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2.1 OO0

2.1.1 0OO0Ooooon

gbgdbodgbboobbodo gdbe=«+cb00:=:—cO00000O0
O000000000000000 (induction variable) 000 O [, 2, 7,00 0000
cbbbooooobobuooog bobbuooog3gobobobooooobon
000100000000 (loop control variable) 0 0 O O

e cUOODLDO
e HUUOOODDOUOOODLDIOODLDODO
e 100D UOOODODOOO

O00000000RIOOO0O«0000D001000000100D000000
gogbbbbtoogodgob.<ioobogooobbbooodu .00 oggn
gobobooogbobodad

00000 2.1 (00000)

1: for (i=1; i <100; i =4+ 1){
2: ali] = 1;
3: }

2.1.2 0OJO0OO0OOOOO

gbobbbouoooobbbuoooobbobooogbbobboooobobbogao
DDDDDDDDDDDDDDDDDDDDDZ:(il,iz,...)DDDDDDDDDDD
O kOO0DO0O0O0O0O0OO0ODOD
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00000000 (control flow graph) 0000000000 DOOOOODOO
000000000 IE7ooO00000000b000o0o0o0oooooooo
000 (DoooOoOoOoDoOoOoOoOo)oOoOoOOODODODOO00000000Oo0ooo-
gobbboooobbooooobobbooodbbobbooobboboooon
NepeOOOOOO Eepg = {(n,m)|n, me NepeDOODO 00 mOOO } O
00000000000000000000 CFG = (Nepe, Ecrg) 000000
oo

000000 (basic block) 000 (statement) D0 0000000000000
gobbbuooogbbbbuooobbbodabbuoooobobobboooon
gobbboggbbbuoooobboboooobobogao

gobboooooobbooobDb Xoboooo yvyooooobobooooo
O000000X -YOOOOOOO0O0O0OO0OX OO0y OoOoOoOoOO (predecessor
node)JY 0 X O0OOOOOO (successor node) 00 00X DO OO0O0ODOOOO
Pred(X) 0 OOOODODOOOD Suee(X)ODOOOODOOOOODODOOODOODOOO
00 OD00O0O0 (joinnode)D0000O0OO0ODODOO0O0O0O0OODO OOODODO (branch
node) 00 OO

ORl0o0o000o0oo0o00oooooooodoooooooooooooDoo
gdddooouooououooooobbobbooobbbbobiboooooo
Succ(3) = {4,5}0 Pred(3) = {1} 00 OO

int main()

{

inta, b, c;

a=1, (1)

b=2; (1)

ifa==1){ (1)
a=3; (2
c=a, (2)

}else {
f@==2){ ()

c=1, (4)

}else {

c=a+2;, (5
}

c=a+1,; (6)
}

return c; @)

}

0 21: 0000000000
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0000000000 (reverse control flow graph) 0000000000 0O0OO
O00000000000000000000 [I,6,M70

00000000 CFG = (Nere, Berg) D000000000000000
Ercrc = {(m,n)|n, m € NopeDODOO 00 mO00 }0O0OOD0OO0D0DO
0000000 ROFG = (Nera, Erere) 000000000

OR2000R2I000000000000000000000000D00RI00
guooooboobobbbboooooooouoobobobbbbuoooooooooo
goodoooooooobod

int main()

{

inta, b, c;
a=1, (1)
b=2; (1)
if(a==1){ (1)
a=3; 2
c=a, 2)
}else {
f@==2){ (3
c=1; (4)
}else {
c=a+2;, (5
}
c=a+1l, (6)
}
return c; @)
}
022.000000000oo0d
2.5 OO0

XOYQOooooooooooobobooboboboobobobobobooo
00 YOOOOOOD (path) 0 X O0ODOOOOX O YOOOOO (dominate)
00D [I5MO00000000 (reflexive) 000000000 (transitive) O
gbobbobobo Xooooboobooooobox b yoboobooyd Z
gbooboboobooX o zoOobooo

X0DYOoOooooooD X #£Y0O0O0OOX0OYOOoooooo (strictly
dominate) 000X 0 YOOOOODODOOX OO YOOOO XOOO YOO
0000000000000 00XO0YUOUOOOOooo ooooX =IDOM(Y)
ggog

000000000000 0D0O0000000 00O (dominator tree) OO
00X 00 (parent) O parent(X)DOOOO00O Children(X) D000
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ORI000000R30O00000000D0OOparent(3) =10 Children(3) =

