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Program transformations for

vectorization - dependencies  °

True data dependencies: read-after-write (RAW)
Anti-dependence: write-after-read (WAR)
Output dependence: write-after-write (WAW)

Loop-carried dependence: a dependence of one
of the above types occurs from one iteration to
another
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Common program transformat

vectorization

Variable Renaming
Statement Reordering
Loop Distribution
Loop Reordering
Scalar Expansion
Variable Copying
Index Splitting
Node Splitting
Loop Unrolling

10 Loop Peeling
11.Loop Rerolling
12.Loop Collapsing
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ADVANCED COMPUTING RESE

FORI=1TO 100 DO

FORJ=1TO 100 DO Loop carried RAW dependence
X(1,3+1) = X(1,9)*Y(1,J)
ENDFOR
ENDFOR

FORJ=1TO 100 DO

FOR | = 1 TO 100 DO Inner loop now has no dependence
X(1,3+1) = X(1,3)*Y(1,J)
ENDFOR
ENDFOR

FOR J =1 TO 100 DO
X(1:100,J+1) = X(1:100,J)*Y(1:100,J)
ENDFOR

UNIVERSITY of HOUSTON
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Matrix- VeCtOr -

o
yli) = (A7) = x2(7)), for all i € [1. P
i=1
FORI=1TO P DO

Y()=0
FORJ=1TO QDO
Y(1) = Y(I)+A(I,J)*X(J)

ENDFOR
ENDFOR
FORI1=1TOP DO Y(1:P)=0
Y()=0 FORJ=1TO QDO
ENDFOR Y(1:P) = Y(L1:P)+A(1:P,J)*X(J)
FORJ=1TO QDO ENDFOR

FORI=1TO P DO

Y() = Y(D+A®,I)*X(J) q
ENDFOR Yl Py=3% (Al: P.j) = =(7)).
ENDFOR =

UNIVERSITY of HOUSTON
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Matrix-Vector mul

o
y(i) =y (A7) < z(4)),

i=1

for all i € [1. P]
FORI=1TO P DO

Y()=0 A(1,)
FORJ=1TO QDO X(J) :n—_:.-_. Y()

Y(1) = Y()+A(,J)*X(J)

ENDFOR

ENDFOR

Y(1:P) =0 |

FORJ=1TO QDO ALP.J) :n—_:._, Y(1:P)
Y(L:P) = Y(L:P)+AL:P,*X@)  X() :

ENDFOR Y(1:P)

UNIVERSITY of HOUSTON
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Scalar Expan

|
I .
i |
, < x g
FORI=1TON DO Z
[1] X =Y()*Z(1)
[2] U(l) = X+1 X -
[3] V(1) = X*(U(I)-2) l -
ENDFOR T— R

B UNIVERSITY of HOUSTON
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FORI=1TONDO l
[1] X =Y()*Z(l) Y |

[2] U() = X+1 | ,
[3] V() = X*U(1)-2) | -
ENDFOR Z

v

FORI=1TO N DO v
[1] TX() = Y()*Z()) TX
[2] U(@)=TX()+1 1 —
[3] V(1) = TX({)*(U()-2)
ENDFOR

X Is “promoted/expanded” from a scalar

value to an array TX

The transformed loop can be vectorized

TX(1:100) = Y(1:100)*Z(1:100)
U(1:100) = TX(1:100)+1
V(1:100) = TX(1:100)*(U(1:100)-2)

UNIVERSITY o HOUSTON




FORI=1TO N DO
[1]  X{1) = Y()*Z(l)
[2] U() = X(D)+X(1+1)

ENDFOR

UNIVERSITY
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Anti-dependence on

X I
| .
v I
, -
Z »
X " [
-
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Variable i‘Cop

FORI=1TONDO l
(1] X(1) = Y (1)*Z(l) Y |

[2] U(l) = X()+X(1+1) |
ENDFOR | B

TX(1:100) = X(2:101)

FORI=1TO N DO X I
[ X() = Y()*Z(1) ( + g

i e 0 .
ENDFOR TX
No anti-dependence U h

TX(1:100) = X(2:101)
U(1:100) = X(1:100)+TX(1:100)

UNIVERSITY of HOUSTON
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FOR | =1 TO 200 DO > ~
[1] Y(I) = X(201-)+Z(I) N X
[2] X(I) = Z(-1)+2 ’ — N X o
ENDFOR x L _
Y y »
>—

