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(b)(a)

for (i=0; i<n; i++)
if (A[i] != 0)

B[i] = B[i] + B[i+1];

Assembly

L1:

Inst.

1
2
3
4
5
6

L2:

7
8

else
B[i] = 0;

L3:
9

10

IT

1.50 instr./cycle

L4:

L1

L2 L3

L4

(c)

0
2
2
2
4
5
5

5
6

Register contents:

r3 = i*4

r2 = A[i]
r4 = B[i]

r5 = B[i+1]
r6 = B[i] + B[i+1]
r7 = n*4

r1 = &B[1]

L0: mov 
mul
add
ld
beq
ld
ld
add
st
jmp

add
blt

r3, 0
r7, n, 4
r1, B, 4
r2, mem(A+r3)
r2, 0, L3
r4, mem(B+r3)
r5, mem(r1+r3)
r6, r5, r4
mem(B+r3), r6
L4

r3, r3, 4
r3, r7, L1

st mem(B+r3), 0

L0

�}8bVW>XF�0v�G� � FIELH'8b_�8b]W1+ELU�A^]W5zy%8BUBEG_�8b]W1Á0^ÚXEL5zy'Ub0L���ÊE��O]LFI8BVW8B1+ELU}Ub]n]Ly9���xi��OELrIr
025$i%UbfÀA^]4HX0L���ÊA��,A^]W1h_
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1

2

3 4

5

6

8

9

10

1 3 4

6 8

(a) (b)

*

loop-independent

loop-carried

*

flow

anti

output

�}8bVW>XF�0��n�}Ng0Yym021+HX021+A^0�VLFIEGy%C+r�tx]LF¿0^Ú4EL57y'Ub0�Ub]n]Ly9�%�ÊE���F�0YVW8or
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2.0 instr./cycle

L1

L2 L3

L4

(a) (b)

L4’

Assembly

L1:

Inst.

1

2

3
4

5
6
9

10

IT

0

2

0
0

2
3
3
4

ld

beq

ld
ld

add
st
add
blt

r2, mem(A+r3)

r2, 0, L3

r4, mem(B+r3)
r5, mem(r1+r3)

r6, r5, r4
mem(B+r3), r6
r3, r3, 4
r3, r7, L1

�}8bVW>XF�0 � � �X]LFI5É8B1XV�UBEGF�VL0YF�i'Ub]4A�M4rstuF�]W5 _
FIELA^02rY�.�ÊE��sA^]W1h_
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(a) (b)

L1

2.0 instr./cycle

Assembly

L1:

Inst.

1

2

3
4
5

6

9
10

IT

0

2

0
0
2

3

3
4

ld
ld
ld
add

st

add
blt

r2, mem(A+r3)
r4, mem(B+r3)
r5, mem(r1+r3)
r6, r5, r4

mem(B+r3), r6

r3, r3, 4
r3, r7, L1

peq p1, r2, 0
(p1)

st mem(B+r3), 0 (p1) 38

�}8bVW>+F�0,�X� �X]LFI5É8B1XV7UBEGF�VL0YF�i'Ub]4A�M4r�>+r�8B1+V&y'F�02H+8BAYEG_�8b]W19�c�ÊE���ELr�r
025�i'UbfÂA^]nHX0L���xi���A^]W1h_
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(a) (b)

3.75 instr./cycle

L1:

Inst. Assembly IT

0
0
0
0
0
2
2
2
2
3
3
3
3
3
3
3
4

2.0 instr./cycle

Assembly

L1:

Inst.

