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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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\) S — Label Statement

Y) Label — id :

) | A

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

V) | IfSt

A) | ForSt

q) | WhileSt

y+) Compoundst — begin Statements end

V1Y) Statements — Statement ;' S

\Y) |S

¥) | A

¥) AssignmentSt — id := E

10) CallSt — id '(' ParameterL.ist )’

y#) WhileSt — While Condition do Statement
V) ForSt — For id ;= E to E do Statement
YA) IfSt — If Condition then Statement Elsepart
14) Elsepart — else Statement

D! |\

YY) ParameterList — ParameterList ;" id

YY) | id

Y¥) Condition — Condition or Cond

Y¥) | Cond

Yo) Cond — Cond and C

%) IC

YV) C — NOT Condition

YA) |'( Condition ')’

Y4) | Boolean

¥+) Boolean — E Relop E

™) |E
YY) | true
YY) | false

¥f) Relop — <



Yo)  |<=

Y%) | <>
Yv) | >=
YA) | >
YAO)YE—-E+T
) |E-T
) T
fT->T*F
) | T/F
FF) |F

fo) F—id
f#) | No
) I'(EY

fA) CaseSt — Case E of Caseparts Elsepart end

¥4) Caseparts — Caseparts CasePart

o) | CasePart

oY) CasePart — id : Statements

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

A N P
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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);

%

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
label — id :

A

Statement — Compoundst
|Assignmentst

|Callst

|ifst

[forst

|whilest
Compoundst — begin
Statements end

Statements — Statement ;' S

IS
I

Assignmentst — id := E
Callst — id '(" ParameterList ')

Whilest — while Condition

do Statement

forst — forid := E to E do

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 ')’
| boolean
boolean — E relop E

|E
| true
| false

relop — <
[<=
[<>
[>=
|>
E—-E+T

{Spntr = AST.MakeNode(labelpntr,S_Start,Statementpntr);}
{labelpntr = AST.MakeNode(id_lexval,S_label,S_colon); }
{ labelpntr = NULL; }

{Statementpntr = Compoundstpntr;}

{Statementpntr = Assignmentstpntr;}

{Statementpntr = Callstpntr;}

{Statementpntr = ifstpntr;}

{Statementpntr = forstpntr;}

{Statementpntr = whilestpntr;}

{ Compoundstpntr = Statementspntr;}

{Statementspntr = AST.MakeNode(Statementpntr,S_Semicolon,Spntr);}
{Statementspntr = Spntr;}
{Statementspntr = NULL;}

{Assignmentpntr = AST.MakeNode(id_Lexval,S_assign,Epntr);}

{ Callstpntr = AST. MakeNode(S_func);
AST.AddChild(Callstpntr,Parameterlistpntr); }

{ AST.MakeNode(Conditionpntr,S_while,Statementpntr);}

{ forstpntr = AST.MakeNode(S_for);

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, Condpntr); }

{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);}



|[E-T
| T
To>T*F
|T/F
| F
F—id
| No
| l(l E l)c
Casest — Case E of Caseparts
elsepart end

Caseparts — Caseparts
CasePart

| CasePart
CasePart — id : Statements

{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) ;}
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assign assign
AN PN
o 4 a +
‘ // \\ * < >
PN N .
b uminus b wni nus P
! ] b uminus
c c 1
c
(a) Synlax tree. {b) Dag.
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Code for the Syntax tree: Code for the DAG:
tl := -c tl := -c

t2 = Db * tl t2 = Db * tl

t3 := -c th = t2 + t2

t4 := Db * t3 a = tb

th:= t2 + t4

a:= tb

oles a g 5 de 40l Sen JBldo 4 g eons EalST 1) (5 g (gla ke Sl il 5 0 a2
a:=b*(c-d)*e/f

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

40T 4w Sl fonllygiwd Elgil T8
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Shske T gl S 0k T sl
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XIZ0PY, X =Y, X =&Y, X =%y X[i] ==y, x = Vy[i], *x =y

4._1|)T).>456\a:l;f\&.,\ﬁascbd\)déél;-4ia)UalU:.wJQ)M..\.LL:E@\;SQCJ‘YLAQ\)T:JJAJ;
4£l>'4;.céﬁ\g:.kpdilojluﬁl{l:.L_.ilajgfé'f’):l)AJ_IJTJ..i.,UlLSb::uu\il{c.,\..i:\{integerty'jl@IA:éJfJ\J.S
o lad o Lal (guay alobl>

Seh oo b 55 Oy P(x1, X2, .., xn) dlf(afé).a Sl p oM Y
push x1, push x2, ..., push xn, call p, n

338 o et 3 Sy b e b s if b O ¥

if X relopy
goto |
goto n Glfr,é s3goto J =8 Jlasl SMex F
ST s ys T aw p b 1y ezt e

ifa+b>c*xd-e tl := a + b
then t2 = c * d
begin t2 = t2 — e

a :=a+b* c; if not (tl > t2) goto L1

conditional jump -°



write(a, b, ¢ * d — e) t3:= Db * ¢
end a:=a + t3
else push a
read(a, i, J); push b
push t2
call write, 3
goto L2
Ll: push a
push I
push j
call read, 3
L2:

.%Slﬁ%Suuﬂﬁw¢}4H)xjd~?

case a * b — ¢ of tl := a * Db
1: if a>2 * 3 -1 tl := tl — ¢
then if not (tl = 1) goto L1
a b *c + d; t2 =2 * 3
2: writeln(a 1, c / t2 = t2 -1
d); if not (a > t2) goto L2
3: begin t2:= Db * ¢
b: a * ¢ — d; a := t2 + d
write(b * 2); goto L2
end; Ll: if not (tl = 2) goto L3
else: a :(= a *b —c *d * e t2 :=a *b
+ £ xy t2 = t2 -1
push t2
t2:=c¢c / d
push t2
call writeln, 2
goto L2
L3: if not (tl = 3) goto L4
t2 1= a * ¢
t2 = t2 - d
push t2
call write, 1
goto L2
L4: t1 := a * Db
t2 = c * d
t2 t2 * e
tl = tl — t2
t2:=f * g
a:= tl + t2
L2:

*
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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 Emitln(S: string);
begin

writeln(target, s);
end;
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Ast — id := E {Emitln (id.Lexval + ‘:=" 4+ Eval);
if isTemp (Eval) then
RemoveTemp; }
E > E + T {if isTemp (E’val) then begin
Eval := E’val;

if isTemp (Tval) then

RemoveTemp;
end;
else if isTemp(Tval) then E’val
1= Tval;
Else Eval := NewTemp;
Emitln(Eval + ‘:=" + E’val + 4+ +
Tval);}
E —T {Eval := Tval;}
T > T * F {if isTemp (T'val)
then begin
Tval := Tlval;
if isTemp (Fval) then
RemoveTemp;
end;
else if isTemp (Fval) then Tlval
1= Fval;
Else Tval := NewTemp;
Emitln(Tval + ‘:=" + Tlval + %’ +
Fval);}
T > F {Tval := Fval;}
F — (E) {Fval := Eval;}
F — id {Fval := id.Lexval;}
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reduce -

attributed grammer - "
non-terminal -~
attribute - *

string -°
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St — ASt | IfSt
IfSt — If Condition

Then St

ElsePart

ElsePart — None
ElsePart — else St
Condition — Condition’ AND B

Condition — Condition’ OR B

Condition — NOT Condition’

B — E Relop E’

B — True
B — False

Yy

{Lthen := NewLabel ;

Emitln(‘if ¢ + Conditionval + ¢
goto ¢ + Lthen) ;

if isTemp (Conditionval) then
RemoveTemp;

Lelse := NewLabel;

Emitln (‘goto ¢ + Lelse);
Emitln (Lthen + ‘: ¢);}
{Lend := NewLabel;
Emitln (‘goto ¢ + Lend);
Emitln(Lend + ‘: °);}
{Emitln (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;
Emitln (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;
Emitln (Conditionval + ‘=’ +
Condition’val + ¢ or ¢ + Bval);}
Emitln(Conditionval + ‘:=" + ‘not ’

+ Condition’val) ;}
{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;
Emitln(Bval + ‘:=" + Eval + Relop
+ E’val);}

{Bval := ‘true’;}
{Bval := ‘false’;}



B — id {Bval := id.lexval;}
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25 dses &S5 Tl 4, MAIN() e 53 48 cpl gl 5,8 eslizel ANTLR L g odis slowl sla S
5 O 6 ol & salyly Ol gie 4 oS w}ﬁﬁijsdsbdwwwuu;wmJLexeruﬂyf
4 1) LEXer S 55 (s wsad 5 amtle 3y 03,5 sl DS & PAISEr (L3S 55 51 w503 &5 s >

ol $3353 5058 SN OT 55,1, PASEr (slase 015 (oo Jlo oS (oo Sl )l okiSlo 40 sl Ol
=

g b e 1y o sl OPUON s 55 5 s why PArSEr S 5 55 AST oo )s slwl sl
Lo Gl L Cb g JAVA OL) 4wl 6 Ol e 3 bl 53 oS (e Lol BUIIDAST = true
L 5 05,8 eslizul OT JIAST oS e b &K s 0T 0ls 13 5 ods slewl Parser ™ 5 51 getAST()
S0 215 S el b Uislay 535 3l TTEEPAISEr L3S 51 W3S 15 6K 015 (o el 35 iuley 15T
2l rt,,;\AST

:g:a.aﬂ‘bu\.ﬁT“.bﬁJASJijJJ

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();

}
}
}
! au\AT Lff-h Jtﬁl aelsl BE)
33,50 Jbe
Int Xx;
Int I;
For(i=0;i<10;i=i+1){
X=i+x;
}
2

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

Yé



S99 - JL‘..A
Do{
X=x+1;
IWhile(x<5)

:g_s?}ﬁ

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

$3555 1 dks
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=3;
¥
}

LT
(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 (=10) (<i3) (=i (+1i1))
(BLOCK (=x3) (=Y 5)))))

Pl odaT (Sl S Laes b ols Jle aslsl s
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File Edit Find GoTo Grammar Refactor

Generate Debugger SCM Window Help

i) C:\Users\mohammad\Desktop\SimpleCalc.q

B black
B) methodDeclaration
B paramDec
B type
- B} primitiveType
- B) typeArgument
- B) stmk

el (] (4] » )

hlock
'if' parExpr sti=stmt ('else' stZ=stmt)? -> ~{IfThenElse parExpr §stl §st2)
'while' parExpr stmt -> ~(While parExpr stmt)
'do' st= stmt 'while' parExpr';' -> ~(DoVWhile stmt parExpr)
'syitch' parExpr '{' switchBlockStatementGrowps '}' -> ~(Switch parExpr switchBlockStatementGroups)

[stmt

P) assgnStmt

'return' expr2 ';'

~B) paramlist
B switchBlockstatementGroups

m

. o N

S5

7]

B switchBlockStatementGroup
B switchLabel
B) parExpr
- B) relationalExpression
- B) relationalOp
B expr
B) term
-8 Factor
) NUMBER
O WHITESPACE
) DIGIT b

EEES

if(a>10){
X=X+2;
y=r*d+3;

v
lod)

}
else
r=t*e-3;

e

BRACE
. H B

m

Break on Terminate

@
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mov ¢x,2 ;i=2

mov ax,cx ;ax=i

mul ax ;ax=ixi

inc ax ;ax=ixi+1
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movi,ax ;
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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 n;
and right child n, then
[* case 1 */
if label (n;) = 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 (n;) < label (n;) and label(n;) < r then begin
Swap ( rstack;)
gencode (ny) ;
R : = pop(rstack); /* n, was evaluated into register R */
Gencde(ny);
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); /* ni 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( n1);
push(t stack, T);
printop + T+ .’ + top (rstack)
end
end
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Gencode (*); /lcase4 , r=2
Gencode (-); //case 3, r=2
Gencode (*); /lcase 1, r=2
Gencode (5); // case 0, r=2
Mov R0,5
Mol RO0,6
R=R0 /IR=1
Gencode (/); /lcasel
Gencode (8);
Mov R1,8
Div R1,4;
Sub RO,R1;
Push RO;
Gencode (+) //case 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

Graph Coloring'
Symbolic Register '
Interference Graph”
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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
(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 i to active, sorted by increasing end point

Liner Scan Register Allocation
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Dynamic Compilation "
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else
location[i] new stack location
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source program

1 LoadR1,a
2 Load R2, b
3 Mul R3,R1,R2
4 Load R4, c
5 Load RS, d
6 Add R6,R4,RS @
7 Load R7, e
8 Add R8,R1,R7
9 Mul R9, R6, R8
10 Add R10, R3, R9 @
11 Stor R10, h
Dependency DAG

