
Transs(s) = (s — {(p, b)| any variable b}) U {(p, a)}
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Transs(s) = (s — {(p, b)| any variable b}) U {(p, b)| (g, b) is in sand b is array variable}

el g al)T 53 gl &l 55 b O o875 ST a0yl D O 4 M3 P ey

DT AL p = g 4l ¥

Transs(s) = (s — {(p, b)| any variable b}) U {(p, b)| (9, b) is in s}
il Ksojle al Fo,lalep S1F

Transs(s) = s — {(p, b)| any variable b}
sl Sl B

Transs(s) = s
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Out[B] = transg(In[B])
In[B] = v (p a predecessor of B) Out[B]
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B1 q=&c

/ 7y \
B3 B2
p = &(a[0]) P=&c
q=&(a[2])
- /
p=p+1
4
85 v
p=q
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In[B4] = Out[B2] L Out[B3] L Out[B5]
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Out[B] = transg(In[B])
In[B] = w (p a predecessor of B) Out[p]
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fori:=1to5do
begin j:=5;
j:=5; R fori:=1to5do
write(i) o write(i);
end;
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Loop:

i=i-1
t4 = j*4
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Strength Reduction - ¥



Go to Loop
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1 oo RS 25 s G e 530338 o e th (6 a5l e il p 5,5 b
t4:=j*4
Loop:
j=j-1
t4:=t4-4

Go to Loop
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if( i >=j) then goto B6

ol g gl Gl e Codo 1w (Jl 503 5 TF( 12 >= 14) then goto B6 &y geas | i aher Ol 55 o0
5 ol e O ) T 015 (o st 53 o355 51 itn 53 4 5L s A 4 B2 (sla &S s g
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Bl B2 B3

l:=m-1 ©2:=t2+4 th=th-1 B4

j:=n | t3 := a[t2] t5 := a[t4]; —>| if( t2>=t4)goto B6 |

t1:=4"n if t3 <v goto B2 if t5 > v goto B3

v = a[tl]

12 := 4%| AN > oo

. _— *

t4 = 4% B5 B6 Y
a[t2] :=t5; t14 :=a[tl];
a[t4] :=t3; a[t12]:= t14;
goto B2 atl] :=ts3;
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Procedure Insert (m)

If mis not in loop then begin
Loop =loop u m

Push m into the stack

End

Stack = empty

Loop = {h}

Insert (n)

While Stack is not empty do

Pop m

For each predecessor of m do Insert( m)
End while

End procedure
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Call graph -°
Virtual function -*

Call flow graph -*
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class SUP
{
virtual int vf( ...)
{...}
}
class Subl
{...
intvf(...){...}
.}
class Sub2
{...
intvf(...) {...}
o)

ool

SUP *s;
Supl si;
Sup2 s2;

ifI>5

s =Subl
else

s = Sub2;
svf(...)

Silre 1 6,5 L TP S

1) Jlxs (golod s @15 (o ol sl g 0313 aseti 1) (Sl 3 31 il 5 Sl 5l s 2335 oo sl

S1e1,9 Bl g Hliue ol ¥ A

el s il 0 b b s 53 (ol sl g oS ol el 053 o0 SISl Sas

Bl o5 el 81 ok Sl ) il 5335 g de )l yl s

Reference parameter -

Call by reference - "
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el 0 03557 (5l o3ler Sl ﬁ,}f\n}g aslsl 53

global g, h;

procedure main(); procedure one(w, X); procedure two(y, z);
local i; X:= ... local k;
g:i=.. two(w, w); h:i=..;
one(h, i) two(g, X) one(k, y)

end; end; end;

Algorithm Interprocedural analysis of changed variables

Input: A collection of procedures P1, P2, ..., Pn. If the calling graph in a cyclic, we assume Pi calls Pj
only if j<i. Otherwise, we make no assumption about which procedures call which.

Output: For each procedure P, we procedure change[p], the set of global variables and formal
parameters of P that may be changed explicity by P with no aliasing..

Method: Compute def[p] for each procedure P by inspection and Execute the program.