1

2

3
4
5

6

9
10

IT

0

2

0
0
2

3

3
4

ld
ld
ld
add

st

add

r2, mem(A+r3)
r4, mem(B+r3)
r5, mem(r1+r3)
r6, r5, r4

mem(B+r3), r6

r3, r3, 4

peq p1, r2, 0
(p1)

st mem(B+r3), 0 (p1) 38

21

22

23
24
25

26

29
30

4

6

4
4
6

7

7
8

ld

ld
ld
add

st

add
blt

r9, mem(A+r8)

r4, mem(B+r3)
r5, mem(r1+r3)
r6, r5, r4

mem(B+r3), r6

r3, r3, 4
r3, r7, L1

peq p1, r2, 0
(p1)

st mem(B+r3), 0 (p1) 728

bge r3, r7, L100

ld r2, mem(A+r3)

ld r2, mem(A+r3)

ld r4, mem(B+r3)
ld r5, mem(r1+r3)
ld r11, mem(r1+r8)
add r6, r5, r4
add r12, r11, r5
peq p1, r2, 0
peq p2, r9, 0

6 st mem(B+r3), r6 (p1)
26 st mem(B+r8), r12 (p2)

st mem(B+r8), 0 (p2)28
st mem(B+r3), 0 (p1)8

9 add r3, r8, 4
10 bge r8, r7, L100
29 add r8, r3, 4
30 blt r3, r7, L1

1
21
3
4

24
5

25
2

22

Copy 0

Copy 1
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�+�



linect = wordct = charct = token = 0;

{
for (;;) 

if (−−(fp)−>cnt < 0)
c = filbuf(fp);

B:

}

charct++;
if (c == EOF)   break;

if ((’ ’ < c) &&

D:
E:

F:

H:

token = 0;

}

linect++;
if (c == ’\n’)

(c != ’\t’))   continue;
else if ((c != ’ ’) &&

K:

G:
I:
J:
L:

M:

{
 (c < 0177)) 

wordct++;
token++;

}
continue;

{
if (! token) 

else 
c = *(fp)−>ptr++;

A:
C:

�}8bVW>XF�0$�n��[n]W>XFIA^0"A^]4HX0"tx]LF�_�CX0$8o1+1X0YF�Ub]n]Lyv]Lt a@�2:
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p4(OR),p2(U),r4,127
p4(OR),p1(U),32,r4

(b)(a)

add
blt

add
beq
add
bge
bge
bne
add
add
jmp
beq
bne
mov
jmp
add
jmp
bne
jmp
st
st
mov
jsr
mov
ld
ld
jmp

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

A:

B:

D:
E:

F:
H:
K:

G:
J:

M:

I:

L:

C:

A

A

M

M

filbuf

D

r6,r6,−1
r6,0,C
r4,mem(r7+0)
r7,r7,1
r4,−1,EXIT
r1,r1,1
32,r4,G
r4,127,G
0,r8,A
r2,r2,1
r8,r8,1

r4,10,I
r4,32,L
r8,0

r3,r3,1

r4,9,A

mem(r5+0),r6  
mem(r5+4),r7
Parm0,r5

r4,Ret0
r6,mem(r5+0)
r7,mem(r5+4)

ld_c
C

A

B

14

14

105K

105K

D

E

F

H

K

G

I J

L

M

1
105K

77K
28K

0
77K

61K 16K

16K

4K 24K

4K 22K
2K

252K

28K

EXIT

1
2
3
4
5
6
7
8
9

10
11
13

14

15

17

19

13’

0

16

A:

(p6)

(p2)
(p1)

(p4)

(p3)
(p3)

(p7)

p3(U),−,0,r8

(p5)
(p8)

p6(OR),p5(U),r4,10

p4,p6
r6,r6,−1
r6,0,C
r4,mem(r7 + 0)
r7,r7,1
r4,−1,EXIT
r1,r1,1

r2,r2,1
r8,r8,1
p7(U),−,r4,10
r3,r3,1

(p4)

r8,0
p6(OR),−,r4,9
p6(OR),p8(U),r4,32

A

add
blt

add
beq
add

mov
jmp

add
add

add

pge
pge
pne

peq

peq
pne
peq

pclr

ld_c

(c)

