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Software Pipelining

+ Software pipelining is an IS technique that reorders

the instructions in a loop.

- Possibly moving instructions from one iteration to
the previous or the next iteration.

- Very large improvements in running time are possible.

* The first serious approach to software pipelining was

presented by Aiken & Nicolau.
- Aiken's 1988 Ph.D. thesis.

- Impractical as it ignhores resource hazards (focusing
only on data-dependence constraints).
+ But sparked a large amount of follow-on research.
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Goal of SP

* Increase distance between dependent
operations by moving destination operation to a
later iteration

A 2
A< Id[d] ssume all have latency of

B:b<— a*a
C: st [d], b
D:d<— d+4
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Can we decrease the latency?

+ Lets unroll

A: a< Id[d]
B: b<— a*a
C: st[d], b
D: d<— d+4
Al: a < I|d [d]
Bl: b<— a*a
cl: st [d], b
Dl:d< d+4

[al [e] fc]| [o] Jar] [e1]fet] [ot] |
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gow>

Al:
BI:
Cl:
D1:

Rename variables

a< Id[d]
b<— a*a

st [d], b
dl<— d+4
al < Id [d1]
bl < al*al

st [d1], bl
d<— di+4

[a] [e] fe] [of far] [er]fer] Jo1] |

Schedule

A a< Id[d]
B: b< a*a
C: st[d], b
D: dl<— d+4

O-=->)

Al: al < Id [d1] )

Bl: bl < al *al
cl: st [d1], bl
Dl:d< di1+4

A B c D1

D Al B1 c1

-~

QO®®W»X0TQOW®»>OQ®>

tal < Id [d1]
tbl< al*al

1d2<— d1+4
ta2 < Id [d2]
1 b2 < a2 * a2

td<— d2+4

Unroll Some More
a— Id[d]
b<— a*a

st [d], b
dl<— d+4

st [d1], bl

st [d2], b2

A B c D2

D Al B1 c1

D1 A2 B2 c2
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Unroll Some More

Al a< Id [d]
B: b« a*a
C: st [d], b
D: dl<— d+4
Al: al< Id[dl]
Bl: bl< al*al
ct: st [d1], bl
Dl: d2< di+4
A2: a2 — Id[d2]
B2: b2 < a2*a2
c2: st [d2], b2
D2: d< d2+4

B

Al

D1 A2
D2
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Can Rearrange

One More Time
@
®
©
A B C D4
D Al B1 c1
D1 A2 B2 c2
D2 A3 B3 C3
D3 A4 B4 c4
Rearrange
Al a< ld*[d]
. o %
sy e Y @ &
Cl:' st [d1], bl @
o - G4 @ ©
& (slfz[*dgi b2 @ @3
D2: d«— d2+4
A B /C\ D3 @ @
D Al B1 cl @
D1 A2|| |B2 2 ®3
02|) |a3] [B3| |c3
i —

~~—~ 15-745 © Seth C

@
®
©
B c D4
Aat| [et| |a
DIT™ |A2 B2 c2
p2]” |Aa3| B3| |3
D3| [A4] [B4| [c4
Rearrange
A a< Id*[d]
A @ ©
API 311: %}31] e
B bl< al*al @A) ©)
ct: st [d1], bl @
i @ 8
: ~ a*a
a | e @ @& Wb
A B /c\ D3 e
D at| (et et @
pt| |[a2|l [B2] |c2
o2|] [a3] [B3| |c3
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Goal of SP

* Increase distance between dependent
operations by moving destination operation to a
later iteration

" alolo
ol®|o
‘oob

iteration i i+1 i+2

dependencies
in initial loop
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SP Loop

A a< Id[d]
B: be< a*a Prol
D: dl< d+4 rolog
Al al< Id[d1]
DI: d2« di1+4
C st[d], b
Bl: bl< al*al
A2 a2 < Id[d2] Body
D2: d— d2+4
B2: b2< a2*a2
ct: st [d1], b1 Epilog
D3: d2< dl+4
cz: st [d2], b2

A B

D Al

D1 c2
Goal of SP

* Increase distance between dependent
operations by moving destination operation fo a
later iteration

+ But also, to uncover ILP across iteration
boundaries!
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Example