1. for each procedure P do
change[p] := def[p]
endfor
2. while changes to any change[p] occure do
fori:=1tondo
for each procedure q called by Pi do
add any global variables in change[q] to change[pi];
for each formal parameter X (the jth) of g do
if X is in change[q]
then for each call of q by Pi do
if A the jth actual parameter of the call is a global or formal parameter of Pi
then add A to change[pi]

S©OONO AW

endif
endfor
endif
endfor
endfor
endfor
endwhile

Glibal Variable -
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Algorithm Dominant

1. Dominant(Start) = {Start}
2. forall node <> Start in ControlFlowGraph do
Dominant(node) = All Nodes
endfor
3. Changes = true
4. while Changes do

5. Changes = false
6. forall node <> Start in ControlFlowGraph do
7. NewDominant = {node} U { » Dominatnt(p), V p & {predecessors(node)}}
8. if Dominant(node) <> NewDominant
9. then changes = true
endif
10. Dominat(node) = NewDominant
endfor
endwhile
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D(1) = {1}

D(2) = {2} uD(1) = {2, 1}, idom(2) = 1

D(3) = {3} uD(2) = {3, 2, 1}, idom(3) = 2

D(4) = {4} U D(2) = {4, 2, 1}, idom(4) = 2

D(5) = {5} U D(4) = {5, 4, 2, 1}, idom(5) = 4

D(6) = {6} LU D(4) = {6, 4, 2, 1}, idom(6) = 4

D(7) = {7} U {D(5) " D(6)} = {7, 4,2 1}, idom(7) = 4

DF(1) = {} DF(2) = {2} DF(3) = {2} DF(4) = {2} DF(5) = {7} DF(6) = {7} DF(7) = {}
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1. D(no) = {no }
2. for each node n in N- {noy do
D(n) =N

endfor
3. while changes to any D(n) occur do
4. for nin N- { no; do
5. D(n) = {n} v (~ D(p) for all immediate predecessors p of n

endfor
endwhile
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algorithm BuildDtree

Input. A set of nodes N for CFG G, with nothe entry node for G, and D(n), the set of nodes that
dominaten, for each node nin N.
Output. Dominator tree DT for G.

1. let no be the root of DT;,

2. put no on queue Q;

3. for each node »n in N do D(n) = D(n)-n enddo;
4. while Q is not empty do

5. m = the next node on Q (remove it from Q);
6. for each node » in N such that D(#) is nonempty do
7. if D(n) contains m
8. D(n) = D(n)-m;
9. if D(n) is now empty
10. add n to DT as a child of m;
11 add n to Q;
endif
endif
endfor
endwhile
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Dom(1)={1}
Dom(2)={1,2}
Dom(3)={1,2,3}
Dom(4)={1,2,4}
Dom(5)={1,2,4,5}
Dom(6)={1,2.4,6}
Dom(7)={1,2,4,7}

Dom(8)={1,2,4,8}
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Program Sums

1. read(n); start
2.1=1;
3.sum= 0; T VTl T T L
4. while (i<=n) do
5. sum = 0; entry 1 2 3 4 12
6. =1
7. while (j <= i) do e T
8. sum =sum + j;
o i=j+1 5 6 7 10 ) (11
endwhile; T T
10. write(sum, i);
11. i=i+1; 8 9
endwhile;
12. write(sum, i);

end
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Static Void foo (shape s) {

s.draw ();

}

Class Hiearchly Analysis — CHA!-
Rapid Type Analysis — RTA%
Static Type Analysis — STA%-
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Abstract class shape{
Abstract Void draw();

class Circle extend shape{
Void draw() {printf("Circle");}
}

class Triangle extends shape {
Void draw() {printf("Triangle");}

}

class Rectangle extend shape {
Void draw() {printf("Rectangle ");}
}

class square extends Rectangle{}
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Class A{
Public Void method1(){System.out.print("This is A");}

}
Class B extends A {

Public Void method1(){System.out.print("This is B");}

¥
Class C extends A {

Public Void method1() {System.out.print("This is C");}
}
bl als 1y 5 ST sk 81l

Aa;
Bb;
a=new B();
a.method1()
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Parallelism Compiler -
Topological Sort - *
Granularity -~

Fine grain -*

Coarse grain -°
Communication - *
Task -

Load balancing -*
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Algorithm Reduce Dependency