IL program
| U<
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Load PR1,a

Load PR2, b

Mul PR3, PRI, FR2
Load FR4, ¢

Load PRS, d

Acld PRS, PR4, FRS
Load PR7, &

Add PRE, PR1, PR7
Mul PRO, PRS, PRE
10 Add PR10, FR3, FRY
11 Swor PR10, h

FREPASS /\ FOSTTASS

codde scheduling regizier allocation

L-1- Y= R o S g

4 Load PR4,c I Lead R, a
5 Load PRS, A 2 Load R2,b
7 Load DPR7, e 3 Mul T2, 01, R2
1 Load PR1,a 4 Load R3,c
2 Load PR2, b 5 Load R4, d
6 Add FPR6, PR4, PRS 6 Add R3, R3, R4
8 Add PRE, PRI, PRT T Load R4, e
3 Mul PR3 PRI1,PR2 4 Add RI1,R1.R4
9 Mul PRI, PRE, PRE 9 Mul R1.RI.R3
10 Add PRLD, PR3, PR 10 Add R1, R1,R2
11 Etor PRIO K 11 Svar Rl,l-
register pllocapon code scheduling
4 Load R1,c 4 Load R3¢ |
5 Load R2, d 5 Lead R4, d
7 Load R3, e I Load Rl,a
1 Load B4, a 2 Load R2, b
2 Load RS, b 6 Add R3.R3, R4
6 Add RI1, R1, K2 5 Mul Ri, H1,B2
# Add R3 R4 R3 7 Load R4, e
3 Mul R4, R4 RS A Add R1.RI1, R4
9 Mol R1,R1,R3 9 Mul RI RI1 E3
10 Add R4 B4 R1 10 Add R1,R1.R2
11 Sitor B4, h 11 Stor R1,h
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solid lines -- original dependencies.

dashed lines -- dependencies added by register allocation
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4 Load PR4,¢ LoadR1,c
5 Load FR3,d Load R2,d
6 Add PR6, PR4, PRS Add R1,R1,R2
1 Load PR1,a after Load R2, a
7 Load PR7,e ==register==> LoadR3,¢
§ Add PRS,PR1,PR7 aliocation AddR3,R2,R3
9 Mul PRY, FRE, PR6 Mul R1,R3,R1
2 Load PR2,b Load R3,b
3 Mul PR3, PR1, PR2 Mul R3, R2, R3
10 Add PRI10, PR3, PR9 Add RI,R3,R1
11 Stor PR10, h StorRI1,h
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4 Load PR4, ¢

5 Load PRS, d

7 Load PR7, e

1 Load PR1,a

6 Add PR6, PR4, PR5 after

2 Load PR2.b == register ==
8 Add PRS, PR1,PR7 allocation

3 Mul PR3, PR1, PR2
9 Mul FRY, PR6, PRB
10 Add PR10, PR3, PR9
11 Stor PR10, h

0 Jc

LoadR1,c
Load R2,d
Load R3,e
Load R4, a

Add R1,R1,R2
Load R2, b

Add R3,R4,R3
Mul R4,R4,R2
Mul R, K1, R3
Add R4,R4,R1
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 st
4.2 if (AVLREG > threshold value) then
if (ready set is npt emply) then
sclect one node from ready set with maximum
cumulative Cost.
else
select one node from leader set with maximum
curnulative cosL
endirl
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 Agdes In leader set ial can free registers
then
selact one which frees the most regisiers.
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 itls 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 selected instruction
if the issued instruction creates one live register then
decrement AVLREG by 1.
for each pseudo-register referenced in this instraction do
decrement its reference count by 1
if the reference count drops to 0 then
increment AVLREG by 1.
endif
end for
Remove this instruction from the DAG
Remove all dependencies caused by this instruction
Reserve s destination register in o reservation table.

4.4 Insert new leaders into the leader sct

end while
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Function Timing (clock periods)
Load 4

Stor. 1

Add 2

Multiply 3
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Weighted DAG

boldface numbers associated with nodes are cumulative costs
italic numbers associated with edges are execution time estimates
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Prcpass Postpass Integratcd
1 Load R1l,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 R4, e 2 LoadR2,b 1 Load R1,a
s Stor R4, templ 6 Add R3,R3,R4 6 Add R2,R2,R3
2 Load R4, h 3 Mul R2, R1,R2 2 Load R3, b
6 Add R2,R2,R3 7 Load R4, ¢ 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 R2Z, RZ, R4
3 Mul RI,R1,R4 10 Add R1,R1,R2 10 Add R1,R1,R2
9 Mul R2,R2,R3 11 StorR1, h 11 StorR1,h
10 Add R1,RI1,R2
11 Stor R1,h
(22 cycles) (20 cycles) (17 cycles)
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LingacEForMaTION(V, E)

e B Bl R

—
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OB
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&

mark all nodes in the DDG as not in any lineage
compute the height of every node in the DDG
while there 15 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 lineage
while »; has a descendent do
v; + lowest descendent of v; that is not in any lineage
for each descendent vy, # v; of 1y do
add sequencing edge from v, to v;
endfor
if »; has multiple descendents
recompute height + true
endif
add v to lineage
if v; is already marked as in a lineage
break;
mark v; as in a lineage
e
end while
if recompute height = true
recompute the height of every node in the DDG
endif

end while

ke JSC5 qn, S S
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ScHEDULING(G, L, A, N)

1. ReadyList + {(v;, B;) such that v; has no predecessors }
2, RegAvailable « {Ry, Ra,..., Bn}
3 while ReadyList # 0 do
4. for each node v; in the ReadyList in decreasing height order do
5. if (FirstNode(w;) = False) or (({v, ;) € A) and (R; € RegAvailable))
i Remove R; from RegAvailable
7. Remove (vi, R;) from ReadyList
8. Schedule{v;, R;)
a9, Add to the ReadyList all successors of v
that have all its predecessors listed
10. if LastNode(v;) and (v;, H;) € A
11. Return R; 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 -
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main{int arge, char *arg| ]}

{
if {arge == 1) ;L;‘ht.:il
printfi"l"];‘_‘\—m_\(kﬁ HHEEIE 4
Jelse{
ifjarge == 2} {
prntf2, T T ————— ]
Jelse{ BES eeca
printf{"others™); s
| } BEg
printf"done”); =
E—-————_——__—ﬂ BB
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Basic Block -
task graph -y
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=1, [41]

goto L2; 1
Forl:=1toNdo
s1: L1:S1; [2] i/
EndFor =1+ 1 S J=(2
S2 L2:if I <=n[3 |~ \1/

goto L1;

S, 14 4
for aes gl J S 0L > I S v K

S 8 L T an uS w1yl & el & Sl )l e s 4l dolad a5 5 ST 4 Wsed

3 el G S 11y S Ol BUE 535 s S

Program Trivial Y
1. read(n); push ; call read 1
. ush n; call reaq,
2. if (n<0) 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 B1
6. write("one"); L2. Push "positive"
break; 56 call write,1
7case % (two): break Push "one" \|/
- Write("two™); break; | call write,1
case 3: qoto L8 <—_[B5.
8. write("three"); BS. L3. If n <> 1 then goto L4,
break; Push "2" v
default — call write,1 \ B7.
9 write("other")' goto L8 L4. If n <> 2 then goto L5;
' : ' B10.
endswitch; \l/
A Push "3"

end trivial — - S— B9.

call write,1 .

qoto L8 L5. If n <> 3 then goto L6;

B11.