Assume operating on a infinite wide machine

®E®E
HE®®E
O,
©OK)
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Example

9 00 o T
: epilog
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Prolog

Assume operating on a infinite wide machine

ing with exit conditions

i=0 loop:
if (i >= N) goto done A,
Ao By
Bo Ciz
if (i+1 == N) goto last i++
i=1 if (i < N) goto loop
Ay epilog:
if (i+2 == N) goto epilog B,
i=2 Ciq
last:
G
done:

15-745 © Seth Copen Goldstein 2000-5 18

Loop Unrolling V. SP

For SuperScalar or VLIW

* Loop Unrolling reduces loop overhead
+ Software Pipelining reduces fill/drain
* Best is if you combine them

# of
overlapped
iterations

157450 sen Aol i 0005

E==n\
A\ A A

Aiken/Nicolau Scheduling
Step 1

Perform scalar replacement to eliminate memory
references where possible.

for i:=1 to N do for i:=1 to N do
a = j ® Vv[i-1] a:=j@®b
b:=a®f b:=ad®f
c:=e®]j c:i=e®]j
d:=f®c d :=£f®c
e :=b®d e:=b®d
f := U[i] £ := U[i]

g: V[i] :=b g: V[i] :=Db

h: W[i] :=d h: W[i] :=d
j = X[i] j = X[i]
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Aiken/Nicolau Scheduling
Step 2

Unroll the loop and compute the data-dependence
graph (DDG).

DDG for rolled loop:

for i:=1 to N do
a:=3j@®b :
b:=a@f
c:=e®3j b » Pl
d:i=f@c /b d
e:=b@®d g S f
f := U[i]
g: V[i] := b
h: W[i] :=d
Jj o= X[i]
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Aiken/Nicolau Scheduling
Step 2, cont'd

DDG for unrolled loop:

for i:=1 to N do
a:=j@®b
b:=a®f
c:i=e®3j
d:=f@®c
e :=b@®d
f := U[i]
g: V[i] :=b
h: W[i] :=d
: [i]

u.
L[}
(™
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Aiken/Nicolau Scheduling
Step 3

Build a tableau of iteration number vs cycle time.

iteration
1 2 3 45 6
1 [ac£3 £3 £5 £3 £3 £
2 [bd
3 legh a
4 cb
5 dg a
v 6 eh b
7 cg a
©8 d b
9 eh g a
10 c b
11 d g a
12 eh b
13 c g
14 d
15 eh
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Aiken/Nicolau Scheduling

Step 3
n number vs cycle time.
iteration
1 2 3 4 5 6

1 [acfj £3 £5 £ £3 £
2 [bd
3 legh a
4 cb
5 dg a

v 6 eh b

S 7 cg a

©8 d b
9 eh g a
10 c b
11 d g a
12 eh b
13 c g
14 d
15 eh
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Aiken/Nicolau Scheduling
Step 4

Find repeating patterns of instructions.

iteration
1 2 3 45 6
1 [acfj £3 £3 £5 £3 £3
2 bd
3 legh a
4 cb
5 dg a
0 6 eh b
E 7 cg a
v 8 d b
9 eh g a
10 c b
11 d g a
12 eh b
13 c g
14 d
15 eh
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Aiken/Nicolau Scheduling
Step 4

Find repeating patterns of instructions.

iteration
1 2 3 4 5 6
1 lacfy €5 £5 £ £33
2 [bd
3 legh a
4 b,
5 4y n
o 6 eh'\b "\
97 &g A
3 d\ b\,
9 eh\g 'n
10 & b
11 d\ g
12 eh, b
13 & g
14 d
15| eh
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Aiken/Nicolau Scheduling
Step 4

Find repeating patterns of instructions.

iteration
1 2 3 4 5 6
1 [acfy £ €5 E5 €3 £3
2 [bd
3 legh a
4 cb,
5 dyg 'y,

» f} eh’b Go back and
T & relate slopes
9 eh'\g 5 to DDG
10 ¢ b\
11 d\ g g
12 eh b
13 & g

14 d
15| eh
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Aiken/Nicolau Scheduling
Step 5

“Coalesce” the slopes.