1. Given task graph, G, Construct Adjancey Matrix M
2. Compute All Path Matrix M*
3. for each elemnet M[i, j] do
if M[i,j]=1
then M[i,j]=0
Construct all path matrix MM* for M
if M*¥ <> MM*
then M[L,j] =1
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endif
endif
endfor
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theni=5
elsei=6
k=i*2;
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Algorithm Finding String(graph)

1. Strings = ¢
2. Possible_headers = {all tasks without predecessors}
3. While not all tasks done do

4.  New_headers = ¢
5. for each task head e possible_headers do
6. string = <head>
7. cur = head
8. mark cur as done
9. last = cur
10. cur = next_string_node(cur)
11. if cur =nil
12. goto 15
endif
13. string = <string, cur>
14. goto 8
15. strings = strings U {string}
16. new_headers = new_headers U Successrs(last)
endfor
17.  possible_headers = new_headers
endwhile
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Next_String_Node( node )

1 gamo 8 5525 pis

10a_ if node has no successors return nil
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10b_  if node has more than one successor return nil
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10c  succ = node’s unique successor

[ 0135 1 o5 SMin S OLSS OT sk 50 8 o J 28 (Stsls S
10d  if node and succ not identically control dependent return nil

10g  otherwise if succ is not data dependent on a node on which the given Node is
Not dependent return succ
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Algorithm Merge Grain

1. while objective not met do

2. for each task T; do
3. compute min and max Start times of T;
endfor
4. for each candidate task pair T; and T; do
5. P;; = Penalty of combining T; and T;
endfor
6. combine task pair T; and T; with the minimum Penalty Pj
endwhile

Penalty( T, T2 ) = Max( min _start( T1 ), min_start( T,)) -
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Min( max_start( T1 ) —exec_time( T2) , Max_start( T2 ) —exec_time( T1) )
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DAG
[Task List]
ENDDAG
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Task Identifier ([dependent list])
[statement list]
ENDTASK

eblaiby oS L bl 5o & 550 o jaiie OIS 1 ola o 5 ot dependent list el 51 esliza L
Los s aiby oS5 gl o3l (Kawly ol o San b Kaoly ol olies idlentifier ol )l Low 5 ol ot
ol a5 5 K0 4 Gsad sl il J 28 Sl

DAG

TASK 1()
ENDTASK
TASK 2(1)
ENDTASK
TASK 3(1)
ENDTASK
TASK 4(1)
ENDTASK
TASK 5(1)
ENDTASK
TASK 6(2.3)
ENDTASK
TASK 7(4,5)




ENDTASK

TASK 8(6,7)

ENDTASK
ENDDAG
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Xn><n = An><n +j ann
Yn><n = Cnxn +j Dn><n
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Z=X*Y =(A+]*B)*(C+j*D)=(A*C-B *D)+ j*(A*D +B *C)
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UBROUTINE MATCMUL(A, B, C, D, P, Q, N)

/I declare the parameters

INTEGER n /I matrices size
REAL A[n, n], B[n, n], C[n, n], D[n, n] I input matrices
REAL P[n, n], Q[n, n] /I output matrices

I declare the local variables
REAL T[n, n], U[n, n], V[n, n], W[n, n]

DAG
TASK 1()
/I initialize local matrices
T=0.0
Uu=20.0
V=0.0
W=0.0
ENDTASK
TASK 2(1)
CALL MATMULIA, C, T, n]
ENDTASK
TASK 3(1)
CALL MATMULIB, D, U, n]
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ENDTASK
TASK 4(1)
CALL MATMUL[A, D, V, n]
ENDTASK
TASK 5(1)
CALL MATMUL[B, C, W, n]
ENDTASK
TASK 6(2, 3)
CALL MATSUBI[T, U, P, n]
ENDTASK
TASK 7(4, 5)
CALL MATADDI[V, W, Q, n]
ENDTASK
TASK 8(6, 7)
ENDDAG
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cPred(x) = {xi € X/ xi »> X €Ac}
dPred(x) = {xi € X/ % — x eAd}
Pred(x) = cPred(x) u dPred(x)
cSucc(x) = {xi € X/ x — xi eAc}
dSucc(x) = {Xi € X/x — x; eAd}
Succ(x) = cSucc(x) W dSucc(x)
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BranPred(x) = u {b € Bi / x — Xxi €Ac, labeledbandi € 1..n}
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set function BranNeg (bi)
{
(* compute the BranNeg set of branch by *)
B = set to which b, belongs
(* N will be the set of branches not taken *)
N=B-b
(* S is the set of nodes bypassed *)
S=0;
do {
S$’=S
foreach (Xi e X) {
C = branches on which X; is control dependent
if((Ce=N)A(C=0){
S=S+Xj
N=N-Bi}}