L6. Push "Other"

— call write,1
B12.
L8. Stop




case alox (g3l aslip (sl J 28 0L > I F A S

il o5 iy (SRS 0L OS5 i 1 OT 3T 1Sy ;0 5 55 15 5,05, 4571
Read n,m;
For i:=ntomdo
Begin
read j;
switch j;
case 1:
a:=a+m*n;
j:=a-m*n;
break;
case 2:
=ik
break;
default 3:
print j;
end;
end.
ZC;..»‘}J:)JQJMJ}A{MJbTMS:J:-
1- push n;
2- push m;
3- call read,2;
4- pop n;
5- pop m;
6-i:=n;
7- goto L2;
8- L1: push j;
9- call read,1;
10- pop j;
11-if j<>1 goto L2;
12- T1:=m*n;
13- a:=a+T1;
14- j:=5-1;
15- goto L5;
16- L3:
If j<>2 goto L4;
17- j:=55-1;
18- goto L5;
19- L4:
Push j;
20- call print,1;
21- L5:
=i+l
if i<=m goto L1;
22-L.2:

vy
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B1
1.7
B2 B3 B4 B5
» L2: » L1: » L3: » L4:
1.7 1.7 16 19..20
@ B6 B7 BS
L5:
12.15 17.18 21
| T

@,\@;Sm‘Mﬁmeé\ﬁW“mJﬂ.\;m,gTuC.Jéguuﬁﬁl.u.lmrf@o.uuw\f@ism
A Al al ¢ J 28 oL~ I W5 Cgr Sl 0dd asia QuickSort &b wlsl )3 Sl o et

.:ﬂm)sTnguM\)}:w:A{Ji.L;

void quicksort(m, n)

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

quicksort(m, j);

\23



qu

quicksort:

oA wWNE

oo

10
11

12.
13.

14

15.
16.
17.

18

20.
21,
22.
23.
24,
25.

icksort(i + 1, n);

. pop n;

pop m;

. if n <=mgoto I1;

i=m-1;
p=n

.v=alnj;

=it
11 =aJi];
.if t1 <v goto 12;

J=i-1

L1 =afj];

if t1 > v goto 13;
if 1 >=j goto 14;
-x=afj];

t1 =a[j];

afi] =11,

afi] = x;

. goto 12;

. push m;

push j;

call quicksort, 2;
tl=i+1;

push t1;

push n;

call quicksort, 2;

sk oy 5l S8 plae J S 0L 1S s dn Sle uST alul e

B2

=i+l
t2:=4~*j
4*n | t3 := a[t2]

B3

w|ﬂ)Q)Mj’5|)l§L§)L~QﬁjwM)JTMS

i=i-L
t4:=4*j;

if t3 < v goto B2

B5

N~

t6 1= 4* i;
X := a[t6];
t7:=4*1i;
t8 := 4% j
t9 := a[t8];
a[t7]:=19;
t10 := 4*j;
a[t10] = x;
goto B2;

t5 := a[t4];
if t5 > v goto B3

B4
»| if(i >= j) goto B6 |

N~

Yo

B6 | |
t11:=4*i;

x = a[tll];
t12:=4*i;
t13:=4 *n;
t14 := a[t13];
a[t12]:=t14;
t15:=4* n;
a[tl5] :=x;




B1

quicksort:

1. pop n;

2. pop m;

3.ifn<=m

goto 11
B9
B2
11:

4.i=m-1;
5j=n;
6.v=a[n];

5 —

B6 /v 12:
R 7.i=i+1,
14.x = alll, 8.1 = afil;
15. tl_' afil: > O.iftl<v
16. a[i] = t1; goto 12;
17. a[jl = x; ’
18. goto 12;
A
B4 v
13:
B5 10.j=j-1;
1B.ifi>=j | 11.t1 =afif
goto I4: < 12 iftl>v
goto I3; ‘_‘
B7 v B8
14: 22.t1=i+1;
19. push m; +| 23.pushtl,;
20. push j; | 24.pushn;
21. call quicksort, 2; 25. call quicksort, 2;
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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-"

\a4



Lalc.\..':»\.:a.,\.iGM)L,LE.AL..:S.;.,.AQT@Et,gLuJi.agLaAé:ucé\)lir«.aﬂédhﬂsusjfjba&:\i@ﬁ
b e Gy o gt 015 on e ol a5 el A5 4 03,5 oS L o il e Sl e
@\ﬁw@uob;upwcu@@\f\;schw\‘@,w,,;wtﬂ;wsgu;;mﬂ@ﬂ

AL ot e Sl aer 5 S0 S ez 5 b ST B T ke Il

5 5 e Ol b (o O et oLl LB 3 3l A e Lo o8 plasl 53 87 (6 Ko K
int *i; ol

j=&i;
*i++;

b sl e (i N5 (or 50358 (S s iy 25 ol S a2 5 ST @ = (D, €) ez 3 S ol

.vgums@\diwfﬁw,\,w‘ug*g@)uuﬁbg@yc,b S5 gy AELC
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ol Seslamal b sd Gy a5 ad ol SN 8 (6l Kill 5Gen cOut dn olul L as gazes Hlgam Ll coslannl 5 Cay o5

.V.:J.L“.ZGAA:.b\Lgl.adf)k{Js-\:ﬁe.ujiw;w:bhwquQ):pLAwM

) 0 ol gn 3z (s a5 b 5 313 3 g5 ad 5l STV eSS Jotls 3 45T by S 48 gezee = GEN
.u\..ln.«l)Lgﬂ4:.5)‘SWQTQ{J)‘JWC)BJ‘J&J@@M=In

Al by Olos 5 ad sl S 513 3 sdoes (i a5 alawl g 5 Ll ok y adgl SN 4 45T b L5 4 sams = Kl

s ol iy (0 OT (ol (Lo S 0 5 Wsd oo gl sl S &K s 511487 i 515 4 yazes = OUL
1S Ao sk Ol g

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

B1 B2
. 11j=8
51=6 12i=7
B3
18K=i+2
19i=i+1
201=i+3

global variable -°
Aliasing - *
Reference Parameter - *
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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)}