{4,5,6} 0000
PN
® © ©

023 00000
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Yyouoouooy o ZzoOoooooobobooX O Zzo0oooooo

XO0YOOOOOOOO X4y 0ODOOOXOYOOOOoOoOOOoOO (strictly
postdominate) 000X 0 Y OOOOOODODOOX OO YOODOOD X0O0OO
yooooooooooboobobobooXxXoyuooooboboo oooo

O00000000000000000000000 0000 (postdominator tree)
000 [mE Mo

OR2A20000000R240000
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gboobobobobooboo Xxuoooooooboboboob XxXooooo
O00000000000000X0O 0000 (dominance frontier) 0 0O O [T, 5, [7]0

271 0OU0OOOOO

gboboboooobboooobn

00 1(0000) 000000000000 XO0O0OOoOo oooooooooo
gobooboboybooobooo

1. XO0YOOOOOOOODO Pred(Y)DOOOODODODODODOOODODODDOOO
goo

2. X0YyQ0oooobooobood

000 XO00O0O00O (dominance frontier) DF(X)0O0O0OO0O0000O00O
DF(X)={Y|U € Pred(Y)OODOO,XO UOOOD,X0YOOOOOOOO
0o}

272 0OU0O0OO0OOOOoog

D0000EI00E3I00000000000000000000000
DF(1)={}
DF(2)={7}
DF(3)={7}
DF (4)={6}
DF(5)={6}
(6)
(7)

DF(6)={7}
F(7T)={}

o
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274 0O0O0OOO

gbobobouogbobogbobodbgbooboobobobobobogbo
0000000000000 R200240000000000000O00OPDF(X)
O Xgooooooooo

PDF(1) = {}

PDF(2) = {1}
PDF(3) = {1}
PDF(4) = {3}
PDF(5) = {3}
PDF(6) = {1}
PDF(7) = {}
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O0000000000000000 [, B 7o

00 2(0000) 000000000 20000 X0Y0D00O0OOOO 2000
O00000YO XO0O000O0O (control dependent) D0 0000

1. Xo0obvydoouoobobooobobyDoobo Xgboboooboobooo
goooo

2.y XOooobooooooood

0000000 (control dependence graph) 0000000 0O0OOOOODOOO
godooboooouoonoooouoonodoonooonooonoooooon
00 NepeOOOOOO Eopg = {CD(m,n) |m, n € NepeDO nd mO00000
00 )}000000000000000000000 CDG = (Nepa, Ecpe) OO
goooood
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ddddzZo00oooooooooo z00000ooooooooooooXxoo
000000000000 Z00000000000000000O0O0O0ORH((b)
000oooooooobooobobobooDD Ext00ooooooooooooo
O000000000000RAO (e)DODODODOO (gODDOODOOODODODOOOODO
goooooooo

Z0XO0O0OOOOooOooooooooooooooOo XeDF(Z)DoooOd
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025 000000000000

doddddobodooooooooboooooooooobooooooooa
Oo000obo00oooooooooooooooon

OO000opRI0O0000D0D0D0D0D0OoU0oD0O00DO0DODOooDoooOoOoon
ORO0D000RZTA0 00000000000 0DO0DO0O0DOO0DOOO0DOO0ODn
Oo0ddood0X —-YOoUvYoXdooooooooooono

1—2,3,6

3—4,5

29 0O0O00OoOoooOon

29.1 00O

0sO000¢t00000000000DD(s,t)D00000O0000wDOOODO
bbb sugobobbtbddtdib«t0dtdbwbogooobo«bouggn
000 [MBETO0DD0weUse(t) DOODOOOO0ODOOOOO0ODOOOODOOODO
O0000DD,(s,t) 0000000000000 ODODODOOOO0OO0O0OOOOQ
sgd«tgoobobbbbbbbbuuooooddubbwbbbbbbbbo
gooon

29.2 JUO0oobood

0000000000000 000000000000 (data dependence graph)
ggod
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int main()

{
inta, b, ¢
a=1; m

b=2 (M
if (a==1){ (M
a=3 (2)
c=a; 2)
}else {
if (a==1){ (3)
g="1; 4)
}else {
c=a+2 (5)
}
c=a+1; (6)
}
return c; )

}

Control Flow

026000000000

A

/////\\\\\
\\\\\’///’