. UNIVERSITY of HOUSTON
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Index Splitting

|
FOR | = 1 TO 200 DO - l
[1] Y() = X(201-D)+Z(I) "=, .
2] X(I) = Z(I-1)+2 P X
ENDFOR X - _
Split index Y
FOR | = 1 TO 100 DO > —
[1] Y() = X(201-)+Z(1) Il
2] X() = Z(-1)+2 Z -
ENDFOR | — « x B
FOR | = 101 TO 200 DO X
[1]  Y() = X(201-1)+Z(1) e
2] X(I) = Z(I-1)+2 > —
ENDFOR

UNIVERSITY of HOUSTON 2 n
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Index Spllttlng

FORI=1T0O 200 DO - l
[1] Y(I) = X(201-D)+Z(1) T .
[2] X(I) = Z(I-1)+2 . — ﬁn_
ENDFOR X
IS >
Vectorized . ) ———»
Y(1:100) = X(200:101:-1)+Z(1:100)

X(1:100) = Z(0:99)+2 > ——

g
: :
” «— | :n_
Y(101:200) = X(100:1:-1)+Z(101:200) —
X(101:200) = Z(100:199)+2
Y

UNIVERSITY of HOUSTON 2 n
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Node Spllttlng

FORI=1TO 100 DO
[1] Y() = X()+Z(1)*U(])
[2]  X(1+1) = Y(I)*(U(1)-Z(1))

Has true dependence (RAW)
on Y and loop carried on X

ENDFOR
Node splitting Partial vectorization
FOR | =1 TO 100 DO T1(1:100) = Z(1:100)*U(1:100)
T1() =Z()*U() T2(1:100) = U(1:100)-Z(1:100)
T2(1) =U()-Z(l) FOR | =1 TO 100 DO
[1] Y({) =X{0+T1() [1] Y({) =X({0+T1()
[2] X(1+1) = Y()*T2(l) [2] X(1+1) = Y()*T2())
ENDFOR ENDFOR

UNIVERSITY of HOUSTON
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FORI1=1TON DO
SUM = SUM+X(I)
ENDFOR

The loop unrolled to depth 4

FORI1=1TO N-3 STEP 4 DO
SUM = SUM+X()+X(1+1)+X(1+2)+X(1+3)
ENDFOR

FORJ=1TONDO
SUM = SUM+X(J)
ENDFOR

Code for handling the remainder
when N isn’t a multiple of 4.

UNIVERSITY of HOUSTON
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Vectorized and depth 6 unro

FORJ=1TORDO
A(1:P,J) = 0.
ENDFOR
FORK =1TO Q-5 STEP 6 DO
FORJ=1TORDO
A(L:P,J) = A(L:P,J)+B(1:P,K)*C(K,J)+B(1:P,K+1)*C(K+1,J)+

Vectorizable MM

FORJ=1TO R DO
FORI=1TOP DO

ENggéf; O' B(1:P,K+2,J)*C(K+2,J)+B(1:P,K+3)*C(K+3,J)+
ENDEOR B(1:P,K+4)*C(K+4,J)+B(1:P,K+5)*C(K+5,J)
ENDFOR
EN DFOR 1604 e e Dngm;;----- ]
Outer Product MM e

1404

FORK=1TO QDO
FORJ=1TORDO
FOR1=1TOP DO

NE1ops

A1) = A(1,J)+B(1,K)*C(K,J)

ENDFOR
ENDFOR
ENDFOR

UNIVERSITY

1104

1004

104

g0

]
11

T
El

T T T T T
Zll &1 311 J&1 ill dELl

Loop Lapgth

T T
111 181

of HOUSTON



COSC 6365
Lecture 13 @

A ﬁfﬁ 2008-02-26

ADVANCED COMPUTING RESEARCH LABORATORY

Loop Unrolling
Matrix-Vector Multiplication, vectorized
Y(1:P) = 0. 10 (VL)

1
FORJ=1TO QDO P

Y(1:P) = Y(L1:P)+A(1:P,J)*X(J) v
ENDFOR

Matrix-Vector Multiplication, unrolled and vectorized
Y(1:P) = 0.

FOR J=1TO Q-3 STEP 4 DO —

Y(L:P) = E
Y(1:P)+A(L:P,I)*X(I)+A(L:P,J+1)*X (J+1)+ 210 b
A(L:P,J+2)*X(3+2)+A(1:P,J+3)*X(J+3) unrol
ENDFOR

FORJ=1TO QDO
Y(1:P) = Y(L:P)+A(L:P,)*X(J) Q
ENDFOR

v

UNIVERSITY of HOUSTON
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Operation Cycles

Load A(:,J) 12+VL

Multiply A(:,J)*X(J) 7 (chained with 1st |oad)
Load Y(:) 12+VL

Add A(:,J)*X(J) to Y(©) 6 (chained with 2" |oad)
Store Y(©) 12+VL

Stall for store 4 (store depend on add)
Total 46+3VL

N
T —1m+[ -‘[15+-1I3J+3“|.'