.ﬁ)}T@@-\gbﬂjf@OUt)mcKi“ cGenéhw}w)JJrﬂle{'ﬂ;}bfcdﬁaélﬁ

el e

Program Sums
1. read(n);
2.1=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. =i+

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

endwhile

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

WETYPVIRLY

1. pushn
Call read, 1
2.i=1
3.sum=0
4. if not(i<=n)
Goto 12
5.sum=0
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
Pushi

call write, 2

(o2}

Start

B1

A 4

1. pushn

Call read, 1
2.i=1
3.sum=0

B2 v

A 4

4. if not(i<=n)
Goto 12

B3 v

5.sum=0
6.j=1

B4 v

SAS O I

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

B5

A 4

B6

e

10.push sum

Push i

call write, 2
11i=i+1;
Goto 4

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

B7

\ 4

A 4

12. push sum
Push i
call write. 2

A 4

End
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G 35,5 Llod adsl (sla ¢S sles b Kill 4 gomme 05T oy 61 K3 Sl 558 0 6L ol

g0 (8 3 5 oo 0dalied) ) IS 53 Jlie Ol simnlil 4dy 3l 0300 5 505

{In[B2] =U out(p) , p=[B1,Be] }
OUL(Bg) 53,5 armslons Losiits 3l gicas |y OUL(Bg) _gims - s 3130 s Jg il oo ainios OUL[B1] &7
sl 0ut(Bz) 5In(Bs) I b

Out[B1]={ (n,1),(i,2).(sum ,3)}
v\.:ilw GJLQL.«:\J{‘) r.'lﬂ)}i“)‘ g:,wv.ib'k!aln )OUt u)‘)jTg:Mﬂv\a Lgb;

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
OUT[n] = GEN[n]
IN[n] = null

endfor

2. change = true

3. while change do

4.  change = false

5. for each node n in traverse(CFG) do
6. IN[n] = U OUT[P], where P is an immediate predecessor of n
7. OLDOUT = 0UT]n]
8. OUT[n] =GENI[n] v (IN[n] - KILL[n])
9. if OUT[n] != OLDOUT
then change = true
endif
endfor
endwhile

o olali OLDOUL 487 L5 OUL L ol duslows - OUEL L OUL Jlitie a5l <SS a6l 48 doled o okalie
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Start
B1 T

1. read(i)
2. read(j)
3=+l
4. if(i < 5) goto B3

¢ 03

B2
5.d:=i* 8.d =i
6.d:= d 9.ji=d+1
7.i:=d*2

B4 \L

10. j := d*i

11, write(j)

12.ifj<100 gotoB1 +—> @P)

Gen Kill In out In out In out
B1 (3,2), ((3,10), (3,10) (3,2),( (3,10) (3,2),(3,10)(d (3,2)

i,3) (1,7) i,3) i,3) ,8) , (1,3
(3,9) (d,6) (1 )
,7)
(1,3)
B2 (d,6), ( (3,2) (1 (d,6), ((3,2), ((d,6), ((F,2),(
i,7) (1,3) (d,3) i,7) i,3) i,7) i,3)
,8) (3,2)

B3 (d,8),((3,2) (3,2)(1(d,8),((3,2),((d,8),((3,2),(
3,9) (d,6) ,3) 3,9) i,3) 3,9) i,3)
(3,10) (1,3)

B4 (3,10) (3,2) (3 (d,6),((3,10) (d4,8) (3 (3,10)( (d,8) (]
,9) i,7) ,9)  4,8) ' 9)

(d,8),( (d,6), ((d,6) (1 (d,6), (
3,9) i,7) .7 i,7)

(3,2) (1 (1,3) (3,2) (1
/3) r3)
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L.
2,
i sum=0;
4

. while(i==n)do

A sum=1;

b, ji=L

T while (j <=1) do

3, SUM = S + j:

9 j=j+ 1
endwhil;

1. write(sum, i);

1. i =i+1;

endwhile;

12, write(sum, i);
end Sums

GEM={ |:KILL=}{; "
IN=11: I1;.I"ISIJI'H':SIJII'ICI_ISSIJII'l'J_I|| il
OUT=! I:n2:1,3:um.5:5um,6:), 8:um. %), 1101

GEN={}:KILL={}:
IN={1:n.2:,5:30m,5:),% 5um,9 )1 1
OUT=4 1:n,2:1,5:50m,6:], 8:sum, 9,1 111

GEN={ ;KILL={}:
IN=1 1,20, 5:5um,6:, 8:5um. 9,111
OUT={1:n,2:1.5:50m, 6, &:sum %), 111}

L GEN={}KILL={ |IN={ |:0UT={ }:

Program Sums
readin; v

R GEM=} Lin} KILL=} Ln | [M=] | ;0UT={1:n;

_______ GEN={ 2§ KILL={ 20,1 L hIN={ Lin}:0UT={1:n, 21}
) GEN={%sum | KILL={3:5um,3:20m,&:5um };
" IN={ 10,2 );0UT={ Lin2:i, 3 :sum )
GEN={ |;KILL={}: . o
2ot IN=E 20 3 sum, Ssum 6, B sum, By 1
OUT=! 10,200, 3:5um, 5:5um 6, 8:50m. 93, 11011

GEN={ % sum{: KILL={}:5um,5:sum,&:sum |
Mg e IN=!1:n,201, 3 5um, 3:sum, 2], 8:sum, 92,1 11
’ OUT={1:n,21.5:5um.5;,9;,1 L1

GEN= 6] KILL={6], 9
----------------------------- IN={1:n.2:015:5um,8:), 90,1 12
OUT=4 Ln, 2015 sum 6] il

GEN={&zsum}:KILL={3:50m.5sum, 8 sum|;
== IN=¢ L, 2 5sum, b Bsum, ), 110 )
OUT={ 1:n 26,8 sum, 93,1121
"""" ., GEN={ ) KILL=16,9:0
" IN=4 1, 20,60, 8 mum, 9, 1
OUT={1:n2:1 Rsum. 9, 111}

. GEN={11Li}:KILL={2:0,0 Ll;
" IN=$ 20 S, 6 Sesum 2 1
OUT=! L:n.5:sum.6;) &:sum. 2, 11:1]
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Node Deinition-Use Pairs

entry (none)

1 (none)

2 (none)

3 (none)

4 [1:n,4:n],[2:1,4:0],[11:i,4:0]

5 (none)

6 (none)

7[6:,7:5),[9:],7:j1,[2:1,7:1],[12:1,7:1]

8 [5:5um,8:sum],[8:sum,8:sum],[6:},8:j1,[9:],8:]]