D

0270000000000

D000000000000000000000000000000000000
00000000000000000000 NppeOOOOOO Eppg = {DD(m,n)|m,n €
Nppe}0000000000000000000000 DDG = (Nppe, Eppe) O
0000000000000000000000000000000000000
0D000000000000000000000

0000000000000000BI000000000000000000
PROO00O0

210 O0OoOooooogo

O000000ooobOooboooobo pbGOODOODDOOODOOODOODO
gbogogububobobuobubobobobobobobooobubobobo
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int main()

{
inta, b, c; \
a=1, 1)
b=2; v @

if@==1){ 3)
a=3; (4)
c=g; (5)
}else {
If (a == 2) { (6) Basic Block 1
c=1; (7 l
}else {
c=a+2; (8)
} ®
c=a+ 1; (9) Basic Blogk 3

1eturn c; (20) @

Basic Block 4 Basic Block 5

(&) :

Basic Block 6
Q —— Data Dependence

Basic Block 7

}

028 0000000000

00000000000000000000000000000000PDGOOOO
PDGOO0OOOOOOO0OO0O00000000000000000000000O0
00000 NppeD 00000 Eppg ={CD(m,n) 300 DD(m,n)|m,n € Nppg
00»,0mO000000000000000}0000000000000000
00000000 PDG = (Nppg, Eppe) 100000000

0000CDGOOO0000 NepeDOOOO0OO0O000000DDG 00000
0 Nppe 0OOOO0O0O000000000000000000000000000
0000000000000

0000CDPGOO0O0000O0O00 CDG,00000000000000000
0000CDG,0 PDGOOOOOO0O0O00 PDGOOOOOOOO0O0O00000
000000000000000000000000000000000CDGO0
CDG,00000 CDhDGOO0O0000O0O0ON0N0NONONONN00000000000
000CDhGOO00000000000D0 XO0YOOOOOO0O00O0000000
00XO0O00000000000000CDG,0000 PDGO CDGOOOOMO
X000O00O00YOOOOOO0O0OO0O00o00000000000

D000RE00EIO0O0000PDGOOOOO0O0O00000REION0000OO
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int main()

{
inta, b, c;
a=1, 1)
b=2; (2
f@==1){ 3
a=3; (4)
c=a; (5)
}else {
if@a==2){ (6)
c=1 (1)
}else {
c=a+2; (8)
}
c=a+1; 9
}
return c; (20)
}

ettt > Control Dependence

— Data Dependence

029 0000000000000000D0O00D0
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gobobboooobobobooooboboboooobobobbooooobobobooo
goboobog

3.1 OOooooon

gobbboooobboboooobobooogbbobooooobbogo
ooooooooooooBiIoooooo0ooooooooooboobooobooooD
gobbboooobbooooobbboodobbobboooboboboooon
gobbboodgbobbodooobobbbooodobbbbooobbboooon
goboboooobbodad

e intra-itaration dependence
00000 oooooOooobobOooobOoobooooooooooooa
O0oo0oOoooon

e inter-iteration dependence
do0bOoooOoooooooobOOoboooooobooooboooooooon
0000000 o0o0bOO0o0bOO0o0bOoobOoobOooDooboooooooag

fori=2to 100

________

Sl:i’A[i]f...u: {B[i]}/+{C[i-1]}

_________

................

S2:(D[il} = {ALT * 2
s3:(Clilr< (Af-1} + CTil
sa: €[]} = D) +/Cli-2]
endfor

g3l 0buogobbbuooobbodad
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000000000000 OODO inter-iteration dependence 00 D0 OO OO OO
O O O inter-iteration dependence 0 D O DO O0OO0O0OOOOOODOO0OOOODOO
goboboboooobbtbooooobbboodobbbooobobobboooon
goboboboooobbooooobobbooobobobbooobbobboooon
goooooogo

3.2 0OOOOO

gobbboooobobuoooobobuooogboboooooobobogoo
gobbooogbbbuoooobbboooobbn

e 000000 G =(V,E,w)

e OO ODODOODOODOV

e UDOOO EF={(u,v):u—veV}
(v,v) DOODO0ODOOODOOOODODO

e I w

000 w(u,v) 0000000 (v,v)0000000000

O0o0oooO0o0oDboOooooooB2a00o00

fori=2to0100
S1:(Afil\= (B[l ++C[i-1]]
S2:(D[i] i * 2
S3:(ClIK&SYAL-1]) + (CT]
s4:(E[i]) = P +(C[i-2]
endfor

g 3200000000000
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gbobbbuoooobbbuoooobbbuoooobbboooobobbogo
gbobobbobbobbobboboobbobooboobooboobonoa
O00000000000000MOOOOO0OO0:04j0000 MijjjoooOoooo