Register contents:

r5 = fp r1 = charct
r2 = wordct
r3 = linect
r4 = c

r6 = fp−>cnt
r7 = fp−>ptr
r8 = token

Predicate association:

p1 F
H
K
G

p2
p3
p4

J
M
I
L

p5
p6
p7
p8 

�}8bVW>XF�0z�h��p�1+1X0YFOUb]h]LyÁr
0YVW5z021h_O]Ltea@�L�¿�ÊE���ELr�r
025�i'UbflA^]4HX0L�¿�xi���A^]W1�_
F�]WU �%]�= VLFIEGy'Cc���ÊA���ELr�r
025�i'UbflA^]4HX0
EGtx_
0YF?8btu36A^]W1�PL0YFDr�8b]W1c:
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(a) (b)

1
2

4
3

5
6
7
8
9

10
11
12
13
14
15

bge
ld_c
beq
beq
bge
st_c
bge
ld_c
beq
beq
bge
st_c
add
add
jmp

A:

r1, r1, 2
r2, r2, 2

r1, r5, EXIT1

r3, 10, EXIT2
r3, 0, EXIT3
r2, r6, EXIT4

r1, r7, EXIT5

r4, 10, EXIT6
r4, 0, EXIT7
r2, r8, EXIT8

A

r3, mem(r1−2)

mem(r2−2), r3

r4, mem(r1−1)

mem(r2−1), r4

Copy 0

Copy 1

(p1)

A:

1
3
4
5
6
7
9

10
11

0
1’
2
3’
4’
5’

8
9’

10’
11’
16

7’

12
13
14
15

6’

Decode:

beq
beq
bge
st_c
bge
beq
beq

bge

jmp

ld_c

ld_c

st_c
add
add

st_c
jmp

jmp

pge

peq
peq
pge
pge

peq
peq
pge

pclr

r1, r1, 2
r2, r2, 2

p1(OR), r3, 10
p1(OR), r3, 0

p1(OR), r4, 10
p1(OR), r4, 0

p1(OR), r1, r5

p1(OR), r2, r6
p1(OR), r1, r7

p1(OR), r2, r8

p1

A

Decode

r1, r5, EXIT1
r3, 10, EXIT2
r3, 0, EXIT3
r2, r6, EXIT4

r1, r7, EXIT5
r4, 10, EXIT6
r4, 0, EXIT7
EXIT8

r3, mem(r1−2)

r4, mem(r1−1)

mem(r2−2), r3
mem(r2−1), r4

mem(r2−2), r3

Copy 1

Copy 0

�}8bVW>XF�0��n��J�ÚXEL5zy'Ub0�]Lt¿i+FIEL1'AICÀA^]W5$i'8o1+8B1XV7txF�]W5 )�^Y� �}�}�ÊE���]LFI8bVW8o1+ELU.ELr�r�025$i'UBfvA^]nHX0L���xi���ELr�r
025�i'UbfvA^]4HX0
EGtx_
0YF�i+FIEL1'AICvA^]W5�i'8B1+8o1XVX:
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12.5

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

00
8.

es
pr

es
so

02
3.

eq
nt

ot
t

05
2.

al
vi

nn

05
6.

ea
r

07
2.

sc

cm
p

eq
n

gr
ep le

x

w
c

Benchmark

S
p

ee
d

u
p

Best Non-Predicated Predicated

��8BVW>XF�0"×n��w�0YF�tx]LFI57EL1+A^0�8B5zy+F�]°PL025z021h_�]Lt�y'F�02H+8BAYEG_
02HK0^Ú402AY>X_�8b]W1lr�>Xy+ym]LF�_�tx]LF�EL1l�°368Br�rI>X0,y+F�]4A^02r�r
]LF2:
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Source-level
dependence analysis