UNIVERSITY
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Loop Unrolling

Operation Cycles
Load Y(:) 12+VL
Load A(:,J) 12+VL

Multiply A(:,J)*X(J)
Add Y()+A(,D)*X(J)

7 (chained with load)
6 (chained with load)

Load A(;,J+1)

Multiply A(;,J+1)*X(J+1)
Add Y(O)+A(:,J+1)*X(J+1)
Stall for load-mult-add chain

12+VL
7 (chained with load)
6 (chained with load)
4

Load A(;,J+1)

Multiply A(:,J+1)*X(J+1)
Add Y()+A(:,J+1)*X(J+1)
Stall for load-mult-add chain

12+VL
7 (chained with load)
6 (chained with load)
4

Load A(:,J+1)

Multiply A(:,J+1)*X(J+1)
Add Y()+A(:,J+1)*X(J+1)
Stall for load-mult-add chain

12+VL
7 (chained with load)
6 (chained with load)
4

Store Y(3)
Stall for load-mult-add chain

Total

UNIVERSITY

12+VL

4 (store depend on add)

140+6VL
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Matrix-Vector
Multiplication,
unrolled and
vectorized

Nj4 .
Tw =10+ [H-‘ (15 + 104) + 6(N/4)

of HOUSTON



COSC 6365
Lecture 13 @

2008-02-26

FORI1=1TOP DO
FORJ=1TO 4 DO
C(1,J) = 0.
FORK =1TO 4 DO
C(1,3) = C(1,J)+A(I,K)*B(K,J) _ | |y
ENDFOR B
ENDFOR

ENDFOR

UNIVERSITY o/ HOUSTON



FORI=1TOP DO
FORJ=1TO 4 DO
C(1,J) = 0.
FORK=1TO 4 DO
C(1,9) = C(1,J)+A(I,K)*B(K,J)
ENDFOR
ENDFOR
ENDFOR

188

original —
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Unrolling K and

FORJ=1TO 4DO
C(L:P,J) = 0.
ENDFOR

C(1:P,1) = A(L:P,1)*B(1,1)+A(1:P,2)*B(2,1)+
A(1:P,3)*B(3,1)+A(1:P,4)*B(4,1)
C(1:P,2) = A(L:P,1)*B(1,2)+A(1:P,2)*B(2,2)+
A(1:P,3)*B(3,2)+A(1:P,4)*B(4,2)
C(1:P,3) = A(1:P,1)*B(1,3)+A(L1:P,2)*B(2,3)+
A(1:P,3)*B(3,3)+A(L:P,4)*B(4,3)
C(1:P,4) = A(L:P,1)*B(1,4)+A(1:P,2)*B(2,4)+
A(1:P,3)*B(3,4)+A(1:P,4)*B(4,4)

of HOUSTON
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FORJ=1TORDO
FORI1=1TOP DO
A(1,J) = 0.
ENDFOR
ENDFOR

Collapsed Loops

A(1:PR) = 0.

UNIVERSITY o/ HOUSTON
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Loop Peellg

FORI=1TO P DO

FORJ=1TORDO j=1 S1  X(1,1) = Y(1,1)+3*Y(I-1,1)
FORI1=1TOP DO sS4 z(1,1) = X(1,1)
S1  X(1,9) = Y(1,9)+3*Y(I-1,) ENDFOR

IF J<2 THEN GOTO S4
IF J<R THEN GOTO S3
S2  Y(1,9) = X(1,9)
S3  Y(-1,) = Z(1,9)
sS4  z(1,9) = X(1,J)
ENDFOR
ENDFOR

FORJ=2TOR-1DO
FORI1=1TOP DO
S1  X(1,9) = Y(1,9)+3*Y(I-1,)
S3  Y(I-1,9) = Z(1,9)
sS4 z(1,9) = X(1,9)
ENDFOR
ENDFOR

FOR1=1TO P DO
S1  X(,R) = Y(I,R)+3*Y(I-1,R)
__S2  Y(,R)=X(l,R)
=R 53 v(-1,R) = Z(1,R)
S4  Z(L,R) = X(I,R)
ENDFOR

UNIVERSITY of HOUSTON

Conditionals =—= vectorization hard
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Loop Peellng
FORI=1TO P DO