3.3.1 4UOooon

000+40,;00000000M[j]0 Mjj)[]000100000000000
000 (O0B3)0

A A WON - O

o= == =00
O OO0 0 O —|=—
O OO0 o =N
- = OO0 O0Ol=®
- O =0 O O |
O == O O0COClO

U033 0u00ggoobugaoon

3.3.2 0O0OOOOOOOO

00000000000000000000400000,0000000 w00
000000M[j]000w00000000000000000000 (0 B4)

0(1/2 3 4|5
0 0|8 (12| 3 |oo|o0
1 lco|oco|oco|oo|oo|oo
2 (oo |co |00 |00 |00 |00
3 oco|co|oo|jo0| 3|5
4 oco|co|oco|co|oo| 4
B |co|oo|co|oco |00 |00

034 00000000000000O0DO0O0
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3.4 0O0OOO

3.4.1 000000

000000BI00D00000000000000000000000000
0000000000000000000000000000000000000
0000000000000000000000000000000000000
0000000000000000000000000000000000000
000000000000000000BI000 w(S1,583) =100 (53,51)0
($3,54)0000000000 (0BH)0

0(-1)

3(+1)

0 35 000000

gobbooogoooboboogoooboobood,
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/*Prologuex/
S3:C[2] = A[1] + C[2]

/*New loop kernelx/
for i = 2 to 99
S1:A[i]
S2:D[i]
S3:C[i+1]
S4:E[i] =

Ali] * 2

/*Epiloguex/
S1:A[100]
$2:D[100]

B[100] +
A[100] =

B[i] + C[i-

1]

= A[i] + C[i+1]
D[i] + C[i-

2]

C[99]
2

S3:E[100 = D[100] + C[98]

O0000000000000 Prologuee0 OO O0OO0ODO0OOOOOOODOODOOO
Epilogue 0000000000000 0ODODOODOOODOOODOODOODOS300
S1I0S40000000000000 intra-iteration dependence 0 0 OO0 OO OO
0000000000000000000(0BR) 0000000000 000O
2000000000000 bOOo cpUODbOOODOOODbODOODDOODODOOODO

gboobgob 20000000000

i=2

i=98

S1:A[2), = B[2] + C[1]
52:D[2) & A[2] * 2
AR + 3l
Nop

S1: Al4}. = B[4]

o~

S1: A[98]. = B[98]

o]

- C[3]
52: D[4}, ="A[4] * 2

c97]

52:D[98] = A[98] ¥ 2

$3:C[99] =VA[98] + C[99)]

S4: E[98] =YD[98] + C[96]

i=3
S1:/A[3}, = B[3] + C[2]
52:D[3] ¥ A[3] * 2

$3:C[4NS A3] [+ Cl4]

s4:E[3] =\D[3] + C[1]
i=5
S1:/A[S).= B[5] ¥ C[4]

‘ +_C[6]

Yy

s4:[E[5]

i=99 \
S1:/A[99],= B[99] ¥ C[98]

52:[D[99] 3{A[99] * 2
$3:/C[100}, ={ A[99] + C[100]|
S4:(E[99] =YD[99] +(C[97]

036 00000000
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3.5 OpenMP

O00000000000000 OpenMPOODODOOOOOpenMPI Open Multi-
Processting) D 0000000000000 APIDOO0OOOOODOOOODDOO
000000000 [oOpenMpO 0000000 0ODOOOOOOOOOOOOO
gboobooboobooboobooboboobobobobobobooboobooo
0000000000000 O00obOo0o0obOo0o0obOoooDooobODoOobDOooDbOoOoD
gobo0obobobobobobooobouooboobon
OO0 OpenMPOODOOOMPIOODOOOODODODOOOMPI(Message Passing
Interface) 00 0000000000000 0O0O0O0OOOOOOOOOOOOOOO
O0000000000000 [[20000000CpenMPOOOOO MPIODODODO
gobo0obooboboboboboobooobooobDoobooobDooboobOooo
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int fact(int p) {
Oif (p <= 1)
00 return 1;

O else

00 return p * fact(p — 1);