cycle

iteration iteration
1 2 3 45 6 1 2 3 4 5 6

1 [acf5 €7 €5 £ €5 €3 1 lacfj
2 bbd 2 bd £5
3 legh a 3 legh a
4 cb, 4 cb £j
5 dy a, 5 dg a
6 eh\b'\ v 6 eh b f£j
7 &g a 37 cg a
8 d\ b, °8 d b
9 eh'\g 'a 9 eh g f£j
10 < b\‘\ 10 c a
11 d\ g a 11 d b
12| eh®, b 12| eh g
13| e g 13| c
14 d 14 d
15| eh 15 eh
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Aiken/Nicolau Scheduling
Step 6

Find the loop body and “reroll” the loop.

iteration
1 2 3 45 6
1 [acfj
2 bd  £5
3 legh a
4 cb £j
5 dg a
o 6 eh b f£j
97 cg a
(i P
9 eh g f£j
10 c a
11 d b
12 eh g
13 c
14 d
15 eh
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Aiken/Nicolau Scheduling
Step 6

Find the loop body and “reroll” the loop.

iteration
1 2 3 4 5 6
1 lacfj
2 bd £
i egh :b £5 <+« Prologue/entry code
5 dg a
v 6 eh b f£fj
T>-L 7 cg a
©8 d b
9 eh g £5 +<— Loop body
10 c a
11 d b
12 eh g
13 c «—— Epilogue/exit code
14 d
15| eh
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Aiken/Nicolau Scheduling
Step 7

Generate code.
(Assume VLIW-like machine for this example. The instructions on
each line should be issued in parallel.)

al := j0 @ b0 cl :=e0 @ jO £1 := U[1] 31 :
bl := al ® £0 dl := £0 ® cl £2 := U[2] j2
el :=bl ® dl V[1] := bl W[1l] :=dl a2 :=
c2 :=el ® j1 b2 := a2 ® f1 £3 := U[3] 33
d2 := f1 ® c2 V[2] := b2 a3 := j2 @ b2
e2 := b2 ® d2 W[2] := d2 b3 := a3 ® £2 f4 : = X[4]
c3 = e2 ® j2 V[3] := b3 a4 := j3 @ b3 i
L:
, = £, ® c; b;,, :=a; ® £
. = b, ® d, W[i] := d; V[i+l] := by, £, 1= U[I+2] 3J;,, := X[i+2]
Ciy 1= € & 3 a5, 1= i ® by o= il if i<N-2 goto L
Ay 1= By @ oy by 1= ay @ £y,
ey1 = by @ dy, WIN-1] :=dy,; VIN] := by
Sy 1= ey @ Jya
dy = £y + oy
ey :=by @ dy w[N] :=dy
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Aiken/Nicolau Scheduling
Step 8

+ Since several versions of a variable (e.g., j; and ji.;)
might be live simultaneously, we need to add new temps
and moves

al : @® b0 cl := e0 @ jO f1 := U[1] 3l := X[1]

bl ® £0 dl := £0 @ cl £2 := U[2] j2 = X[2]

el : ® d1 VI[1] := bl W[1l] :=d1 a2 := jl1 @ bl

c2 : ® 31 b2 := a2 @ f1 £3 := U[3] 33 := X[3]

d2 : ® c2 VI[2] := b2 a3 := j2 @ b2

e2 : ® 42 W[2] := d2 b3 := a3 @ £2 f£4 := U[4] j4 = X[4]
c3 :=e2 ® j2 V[3] := b3 a4 := j3@O b3 i :=3

d; ;= £, ®c b, =a, ® £

e, :=b, @ d W[i] :=d; VIi+l] := by, £5,, = ULT+2] 35, = X[i+2]
Ciyp 1= e @ 3y @y, 1T Ji @ by 1= il if i<N-2 goto L

Ay = fyp @ g by 1= ay @ £y,

eyy := by @ dy; WIN-1] :=dy,; VIN] := by

Sy = ey @ Jya

dy = £y, + ¢y

ey := by @ dy w[N] := dy
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Aiken/Nicolau Scheduling
Step 8