9 [6:),9:51.[9:],9:j1

10 [2:1,10:i],[11:i,10:i],[5:5um,10:5um],[8:5um,10:5UuM]
11 [2:0,12:i][11:i,11i1]

12 [2:1,12i],[11:i,12:i],[3:5um,12:sum],[5:5um,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[n] 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

c)@‘j%ﬁoﬁ)ﬁﬁ)}g‘\bb&&
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B5
16 ;= 4*I;
X := a[t6]; 16 = 4%|:
tr=4 *-I’ X := a[t6];
t8 = 4%j 8 = 4%]
BB = e =
aft7]:=t9; a[té]':tg' '
t10 := 4%j; T
! a[t8] = x;
a[t10] = x; E)to] B2
goto B2; 9 '

B5 S 03,5 6,5 L &S ie Sl le Dol V8 S
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58 o BlS 25 Do 4 0L BIS wenis;n 5 se

B1 B2 B3
l:=m-1 I=1+1 i=j-1;
ji=n t2:=4*1 t4 = 4%j; B_4 -
tl:=4*n | 13 := aft2] t5 := a[td]; | 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;
aft2] :=t3; t14 :=a[tl];
aft4] :=x; a[t12]:=t14;
goto B2 aftl] :=x;
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X :=13;
at2] :=t3;
aft4] =x;
goto B2

pd oo bS5 D

X =13;
at2] :=t5;
a[t4] :=t3;
goto B2
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In[B] = m (P a predecessor of B) Out[P]

ol b 8 dal s 15 ae geme al 53 LBl e s b5 S slgml 3145 sl S 45 semme OUL[B] ¥

Out[B] = Gen[B] U (In[B] - Kill[B])
AL o 5 e o2 S

Algorithm Copy Propagation

1. for each node n do
GEN[n] = each copy in block
KILL[n] = each redefine of copy in block
OUT[n] = GEN[n]
endfor
2. change = true
3. while change do
4.  change = false
5. for each node n in traverse(CFG) do
6. IN[n] = n OUT[P], where P is an immediate predecessor of n
7. OLDOUT = 0UTIn]
8 OUT[n] =GEN[n] w (IN[n] - KILL[n])
9 if OUT[n] '= OLDOUT
then change = true
endif
endfor
endwhile
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Algorithm OnePathOfConstantPropagation
1. for each node n in CFG do

GEN[n] =set of (a, b) | a=b in Block n and b is Constant

AS



KILL[n] = Set of redefinition of Constants in the block n
OUT[n] = GEN[n]
endfor
2. change = true
3. while change do
4.  change = false
5. for each node n in traverse(CFG) do
6. IN[n] = n OUT[P], where P is an immediate predecessor of n
7. OLDOUT =0UT[n]
8 OUT[n] =GENI[n] u (IN[n] - KILL[n])
9 if OUT[n] '=OLDOUT
then change = true
endif
endfor
endwhile

SOy o353 ok o3linal (leloen 53 dny on &gl SO 2 4 88 2 alie AL B e, SN (2 S a2
adsl sl 1 Kl 5 GEN (sls a6 pamea Todams ¢ it sloms] (5 5o Cub &7 500 53 53 o BG4

s o 5SS 055 S 5 s

Algorithm Constant Propagation

Input : Gen(n), Kill(n)
1. NewConstants := true;
2. While NewConstants do
3. OnePathOfConstantPropagation;
4. NewConstants := False;
5 For each 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

s Gl 3 Find CONStants ol 4 Jyene o2, K1)
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B4 v
8:d=a+3
9:e:=j*d

B6 v

» 12: b:=b*d

B
1:i=1
2. j:=5
3: k=6
B2 ¢
4:a:=i*2
B:b:=a~*i
B3 \ 4
| 6:di=j*5
| 7 e=d*3
B5 v
10: d:=j*5
11: ee=d*3

T o Sy 5 uls B IS 1S (655 ub Lesl oz, S el b

B# Gen Kill | Initial
in Out
B1 {1,2,3} Null Null {1.2,3}
B2 Null Null Null {1,2,3}
B3 Null Null Null {1,2,3}
B4 Null Null Null {1,2,3}
B5 Null {1} Null {1,2,3}
B6 Null Null Null {1,2,3}
.ﬁ;@,ﬁ)ggﬁf_;awwprj_t,_gj\égfyf‘sw@ﬂ,\sét.@,;t,OUTé@w

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}

ol lasl sl = S
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B1

Sl:rl=1
S2:r2=2

A

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

B4 v,

S5:r8=rl-r2
S6: r1=11

S7:r9=rl1*r2
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B# Gen Kill | Initial
in Out

Bl (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)

qy



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 (r1,1) (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:rl=1
S2:r2=2
S3: r3=r1+2 S4: r7=2-1
B4 |
Sh: r8=rl1-2

S6: r1=11

S7:r9=r1*2
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X = 13;
at2] :=t3;
aft4] :=x;
goto B2
s
X :=13;
a[t2] :=t3;
a[t4] :=t3;
goto B2

Bad o Codom dlam ol 1 (sl LIX =3 dla j3 X a4y e joneds &5 Sl jadein
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ESOL 55 e O 4S5 Sl i3 B S 53 (G50 13 A e ey Lol (il il & sl 5 Sl L
OT ;805 ¢ aito 68 sdomen (i i b ol o5 45 8 s 55 In(B) = Gen(B) lusl s b eyl oy .55 S eslizl B
33 o Sl 43 5 15 0slizald 3550 548 S L LS S alols 53 OT e |5 3 90 Aal snd oi3 ke
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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
GENI[n] =Use(n)={ Set of Variables used before a redefinition in n }
KILL[n] = Def(n)

endfor

2. changes := true

3. while there are changes do

4.  for each Block n do

5. OUTI[n] := U IN[S] S e Succ(n)

q0



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}
Kill[B4] = {X1,B}

a,u,'duﬁ;—.ﬁr;wij\:wp

In Mouté_ijb)\_goutf&_:‘s.-\_’udhéf)hln di_,b)‘QJ}JO&)@L}J.AQLPW“&L&@AMWJ@T
ﬁ)ﬁ))@ﬁ&‘jM)@YLMQLGBK]?\J‘“Wh”e4B>L§‘J>-‘6b).§)j}»4;bﬁ@a:‘:dﬁb\gw

sl..w\oMua:;&Aéﬁrli)jiﬂ&f‘@}‘é\.@f%d‘f_}bz)}ﬁdu&}w
Start
5] 7/

1. read(i)
2. read(j)
3. i:=i+1
4. if(i <5) goto B3 \
[B2] (B3]
5. ] 1= 1] 8. d:=ij
6.d:=i-3 9.j:=d+1
7.1:=d*2
B4]
10. j := d*i
11, write(j)
“|r2. if j<100 goto BL > StP )
Initially: GenKillInOutln {Out In:Out In
Gen[B1] = ¢ o - —
KB ={(, 1, G2} oo @ 0 0 L) 0 L] ¢
Gen[B2] ={(i,5), (i, 6)y B2 111, d ¢ ¢ B jdiijdilij
Kill[B2] ={(,5), (d,6)} B3 i,jij,d¢ ¢ i,jd iijidili]j
Gen[B3] = {(i, 8)} o - . -
KillB3] = £, )] Bdd,ii jid ¢ di ¢ di ¢ di