Extract dependence
arcs and propagate

to low-level IR

Maintain dependence
arcs through low-level

transformations

Use dependence arcs
to aid optimization

and scheduling

��8BVW>XF�07�Y�4� � PL0YF�Pn8B0Y=�]Lt¸_�C+0"VL021X0YFIEG_�8b]W1lEL1+Hv57EL8B1h_
021+EL1+A^0$]Lt}H+0Yy�021'HX021+A^0,8B1Xtx]LFI57EG_�8b]W19:
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for (i=0; i<n; i++)
   {
       Load A[i]
        
       Store A[i+2]
   }

2

(b)(a)

for (i=0; i<n; i++)
   {
       Load A[i]
        
       Store A[i]
   }

0

(c)

for (j=0; j<n; j++)
   {
       for (i=0; i<m; i++)
          {
              Load A[j]
        
              Store A[j+2]
          }
   }

2

1

�}8bVW>XF�0R�L�G�zks]4HX0ÉrIAICX02H+>'UB8B1XVK0^ÚXEL5zy'Ub02r2�s�ÊE��$Ub]h]Ly+368B1+HX0Yym021+HX021h_OHX0Yym021+HX021+A^0L���xi��,Ub]n]LyX36AYEGF�FD8b02H HX0Yym02143
HX021+A^0Ä�ÊA��s]W>X_
0YF
36Ub]n]LyX36AYEGF�FD8b02HvHX0Yym021+HX021'A^0L:
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for (i=0; i<n; i++)
   {
       Load A[i]

       Store A[j]

       Load A[i]
   }

?

?

��8BVW>XF�07�2�n��@�02H+>+1+H+EL1h_�Ub]WELHK02Uo8B578B1+EG_�8B]W1É0^ÚXEL5zy'Ub0L:
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� EGi'UB07�G��Ng02r�8bF�02HvH+0Yy�021'HX021+A^0,8B1Xtx]LFI57EG_�8b]W19:

k�EG_
0YVL]LF�f w¸]WrIr�8bi'Ub0 �¿ELUB>+02r
_6fny�0 �']�="�%EL1�_�8��X]W>+_
y'>X_Y�+8B1Xy%>X_
H+8Br
_�EL1+A^0 �Ê8B1�_
0YVL0YF^�D�%>+1XM41X]°=�1
AYEGF�F�f48B1XVzUb]n]Ly 1X]W1X0L�.�ÊUb]n]Lyl8BHX021h_�8 � 0YF^�
A^0YF�_�EL8B1h_6f HX0 � 1+8b_
0L�X57E�fhim0
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(a) (b)

for (i=0; i<10; i++)
   {
      Store A[i+2]

      Load A[i]

      Load A[i+1]
   }

2

1

1

for (i=0; i<10; i=i+2)
   {
      Store A[i+2]

      Load A[i]

      Load A[i+1]

      Store A[i+3]

      Load A[i+1]

      Load A[i+2]
   }

1

0

0

1
1

1

Copy 0

Copy 1

��8BVW>XF�07� � ��e.]h]Lyl>'1XF�]WUBUB8o1XV$0^ÚXEL5zy'Ub0L���ÊE��s]LFI8bVW8B1'ELUcA^]nHX0L���xi��sA^]nH+0$EGtu_
0YFgUb]n]Lyv>+1XF�]WUBUo8B1XVX:

	G�
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No Arcs Arcs 17.8

�}8bVW>XF�07�^�X��p~1h_
0YVL0YF�im021+ADC+57EGF�MÂr
ym0Y02H+>Xy%r�tx]LF�EL1l�°368or�r�>X0,y+FI]nA^02r�r�]LF2:

	4�



Benchmark
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No Arcs

Arcs

6.5

�}8bVW>XF�07��	n� ��UB]WEG_�8B1XVG3�ym]W8B1h_�i�021'AIC+57EGFIM|r
ym0Y02H+>Xy%r�tu]LF�EL1R�°368Br�r�>X0,y'F�]nA^02rIr
]LF2:
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