+ Since several versions of a variable (e.g., j; and ji.,)
might be live simultaneously, we need to add new temps

and moves
al := jO @ b0 cl := e0 @ jO f1 := U[1] 3l := X[1]
bl := al ® £0 dl := £f0 @ cl £ 1= U[2] j2 := X[2]
el :=bl ® dl V[1] := bl W[1l] :=dl a2 := jl @ bl
c2 := el ® jl b2 := a2 @ f1 £ :=U[3] 3’ = X[3]
d2 := f1 @ c2 V[2] := b2 a3 := j2 @ b2
e2 := b2 ® d2 W[2] := d2 b3 := a3 @ £/’ £4 := U[4] j4 = X[4]
c3 = e2 ® j2 V[3] := b3 a4 := j° ® b3 i:=3
L:
d; ;= £ & ¢ by, = a @ £ b’ :=b; a'=a; £''=£'; £'=£; j''=3"; j'=3
e; :=b’ @ d; W[i] :=d VIi+l] := by, £5,, 1= ULT+2] 35, = X[i+2]
Cyyy = e B 37 a;,, =3’ @® by, i = i+l if i<N-2 goto L
Ay 1= fup @ oy by 1= ay @ £y
eyq = by, ® dy; W[N-1] :=dy,; VIN] := Dby
Sy 1= ey @ Jy
4y = £ + ooy
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Next Step in SP

AN88 did not deal with resource constraints.
Modulo Scheduling is a SP algorithm that does.
It schedules the loop based on

- resource constraints

- precedence constraints

Basically, it's list scheduling that takes into
account resource conflicts from overlapping
iterations

15-745 © Seth Copen Goldstein 2000-5 34

Resource Constraints

Minimally indivisible sequences, i and j, can
execute together if combined resources ina
step do not exceed available resources.

R(i) is a resource configuration vector
R(i) is the number of units of resource i
r(i) is a resource usage vector s.t.

0 = r(i) = R(i)

Each node in G has an associated r(i)

15-745 © Seth Copen Goldstein 2000-5 35

Software Pipelining Goal

+ Find the same schedule for each iteration.
+ Stagger by iteration initiation interval, s
+ Goal: minimize s.

15-745 © Seth Copen Goldstein 2000-5 36
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Software Pipelining Goal

+ Find the same schedule for each iteration.
+ Stagger by iteration initiation interval, s
+ Goal: minimize s.

resources must
be within
constraints
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Software Pipelining Goal

+ Find the same schedule for each iteration.
+ Stagger by iteration initiation interval, s
+ Goal: minimize s.

resources must
be within
constraints
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Software Pipelining Goal

+ Find the same schedule for each iteration.
+ Stagger by iteration initiation interval, s
+ Goal: minimize s.

resources must
be within
constraints
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Software Pipelining Goal

+ Find the same schedule for each iteration.
+ Stagger by iteration initiation interval, s
+ Goal: minimize s.

resources must
be within
constraints

15-745 © Seth Copen Goldstein 2000-5
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Software Pipelining Goal

+ Find the same schedule for each iteration.
+ Stagger by iteration initiation interval, s
+ Goal: minimize s.

resources must
be within
constraints
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Software Pipelining Goal

+ Find the same schedule for each iteration.
+ Stagger by iteration initiation interval, s
+ Goal: minimize s.

i === 4

resources must
be within
constraints

modulo resource table

15-745 © Seth Copen Goldstein 2000-5
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Precedence Constraints
* Review: for acyclic scheduling, constraint is just

the required delay between two ops u, v:
<d(u,v)>

* For an edge, u—v, we must have
o(v)-o(u) = d(u,v)

15-745 © Seth Copen Goldstein 2000-5

Precedence Constraints

* Cyclic: constraint becomes a tuple: <p,d>

- p is the minimum iteration delay
(or the loop carried dependence distance)

- d is the delay
+ For an edge, u—v, we must have
o(v)-o(u) = d(u,v)-s*p(u,v)
p=0
* If data dependence is
- within an iteration, p=0
- loop-carried across p iter boundaries, p>0

15-745 © Seth Copen Goldstein 2000-5
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Iterative Approach

* Finding minimum S that satisfies the
constraints is NP-Complete.

* Heuristic:
- Find lower and upper bounds for S

- foreach s from lower to upper bound?
+ Schedule graph.
+ If succeed, done
+ Otherwise try again (with next higher s)

* Thus: "Tterative Modulo Scheduling” Rau, et.al.

15-745 © Seth Copen Goldstein 2000-5 45

Iterative Approach

* Heuristic:
- Find lower and upper bounds for S

- foreach s from lower to upper bound
+ Schedule graph.
+ If succeed, done
+ Otherwise try again (with next higher s)

*+ So the key difference:
- AN88 does not assume S when scheduling

- IMS must assume an S for each scheduling
attempt to understand resource conflicts

15-745 © Seth Copen Goldstein 2000-5
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Lower Bounds

* Resource Constraints: Sy (also called IT,,,)

maximum over all resources of # of uses
divided by # available...