Gen[B4] = {(d, 10)}
Kill[B4] = {(i, 10)}

Jad ol jer 4 0L > 51 5 0YF s

an
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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
s BB¥12 & 5Ls sudoes dslons 45 (5515 ol ol (il 03 S5 50 X3 lin dewles 51 JSA sBB 052 YU 5o
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] = A Out[P], V' P  Pred(P)
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Bl | t1:=4%* Bl | t1:=4%*
i=
? B2 t0:=4* | B2
B3 | t2:=4%* B3 | t2:=4%*

b &S o oS zie ole 5 0¥0 S

:rrﬁ}SGABl)bcdjédun)b

T:=4%*i
T1:=T
erﬁjtsnszb
TO:=4%*i
TO:=T
e B33
T2:=T

51 () i @ aomilinr olST (il a2ils 5 g (oo 25 BB Sljle 1A 48 gazes P a5 aniliz IS Il s
Sl oL (il 4815 3 4 g e 010 5P m G5 g0 y5 2338 odalia X 1= Y + Z ala  4bais 53 5 5L
Y A 4 gazme 40 53 bl ol (5 BT Y Hlie 4555 5055 b 55T Sy 150 55 3 g0 S le ol S
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Statements Available Experssions
.......... none
a:=b+c
.......... onlyb+c
b:=a-d
.......... onlya—d
ci=b+c
.......... onlyb+c
di=a-d
.......... none

55 30 Ohyls s ¥ S
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Out[B] = Gen[B] v (In[B] - Kill[B])

In[B] = m (P a predecessor of B) Out[P]

) oslial 35 50 Lol gy alie g OUL 51N (Sla 4o gomms demlone (51 55 Lol gy (ST o oalie 4™ 45, ke

.;,;@a,?,u,,dé‘ﬁ)ﬂld\ﬁln[m] Sk ol 0 g > b5 055 81 53 OUL 51N sl

Algorithm Available Expressions

1. GEN(start) := NULL
2. IN(start) := {}
3. OUT (start) := GEN(start); Start
4. for each block n <> start do B1] ¥
OUT[n] = U*K'LL[H] l.a=x+y
endfor 2 x =4
5. change := true :
6. while there are change do E' v AN
7. change := false 3. X =2 B3
8. forn <> startdo 4.b=x+y B.i=x+y |
9. IN[n] := » OUT]P], p a predecessor of n Ba /
10. OLDOUT := 0OUT[n] 5 i<n
11. OUTI[n] := (IN[n] - KILL[n]) ' N
12. if OUT[n] '= OLDOUT Tog g
then change = true B4] pizxty |
endif —7.c:i=x+y S Stop
endfor 8.i;=i+cC
endwhile
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Aliasing -°

Pointer - *

Call by Reference -~
Data flow analysis - *
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Transs(s) = (s — {(p, b)| any variable b}) U {(p, a)}
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M:wow%w\ca.\i:;éu\(p, Q) 45 gazme pl 53 Jb 558 0 O3S oyl 0TapaSh Jie

DT ol s Jaa € 5 5 o)Ll & q 0T 13 45 P = + € ol ls il Y

Transs(s) = (s — {(p, b)| any variable b}) w {(p, b)| (g, b) is in s and b is array variable}

el g )T 55 gl @l 555 b OIS 487587 o o)Ll b OIS 4 M3 P el )s

DT AL p = el ¥

Transs(s) = (s — {(p, b)| any variable b}) U {(p, b)| (q, b) is in s}
sl s osle ol Sojlalesip 510

Transs(s) =s — {(p, b)| any variable b}
sl ol 510
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Out[B] = transg(In[B])
In[B] = w (p a predecessor of B) Out[B]

ol ar g 5 OIS @ s lp

Bl q=&c
/ - \
B3 B2
p = &(a[0]) P=&c
q=&(a[2])
) /
p=p+1

A

B5 A 4
p=q
0L Ol 5 YA s

23kl o 8 )L 530 5P ol s (5)a € 5 5T S A bt s b K iys 5 G 0k 1S
513 55 il wBL 1 T sl .l 5 48 ez ad 5l sla SO adS” (6l IN[B] &7 555 o 5 5,8 (gl
ST 51 .Out[B1] = transg(o) = {(9, ©)} S P P SO 5 ,1350=&C dox LS 4> 5 S1B1L
(Q8) 35 by Pp=&C U .o IN[B2] = OUL[BI] oy sl o+ BL s 5 1 5B2 5l |54 S s
Out[B2] = 5 V,ALN = oalive pl sl Conl = &a + 2 adax Jsles 0 = &(a[2]) él,,; D gh g etie
L o 5 03 3509 2! S <l IN[B2] = Out[B1] = {(q, )} L 555, transez({(a, €)}) = {(p, €). (9, a)}

"}"i‘ <* gi_)if."" {(pv C), (q! a)} A4S gomn
ol a5 S 4 STl .l Out[B3] = {(p, a), (4, O)} w5 cop

In[B4] = Out[B2] v Out[B3] v 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; -~ fori:=1to5do
write(i) " write(i);
end;
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Loop:
i=j-1
t4 = j*4

Go to Loop

)‘J_.S)Jt4:J*44Lq.>&“j3\bg;.&y\)t4:J*4-44la>wmja>)~;}u\>\)1:J'lé\lvg)‘ju.e

:.u,.:@¢@ﬂ;¢,,g5;4¢j;.>gf@wt4@jgjt)w‘w@,;ws
t4:=j*4
Loop:
j=i-1
t4:=t4-4

Go to Loop

P R I A Sy w0 5 Jes L= F Al 3 O e il 1SS L a5 O geatl s

Ao 55 ite 53 ol 5l (gdm oslizul 550 ST 514 = 4% [ A2 4% Lty o5 8 Ja 3 L.s,d
if(i >=j) then goto B6

