More Loop Unrolling
and Vectorization




Loop Unrolling Review

1i re <- ©
syscall IO.in_int
1i r2 <- ©
1i r3 <- 1

L1: ble rl ro L2
add r2 <- r2 ro
add ré <- ro r3
jmp L1

L2: mov rl <- r2
syscall IO.out_int



Loop Unrolling Review

1i re <- ©
syscall IO.in_int
1i r2 <- ©
1i r3 <- 1

L1: ble rl ro L2
add r2 <- r2 ro
add ré <- ro r3
jmp L1

L2: mov rl <- r2

syscall IO.out_int

Goal: unroll this loop,
without duplicating ble.

Unrolled loop runs for a
multiple of the unrolling
factor.

°ro9, rl, and number of

iterations determine if we
have extra iterations



Data-Flow Analysis for Affine Expressions

Similar to constant propagation. Meet operator:

°Let v|x] be the data-flow

value for variable x.

Values: (for each variable) >Usual rules for T.

’ Un!<nown (T) | oIf vy[x] = v, [x]:

> Affine expression o (01 Avy)[x] = vy [x]
(Co + C1X1 + Coxp + ) > Otherwise,

> Not affine expression (L) o (v Av)[x] = L

Direction: Forward




Data-Flow Analysis for Affine Expressions

Statement Transfer Function

lax<-c f;(w)|x] =c

lix<-c f;(W)|x] =c

ldx<-y[c]  £@)Ix] = v[yle]]

mov x <-y fs()x] = v[y]

addx <-yz f:(v)|x] = vly] + v|[z]

mul x <-yz f:(v)|x] = v]y] - v|z] (ifvly] = corv|z] = ¢)
divx<-yz f:(v)|x] = vlyl/v|z] (ifv|z] = c and v[z] # 0)




Data-Flow Analysis for Affine Expressions

Statement

lax<-c
lix<-c
1d x <- y|c]
mov x <- 7y
addx <-yz
mulx<-yz
divx<-yz

Transfer Function

fs(w)lx
fs()lx.
fs()l
fs()l
fs()l
fs(v)lx:

=SS

1/v[z] (if v[z] = c and v[z] # 0)




Loop Example

1i re <- ©
syscall IO.in_int
1i r2 <- ©
1i r3 - 1

L1: ble rl ro L2
add r2 <- r2 ro
add ré <- ro r3
jmp L1

L2: mov rl <- r2
syscall IO.out _int



Loop Example (CFG)

1li r@ <- ©
syscall I0.in_int
1li r2 <- ©
1i r3 <- 1

i

L1: ble rl ro L2 —

lrlirO
add r2 <- r2 ro
add re <- ro r3 r1 <r0
jmp L1

L2: mov rl <- r2 -
syscall IO.out_int




Loop Example (DFS Tree)
0 1i ro <- @

syscall I0.in_int
1li r2 <- ©
1i r3 <- 1

v

Ql: ble r1 ro L2
|

rlirO,

e add r2 <- r2 ro

add r@ <- ro r3
jmp L1
|

*1‘137‘0

2: mov rl <- r2
syscall IO.out _int




Loop Example (Loop Detection)

Q lire <0 Back Edge: 4 — 2
syscall I0.in_int
1i r2 <- © —
li :3 Z 1 loop = 12, 4]

v
Ql: ble ri ro L2

Q add r2 <- r2 ro QZ: mov rl <- r2
add r@ <- ro r3 syscall IO.out _int
jmp L1
|




Loop Example (Loop Detection)

Q 11 re <- @ Back Edge: 4 — 2
syscall I0.in_int
1i r2 <- © loo = {72 4
1i r3 <- 1 p =124}
v
Ql: ble rl r@ L2
rl €70 ¢ |
Q add r2 <- r2 ro QZ: mov rl <- r2
add r@ <- ro r3 syscall IO.out _int
jmp L1




Loop Example (Data-Flow Analysis)

v Var fn (V) fn (V)
61: ble rl ro L2 52 B4
r1$r01 ro
9 add r2 <- r2 re rl
add r@ <- ro r3 r2
jmp L1
| r3




Loop Example (Data-Flow Analysis)

v Var fn (V) fn (V)
61: ble rl ro L2 52 B4
< rol ro v|r0]
a add r2 <- r2 ro rl v[rl,
add r@ <- ro r3 r2 v|[r2]
jmp L1 o
| r3 v|r3]




Loop Example (Data-Flow Analysis)

61: ble rl ro L2
r1$r01 ro
a add r2 <- r2 re rl
add r@ <- ro r3 r2
imp L1
Jjmp | r3

S S S S

+ Var  fp,®  fp,®)

70
1
2
3

v[r0] + v[r3]
v[rl]

v|r2] + v[r0]
v[r3]