* Precedence Constraints: Sg (also called IT,,.)
max over all cycles: d(c)/p(c)

In practice, one is easy, other is hard.

Tim's secret approach: just use Sy as lower bound,
then do binary search for best S

15-745 © Seth Copen Goldstein 2000-5 47

Acyclic Example

om @ Eml @mﬂ

e (p) <0,3>

<0,1> e
[ "

Lower Bound: Sg=2
Upper Bound: 5

15-745 © Seth Copen Goldstein 2000-5
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Lower Bound on s

+ Assume 1 ALU and 1 MU
+ Assume latency Op or load is 1 cycle

‘\\<1,1) <1,1>.~

for i:=1 to N do

a:=j®b
b:=a®f
c:=e®j
d :=f®c .
e:=b®d
f := U[i]

g: V[i] :=Db

h: W[i] := d
j o= X[i]

Resources  =>5 cycles 4

Dependencies => 3 cycles

15-745 © Seth Copen Goldstein 2000-5 49

Scheduling data structures

To schedule for initiation interval s:

+ Create a resource table with s rows and R
columns

+ Create a vector, o, of length N for n
instructions in the loop

- o[n] = the time at which n is scheduled,
or NONE

* Prioritize instructions by some heuristic
- critical path (or cycle)
- resource critical

15-745 © Seth Copen Goldstein 2000-5 50

Scheduling algorithm

« Pick an instruction, n
+ Calculate earliest time due to dependence constraints
For all x=pred(n),
earliest = max(earliest, o(x)+d(x,n)-sp(x,n))
+ try and schedule n from earliest to (earliest+s-1)
s.t. resource constraints are obeyed.
- possible twist: deschedule a conflicting hode to make
way for n, maybe randomly, like sim anneal
+ If we fail, then this schedule is faulty
(i.e. give up on this s)

15-745 © Seth Copen Goldstein 2000-5 51
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Scheduling algorithm - cont.

+ We now schedule n at earliest, I.e., o(n) =
earliest

* Fix up schedule

- Successors, x, of h must be scheduled s.t.
o(x) >= o(n)+d(n,x)-s'p(n,x), otherwise they
are removed (descheduled) and put back on
worklist.

* repeat this some number of fimes until either
- succeed, then register allocate
- fail, then increase s

15-745 © Seth Copen Goldstein 2000-5 52
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Simplest Example

for () {
b+c
a*a
a*x194

o
nnn

What is ITres?
What is ITrec?

15-745 © Seth Copen Goldstein 2000-5

Resources:

Simplest Example

for () {
a b+c

b
c

a * a Il,/' \\\\‘
a*194 L
} y .

Modulo Resource Table:

o [1][]
1 [][1]

15-745 © Seth Copen Goldstein 2000-5

Simplest Example

-
-~

for

a b+c
b
c

a*a @
a*194 | /
} y .

nmunn-~

Modulo Resource Table:

o [1][]
1 1]

15-745 © Seth Copen Goldstein 2000-5

Simplest Example

for

o
+ -~
Q

nmunn-~

b = a*a 3
c a*194 '\‘
} ) ;

o)

Modulo Resource Table:

o [1][1]
1 [

15-745 © Seth Copen Goldstein 2000-5
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for () {
a = b+c
b = a*a
c = a*194

}

Modulo Resource Table:

Simplest Example

2o
o

Simplest Example

-

{
b+c
a*a

for
a
b
c a*194 ,I"

TryII=2 E

nmunn-~

Modulo Resource Table:

Modulo Resource Table:

o [ ][1]
1 [][1]

o [
earliest a: sigma(c) + delay(c) - 2
i [] =2+1-2=1
Simplest Example

for () { 0

a = b+c

b = a*a

c = a*194 1
} En)
T

wo°
Lesson: lower bound
may hot be achievable

15-745 © Seth Copen Goldstein 2000-5 59

earliest b?
o [ scheduled b?
?
1 |:| what next?
Example
for i:=1 to N do
a:=39®b Priorities: ?
b:=a®f
c:=e®j
d:=f®c
e :=b®d
f := U[i]
g: V[i] :=b
h: W[i] :=d
j = X[i]