D gl Gl e Codo 3 ey cdl 3 gad 5 TT( 12 >= t4) then goto B6 & say |, i ale 015 o0
S ol e el G 5 T O gn A 3 s 53] 5T ie 55 4 5L S0 A 4 B2 (gla S s Ol

S5 or RS 25 D30 4 QUICKSOTE (5l 5 e b (sl (SRS 0L IS cisel 1

Bl B2 B3

I=m-1 2:=t2+4 th:=t4-1: B4

J=n ™| t3:= a[t2] ™15 := a[t4]; "l if( t2>= t4)goto B6 |

tli=4*n if 3 <v goto B2 if t5 > v goto B3

v = a[tl]

2 1= 4% > >N

t4 = 4% B5 86
aft2] :=t5; t14 := a[t1];
aftd] :=t3; a[t12]:= t14;
goto B2 atl] :=t3;
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Procedure Insert (m)

If mis not in loop then begin
Loop =loop um

Push m into the stack

End

Stack = empty

Loop = {h}

Insert (n)

While Stack is not empty do

Popm

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

End procedure
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class SUP
{
virtual int vf( ... )
{...}
}
class Subl
{...
intvf(...){...}
)
class Sub?2
{...
intvf(...){...}
.}

SUP *s;
Supl si;
Sup2 s2;

ifI>5

s = Subl
else

s = Sub2;
s.vi(...)
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global g, h;

procedure main(); procedure one(w, X); procedure two(y, z);
local i; X=... local k;
g:=..; two(w, w); h:=..;
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 g called by Pi do
add any global variables in change[q] to change[pi];
for each formal parameter X (the jth) of q do
if X is in change[q]
then for each call of g 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]

©CoN O~ W

'_\
©

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 { n 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}

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

D(3) = {3} U D(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} U D(4) = {6, 4, 2, 1}, idom(6) = 4

D(7) = {7} U {D(5) N 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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2.\13;

1. D(no) = {no }
2. for each node n in N- {no} do
D(n)=N

endfor
3. while changes to any D(n) occur do
4, forninN-{no3do
5. D(n) = {n} v ( ~ D(p) for all immediate predecessors p of n

endfor
endwhile

28 asds Y S

S st 53 sl (11 313 13 eslizal 3550 Ol ga b haS ey aalone (51 (S S i b 15 G 02, Sl
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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 n in N.
Output. Dominator tree DT for G.

1. let no be the root of DT;

2. put noon 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 n in N such that D(n) is nonempty do
7. if D(n) contains m
8. D(n) = D(n)-m;
9. if D(n) is now empty
10. add nto DT as a child of m;
11 add nto 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 Za U
4. while (i<=n) do
5 sum = 0 entry 1 2 3 4 12
6. =1 T T
7. while (j<=i) do Ty T
8. sum =sum + j; 5 6 7 10 11
9. =i+
endwhile; T T T
10. write(sum, i); 9
11. i=i+1;
endwhile;
12. write(sum, i);
end
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Static Void foo (shapes) {
s.draw ();

}

Class Hiearchly Analysis — CHA-!
Rapid Type Analysis — RTA-2
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 VVoid method1() {System.out.print("This is C");}
¥
:ﬁzpmm,ﬁﬂswﬁdu

Ag;
Bb;
a=new B();
a.method1()
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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

4. ifM[i, j]=1

5. thenMJi,j]=0

6. Construct all path matrix MM* for M
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7. if M* <> MM*
8. then M[l,j]=1
endif

endif
endfor
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elsei=6
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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. foreachtask 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 w {string}
16. new_headers = new_headers w Successrs(last)
endfor
17.  possible_headers = new_headers
endwhile
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Next_String_Node( node )

IN1- Lg.\&:ajf.sﬁjr.w

10a_ if node has no successors return nil
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10b_ if node has more than one successor return nil

13- im0 8 s

10c  succ = node’s unique successor

8 158 51 (65 Mie S OLSS 0T sk 505 o S8 Sals ST
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 Ti and T; do
5. Pij = Penalty of combining T;and T;
endfor
6. combine task pair T; and T; with the minimum Penalty P;;
endwhile
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Penalty( Ty, T2 ) = Max( min _start( T1 ), min_start( T, )) -
Min( max_start( T; ) — exec_time( T,) , Max_start( T, ) — exec_time( T1))
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DAG
[Task List]
ENDDAG
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Task Identifier ([dependent list])
[statement list]
ENDTASK
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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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Z=X*Y =(A+j*B)*(C+j*D)=(A*C-B *D)+ j*(A*D+B*C)

5 e 3 o3l L) g 3l g e 55 e Jals s e 0,5 o 355 o sdalie L5 al
55 <o, Jwls L5 4 < MATADDIA, B, C, ] s MATSUBIA, B, C, n] MATMUL[A, B, C, n]
0L sl dhas I 53 3 D)o a5 B JS Culbs 1S 015 on 55T (oo oy 1) s e 53 €,
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5L e Stop 4 Start ¢ &
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] / 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()
[/l initialize local matrices
T=00
Uu=0.0
V=0.0
W =0.0
ENDTASK
TASK 2(1)
CALL MATMULIA, C, T, n]
ENDTASK
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TASK 3(1)
CALL MATMUL[B, D, U, n]
ENDTASK
TASK 4(1)
CALL MATMUL[A, D, V, ]
ENDTASK
TASK 5(1)
CALL MATMUL[B, C, W, n]
ENDTASK
TASK 6(2, 3)
CALL MATSUBIT, U, P, n]
ENDTASK
TASK 7(4, 5)
CALL MATADD[V, W, Q, n]
ENDTASK
TASK 8(6, 7)
ENDDAG
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cPred(x) = {xi € X/x; »>x €Ac}
dPred(x) = {xi e X/ xi — x eAd}
Pred(x) = cPred(x) w dPred(x)
cSucc(x) = {xi € X/x — x; eAc}
dSucc(x) = {xi € X/x — xi eAd}
Succ(x) = cSucc(x) w dSucc(x)
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BranPred(x) = u {b € Bi / X — X; €Ac, labeledbandi € 1..n}
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set function BranNeg (b))
{

(* compute the BranNeg set of branch b, *)
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 € X){
C = branches on which Xi is control dependent
if((C=N)A(C=0){
S=S+Xi
N=N-Bi}}

} while (S*#S)
return S }
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Neg(x) = {bi € UB; /x € BranPred(b;), Vie 1..n}
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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 € 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 ReadyL.ist is not empty do
13. select a node nk from the ReadyL.ist, random list
14. for each child ni of node nk do
15. ReadyL.ist := ReferenceCount(ni)— 1, V ni e 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>=Sj
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 each 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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