=1 S1  X(1,1) = Y(,1)+3*Y(-1,1)  X(1:P,1) = Y(1:P,1)+3*Y(0:P-1,1)
sS4 Z(1,1) = X(,2) Z(1:P,1) = X(1:P,1)
ENDFOR

FORJ=2TO R-1DO
FORI=1TOP DO
S1  X(I,9) =Y(,9)+3*Y(1-1,J)  X(1:P,2:R-1) = Y(1:P,2:R-1)+3*Y(0:P-1,2:R-1)

S3  Y(I-1,J) = Z(1,9) Y(0:P-1,2:R-1) = Z(1:P,2:R-1)

S4  Z(1,9) = X(1,9) Z(1:P,2:R-1) = X(1:P,2:R-1)
ENDFOR

ENDFOR

FORI1=1TOP DO
S1  X(L,R) = Y(I,R)+3*Y(I-1,R)
S2  Y(,R) = X(,R)

ENDFOR

Y(0:P-1,R) = Z(1:P,R)

Z(1:P,R) = X(L:P,R)

UNIVERSITY of HOUSTON

FOR1=1TO P DO
S1  X(,R) = Y(I,R)+3*Y(I-1,R)
__S2  Y(,R) = X(l,R)
=R 53 v(-1,R) = Z(1,R)
S4  Z(I,R) = X(I,R)
ENDFOR
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Gather: Y(I) = X(K(1)) : X
=
K

Scatter: Y(K(1)) = X(I) AN, : v
W
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N DO

A(IA(1) = B(IB(I))+C(IC(1))

FORI=1TO
ENDFOR
VP-1
Operation Cycles
Load IB into VO 12+VL
Load IC into V1 12+VL

Load B indirect into V2 using VO  12+VL
Load C indirect into V3 using V1  12+VL
Add B and C 6+VL
Stall (add must wait for load) 4
Load IA into V5 12+VL
Store A indirect using V5 12+VL
Total 82+7VL

My
T —1D+[G_1-‘|15+r32|+

UNIVERSITY

VP-3
Operation Cycles
Load IB into VO and IC into V1 12+VL
Load IA into V5 12+VL
Load B indirect into V2 using VO 12+VL

and Load C indirect into V3 using V1

Add B and C chained with load 6
Store A indirect using V5 12
Total 54+3VL

_lﬁ'h
T — 10 + [EW (15 + 54) + 3N,

of HOUSTON
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Vectorizing Condltlo

FORI1=1TON DO
IF (B(I).NE.)) THEN
A(l) = A()/B()

ENDIF
ENDFOR
Mask mode
Operation Cycles
Load A into V1 Load A 12+VL
Load B into V2 Load B 12+VL
Set FO to 0.0 Set FO to 0.0 1
Set VMR to 1 if V2(i).NE.FO0, 0 Set VMR VL
otherwise Divide V1 by V2 under VMR 20+VL
Divide V1 by V2 under mask Setthe VMR to all 1's 1
Set the VMR to all 1’s Store the result 12+VL
Store the result in A Stall (store must wait for divide) 4
Total 62+5VL

UNIVERSITY of HOUSTON



COSC 6365
Lecture 13 @

2008-02-26

ADVANCED COMFPUTING RESEARCH LABI:IRATI:IRY

Vectorizing Condltlona

Compressed index mode

Operation Cycles
Load B into V1 Load A 12+VL
Set FOto 0.0 Set FOto 0.0 1
Set VMR to 1 if V1(i).ne.0, O otherwise Set VMR VL
Create index vector in V2 under mask Create Index vector VL
Count non-zeroes in VMR and set VLR Count non-zeroes and set VLR 1
Set VMR to all 1's Set the VMR to all 1's 1
Load A into V3 indirect using V2 Load A indirect 12+fVL
Load B into V4 indirect using V2 Load B indirect 12+fVL
Divide V3 by V4 Divide A by B 20+fVL
Store the result indirect using V2 Stall (divide must wait for load) 4
Store the result indirect 12+fVL
Stall (store must wait for divide) 4
Total 79+(3+41VL)

UNIVERSITY of HOUSTON
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Vectorizing Condltlon

f | Mask | Compressed | Compr./Mask
index
0.0 10.168 0.234 1.40 Compressed index mode/Mask mode
0.1 [{0.168 0.214 1.28 y
0.2 | 0.168 0.197 1.18 141
03]0168| 0.183 1.09 s
5 . . . é l \\
0.4 | 0.168 0.170 1.02 % 08 —
0.5 | 0.168 0.160 0.95 g %°
0.6 | 0.168 0.150 0.90 .
07 0168 0142 084 ’ 0 01 02 03 04 05 06 07 08 09 1
0.8 [ 0.168 0.134 0.80 f
0.9 {0.168 0.127 0.76
1.0 | 0.168 0.121 0.72

UNIVERSITY of HOUSTON
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