15-745 © Seth Copen Goldstein 2000-5
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Example
for i:=1 to N do
a:=3j®b iorities: [
2izlee Priorities: c,d,e,a,b,f,j.g.h
c:=e®j
d = f®c
e:=b®d I 2 W L
£ := U[i] - .
g: V[i] :=b
h: W[i] :=d
Jj = X[i]
15-745 © Seth Copen Goldstein 2000-5 61
for i:=1 to N do .
a=3@®b s=5 instr| o
b:=a®f
c:i=e®j a
d :=f®c b
s oo ALU |MU
= U[i]
: := b [ 0
d
i1 d d
e 2
e
f
g
h
J
15-745 © Seth Copen Goldstein 2000-5 63
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for i:=1 to N do .
a:=j@®b s=H instr
b:=a@®f
c:i=e @3 a
d = f®c b
e :=b@®d
v ALU  |MU

g: V[i] :=b c

h: W[i] :=d
3 = X[4] d

Priorities: c,d.e,ab,f,j.g.h e

f
9
h
J

for i:=1 to N do .
ai=i®b s=5 instr
b:=a@®f
c:i=e @) a
d :=f®c b
e :=b@®d
st ALU  |MU :

d d
e

e

a f
9
h
J

15-745 © Seth Copen Goldstein 2000-5
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instr

o

[e TN EN o}

=l Ol M w

— | T |+l ©®

® Seth Copen Goldstein 2000-1

instr| o
a 3
b 4
c 5
d 6
e 7
f 0]
g

h

J

for i:=1 to N do R for i:=1 to N do
a:=j®b s=5 instr | o a:i=3j®b s=5
b:=a®f 3 b:=a®f
ci=e®]) a c:=e®]j
d:=f®c b 4 d:=£f®c
e :=b®d e :=b®d
sl ALU  |MU sizp @ ALU |MU
: :=b c 0 : : c
d
i1 d d 1 d
e 2
e
f a
b 9 b
h
J
b causes b->e edge violation
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for i:=1 to N do R for i:=1 to N do
a:=j®b s=5 instr | o a:i=3j®b s=5
b:=a®f 3 b:=a®f
ci=e®]) a c:=e®]j
d:=f®c b 4 d:=£f®c
e :=b®d e :=b®d
sl ALU  |MU e izhd ALU |MU
: :=b c 0 : : f
d
i1 d d 1 d
e 7
e e
a f a
b 9 b
h
J
e causes e->c edge violation
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for i:=1 to N do

15-745 © Seth Copen Goldstein 2000-5

for i:=1 to N do .
a:i=3®b s=5 instr| o
b:=a@®f
c:i=e®j a 3
d:=£f®c

= b 4
e :=b®d
sive ALU MU
: = b f C 5
d
i1 d i d 6
e 7
e
f 0
b g
h
J 1
Creating the Loop [instr]o
a 3
* Create the body from the schedule. b 2
+ Determine which iteration an instruction
falls into c 5
- Mark its sources and dest as
; . ; d 6
belonging to that iteration.
- Add Moves to update registers e 7

+ Prolog fills in gaps at beginning f 0
- For each move we will have an

instruction in prolog, and we fill in g9 7
dependent instructions h 8

- Epilog fills in gaps at end
J 1

7

® Seth Copen Goldstein 2000-1

a::=j(-Bb s=H instr| o
b:=a@®f
c:i=e @3 a 3
d = f®c
- b |4
siIpdd ALU |MU
. . c 5
d ] d 6
e 7
e 9
b g |’
h 8
J 1
f0 = U[O];
jO = X[0%,
FORi=0to N
£1:= U[i+1]
j1:= X[i+1]
nop
a:=j0?b
b:i=a?f0
c:=e?j0
d:=f0?c
e:=b?d g: V[i]:=b
h: W[il:=d
fo=f1
jo=jt

15-745 © Seth Copen Goldstein 2000-5
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Conditionals What to take away
* What about internal control structure, I.e., + Dependence analysis is very important
conditionals - Software pipelining is cool
* Three approaches * Registers are a key resource
- Schedule both sides and use conditional

moves

- Schedule each side, then make the body of
the conditional a macro op with appropriate
resource vector

- Trace schedule the loop
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