}
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(prog
<null 0 void>
<nullNode>
(subpDef void
<subp <SUBP < int > false false int> fact>
<null void>
(1labeldSt void
(1ist <labelDef _labl>)
<block void
(if void
(cmpLe bool <var int p> <const int 1>)
(labeldSt int
(1list <labelDef _lab3>)
(return int <const int 1>))
(labeledSt int
(1ist <labelDef _lab4>)
(return int
(mult int
<var int p>
(call int
(addr <PTR <SUBP < int > false false int>>
<subp <SUBP < int > false false int> fact>)
(list
(sub int <var int p> <const int 1>))))))
(labeledSt void
(1ist <labelDef _lab5>)
<null void>))))

0O 5.2: 00000 RBIO HIR
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for(i = 1; i < 100000; i++){
ali] = c[i-1];

b[i+3] = al[i-1] + 2;

cli] = bli-1];

}
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bl(hir___ADD((hir_t_int )2, (hir_t_int )3))] =

(hir___ADD(al[(hir___SUB((hir_t_int )2,(hir_t_int )1))],(hir_t_int )2));
b[(hir___ADD((hir_t_int )1, (hir_t_int )3))] =
(hir___ADD(a[(hir___SUB((hir_t_int )1, (hir_t_int )1))],(hir_t_int )2));
al(hir_t_int )1] =
cl(hir___SUB((hir_t_int )1, (hir_t_int )1))];
for ( i = (hir_t_int )1;hir___LT(i,(hir_t_int )99998);
i = (hir___ADD(i, (hir_t_int )1)))
{
{
cl[(hir___ADD(i, (hir_t_int )0))] =
00 bl[(hir___SUB((hir___ADD(i, (hir_t_int )0)), (hir_t_int )1))];
al(hir___ADD(i, (hir_t_int )1))] =
00 cl[Chir___SUB((hir___ADD(i, (hir_t_int )1)),(hir_t_int )1))];
b[(hir___ADD((hir___ADD(i, ¢hir_t_int )2)),(hir_t_int )3))] =

(hir___ADD(a[(hir___SUB((hir___ADD(i, (hir_t_int )2)),
(hir_t_int )1))]1, (hir_t_int )2));
}
}
_lab4:;
c[(hir_t_int )99998] = b[(hir___SUB((hir_t_int )99998, (hir_t_int
c[(hir_t_int )99999] = b[(hir___SUB((hir_t_int )99999, (hir_t_int
al(hir_t_int )99999] = c[(hir___SUB((hir_t_int )99999, (hir_t_int
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2.8000

2.7500 -

2.7000 -

ooo | 1 | 2 | 4 8

bre 2.918s | 2.798s | 2.728s | 2.869s
bred 000 2.896s | 2.800s | 2.846s | 2.862s
reo 2.868s | 2.881s | 2.862s | 3.016s
reo0 000 2.910s | 2.855s | 2.884s | 2.861s
shr 2.949s | 2.886s | 2.855s | 2.896s

shr DOOO0O || 2.949s | 2.910s | 2.872s | 2.896s

0620000

063 00000bre0OOO
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6.3.3 L0000

O000ooD OopenMPOOODOOOOOOODOOOOODOOOOODOO
gobooboobobobobobooboobooboobooboobooboon
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fori=2,4,6,...

S1: A[i] = B[i] + CJi-1]
S2: D[i] = A[i] * 2

S3: C[i] = A[i-1] + CJi]
S4: E[i] = D[i] + CJi-2]
endfor

fori=3,5,7,...

S1: A[i] = B[i] + C[i-1]
S2:DJ[i] = A[i]1*2

S3: C[i] = A[i-1] + C[i]
S4: E[i] = D[i] + C[i-2]
endfor

O67for0000O0D0OO
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for1=21to 100
S1: A[i] = B[i] + C[i-1] - >
S2: DI[i] = A[i]*2
S3: C[i] = A[i] + A[i+1] 0 1 2
S4: E[i] = D[i] + C[i-2] g
endfor 2\ 4

; - (s0)

068 00000ooboggo1

for =2 to 100 0 0
S1: A[i] = B[i] + C[i-1]
S2: DJi] = A[i]*2

S3: templi] = A[i] 2
S3: ([i] = templi]+A[i+1]
S4: E[i] = D[i] + C[i-2]

endfor 2) 0 (s

0 6.9:00000doobog
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endfor ) (<4
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