Loop Example (Data-Flow Analysis)

0 1i ro <- 0

syscall I0.in_int
1i r2 <- © Var IN[B2] ouT[B4]
1i r3 <- 1 O

01: ble rl 1r'e L2 :i
4

r1 $r01
r3
add r2 <- r2 ro

add r@ <- ro r3
jmp L1
|




Loop Example (Data-Flow Analysis)

Q 1i ro <- 0

syscall I0.in_int

1i r2 <- © Var IN[B2] ouT[B4]
st re  O0AT=0 1
1 rl AT =1 1
01: ble rl ro L2 ~ OAT =0 0
r1$r01
r3 IANT=1 1
e add r2 <- r2 roe
add r@ <- ro r3
jmp L1
|




Loop Example (Data-Flow Analysis)

Q 1i ro <- 0

syscall I0.in_int

1i r2 <- © Var IN[B2] ouT[B4]
1113 <1 0  O0Al=1 1
1 rl 1AL=1

r1$r01
r3 IAN1=1
add r2 <- r2 roe

add r@ <- ro r3
jmp L1
|

1
01: ble rl1 roe L2 ~ OAOD =0 1
0o -




Loop Example (Data-Flow Analysis)

0 1i ro <- 0

syscall I0.in_int Total
1i r2 <- © - failure! »ut[B4]
1i r3 <- 1

!

: ble rl ro L2
r1$r01

add r2 <- r2 ro
add r@ <- ro r3
jmp L1

|

©@Q




lterated Transfer Functions

Track data-flow values as functions of number of iterations.

o After 1 iteration:
fz, W) [r0] = vo[1r0] + vo[r3] = vy[r0] + 1

o After 2 iterations:
fBZ4 (UO)[TO] — (v() [T'O] + 1) + 1 = Vo [T'O] + 2

oAfter [ iterations:
5, (W) [r0] = vo[r0] +i



Handling Iteration

Symbolic constants:

If f(v)[x] = v[x], ft(wo)[x] = volx]
Basic induction variables:

oIf f(0)[x] = ¢ + v[x], frwo)lx] = ci + vo[x]

Induction variables (if y; ... are basic induction variables or
symbolic constants and x % y;):

Af fFW)[x] = co + crvlyr] + -+, frwollx] = co + e f (o) ye] + -



Loop Example (Data-Flow Analysis)

v

Var /g, () fs,(w0)

61: ble rl ro L2
< rol roe  v[r0] + v[r3]
a add r2 <- r2 re rl v[ri]
add r@ <- ro r3 r2  v|r2] + v[r0]
jmp L1

| r3 v[r3]




Loop Example (Data-Flow Analysis)

v

Var /g, () fs,(w0)

61: ble rl ro L2
< rol roe  v[r0] + v[r3]

a add r2 <- r2 re rl v|ri] vo[rl]
add r@ <- ro r3 r2  v|r2] + v[r0]
jmp L1

| r3 v[r3] vo[73]




Loop Example (Data-Flow Analysis)

‘
Ql: ble ri re L2 By fB,(vo)
r1£70 re  v[r0] + v[r3] vo[r0] + vy[r3li
a add r2 <- r2 ro rl v|rl] vo[ri]
add r@ <- ro r3 r2 v[r2] + v[r0]
' L1
- | r3 v|[r3] Vo[r3]




Loop Example (Data-Flow Analysis)

‘
le ble rl re L2 fB4( ) fB,(Vo)
rl £ rOl ro  v[r0] +v[r3] vo[r0] + vo[r3]i
a add r2 <- r2 ro ri v[rl] vo[ri]
add r@ <- re r3 r2 ‘U[T2]|+v[‘r0] 1
jmp L1
| r3 v|[r3] Vo[r3]




Finding the Number of Iterations

Use f! to compute value on back edges.

We want to find i,,,,, such that:

fiwo)lrll £ f(vo)[r0]




Finding the Number of Iterations

Use f! to compute value on back edges.

We want to find i,,,,, such that:

fi(wo)lrl] £ fi(vo)[ro]
Volr1l] £ volr0] + vy [r3]ingy

volr1]—vp|7r0]

Vo [7,.3] > lmax

Volrl] = ippax +1



Loop Unrolling

li ro <- ©

syscall IO.in_int L

1i r2 <- © Now we know initial value of

1lir3 <1 rl sets number of iterations.
L1: ble reo L2 _ ,

add 12 <- r2 ro > Check it against the loop

add r@ <- ro r3 unrolling factor to handle extra

Jmp L1 iterations.