} while (S’ #S)
return S }
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Neg(x) = { bi € UB; /x € BranPred(bi), Vie 1l.n}
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Py o A
e(X) = &c(X) A €d(X)
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Algorithm Evaluate earliest start time and critical path

1. Initialize length list of nodes and number of nodes on critical path as folows:
LengthofCriticalPath := 0
NodesonCriticalPath := 0
NumberofNodesonCriticalPath := 0
2. for each node ni in v such that G = (V, E) do
3. Ttlevel(ni) =0
4. NodesonLengthPathto(ni) := 0
5. NumberofNodesonLengthPathto(ni) := 0
endfor
6. for each node ni in v such that G = (V, E) do
7. Ttlevel(ni):=0
endfor
8. for each node ni in v set the reference count equal to the number of its parents do
9. ReferenceCount(ni) := #parents(ni), V ni e v
endfor
10. for each node with no parents then add it to ready list do
11. ReadyList := {ni e v| ReferenceCount(ni) := 0}
endfor
12. while the ReadyList is not empty do
13. select a node nk from the ReadyList, random list
14. for each child ni of node nk do
15. ReadyList := ReferenceCount(ni) — 1, V ni € v

16. if reference count of ni becomes zero then ni is ready to execute
17. then append ni to the ReadyList
endif
endfor

the earliest start time(EST) of ni, Ttlevel(ni), is computed as follow:

18. Ttlevel(ni) = max(Ttlevel(ni), Ttlevel(nk) + Execution(nk) + CommuniccationCost(nk, ni))
19. LengthofCriticalPath = max(LengthofCriticalPath, Ttlevel(ni) + ExecuteTime(ni))
20. if Ttlevel(ni) = Ttlevel(nk) + ExecutionTime(nk) + CommunicationCost(nk, ni)
21. then copy NodeonLongestPathto(nk) onto NodesonLongestPathto(ni)
22. NumberofNodesonLongestPathto(ni) = NumberofNodesonLongestPathto(ni) + 1
endif
23. if Ttlevel(ni)>LengthofcriticalPath
24. then LengthofCriticalPath := Ttlevel(ni)

25. Copy the NodesonLongestPathto(ni) onto NodeonCriticalPath
26. Put the nodes ni at the end of NodesonCriticalPath
27. LengthofCriticalPath := Ttlevel(ni) + ExecutionTime(ni)
28. NumberofNodesoncriticalPath := NumberofNodesoncriticalPath + 1
endif
endwhile
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1. for each task, in a chromosome do
set it reference count aqual to the number of immediate parents of the task in the task graph
corresponding to the chromosome
2. for each processor Pi do
set its local Timer, Si to Zero
3. set the global Timer S to Zero
4. starting with the leftmost task t in the chromosome
repeat
if reference count of t is not Zero
then the chromosome is not acceptable
let Pi be the processor to which t is assigned in the chromosome
read the value of Timer, Si of Pi from the chromosome
if S>=Si
then the processoe is idle
add the sum of S and execution time, t, of the task, t, to Si
add one unit of time to the global Timer, S
elseif S = Si then the processor has finished with the task
then reduce one from the reference count of each child of the task
take the next task t from the chromosome
until all the tasks are scheduled
5. set fitness equal to the maximum value of the timer Si, of all processor, Pi
6. for cach task ti, assigned to processor Pi in the chromosome do
if processors of ti are not assigned to Pi
then add the communication costs between the task and each of its predecessors to fitness
7. return fitness as the fitness of the chromosome
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