L2: mov rl <- r2
syscall IO.out_int



Loop Unrolling

1li ro <- 0
syscall I0.in_int
1li r2 <- 0

: Unrolling factor
1i r3 <- 1 w/////
1i r4 <- 3; factor

div r5 <- rl r4
mul r5 <- r5 r4
sub r5 <- rl r5 T r5<-r1 modr4
bz r5 L1

add r2 <- r2 ro
add r@ <- ro r3
beq r5 ro L1 —— Handle extra iterations.
add r2 <- r2 ro
add r@ <- ro r3
L1: beq rl ro L2




Auto-Vectorization




Automatic Vectorization

Similar to loop unrolling:
o Consecutive iterations with

independent arithmetic. let x : List <- getlist() in
> Perform arithmetic for while not isvoid(x) loop {
several iterations together in X.1incrBy(2);

vector. X <- x.next();

> Usually implemented over } pool

arrays.



Automatic Vectorization

Similar to loop unrolling:

o Consecutive iterations with
independent arithmetic. let x : Li

Inline these.

> Perform arithmetic for while not isvod(x) loop {
several iterations together in X.1incrBy(2);

vector. X <- x.next();

> Usually implemented over } pool

arrays.



Automatic Vectorization

Similar to loop unrolling:
o Consecutive iterations with

independent arithmetic. let x : List <-PBetlist() in
> Perform arithmetic for while not isvoid(x) loop {
several iterations together in X.1incrBy(2);

vector. X <- x.next();

> Usually implemented over } pool

arrays.




Automatic Vectorization (Cool ASM)

1i t1 <- 2

L1: bz ro L2
1d t2 <- re[3]
add t3 <- t2 t1
st ro[3] <- t3
1d t4 <- ro[4]
1d t5 <- t4[3]
add t6 <- t5 t1
st t4[3] <- t6
1d r@ <- t4[4] ; x<-x.next()
jmp L1

X.incrby(2)

o o

X<-x.next()
X.incrby(2)

o o

o o



Automatic Vectorization (Cool ASM)

1i t1 <- 2 1i t1 <- 2
L1: bz re L2 L1: bz ro L2

1d t2 <- ro[3] X.incrby(2) 1d t4 <- ro[4]
add t3 <- t2 t1 1d t2 <- re[3
st ro[3] <- t3 1d t5 <- t4[3
1d t4 <- re[4] ; Code add t3 <- t2 t1
1d t5 <- t4[3] i reordering add t6 <- t5 t1
add t6 <- t5 t1 st ro[3] <- t3

o o

o

o o

st t4[3] <- t6 st t4[3] <- t6
1ld ro <- t4[4] ; x<-x.next() 1d ro <- t4[4]
jmp L1 jmp L1



Automatic Vectorization (Cool ASM)

1i t1 <- 2
1. Group arithmetic together. tt:bzretz
1ld t4 <- ro[4]
2. Pack temporaries in vector 1d €2 <- re[3
registers. el e &= )]
add t3 <- t2 t1
3. Replace add with vector- add t6 <- t5 t1
add st ro[3] <- t3
' st t4[3] <- t6
4. Unpack vector result. 1d re <- t4[4]
jmp L1



Automatic Vectorization (Cool ASM)

1i vrle <- 2
1. Group arithmetic together. Livril <- 2
L1: bz rO L2
2. Pack temporaries in vector ld t4 <- re[4]
registerS. 1d vree <- ro[3]
1d vrol <- t4[3]
3. Replace add with vector- vadd vre <- vre vrl
add st ro[3] <- vroo
' st t4[3] <- vrol
4. Unpack vector result. 1d re <- t4[4]
jmp L1



A Simple
Interprocedural Analysis




A Simple Interprocedural Analysis

ldea: Treat method calls as control flow.

If method instance is known:

> Add CFG edge from call to top of method bodly.

> Add CFG edge from end of method to statement-after-call.
> Similar to inlining, but without the code bloat.

Extension: “clone” method’s CFG nodes for each invocation.

This analysis has difficulty with recursion.



Interprocedural Example

() : Int {{
tl <- g(9); g(x : Int) : Int {
t2 <- g(1); X + 1
tl + t2; }

3}




Interprocedural Example

() : Int {{
tl <- g(9); l
| g(x : Int) : Int {
t2 <- g(1); X + 1
| }
I
v
tl + t2;
1}




Interprocedural Example

() : Int {{
tl <- g(9); l
| g(x : Int) : Int {
t2 <- g(1); X + 1
| e (511 =0/ 1 =1
!
tl + t2;
}}




Interprocedural Example

() : Int {{
t1 <- g(0); L, /8(x : Int) : Int {
X + 1
[ }
t2 <- g(1);
| Jg(x : Int) : Int {
X + 1
* }
tl + t2;
3}




Interprocedural Example

() : Int {{
t1 <- g(@); | L—/8(X X JIrn’i) : Int {
o < D, } [g](x] = 0
| , Jg(x : Int) : Int {
X + 1
v
t1l + t2; J IN[g][x] =1

}}




