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Techniques to reduce stalls

CPI = Ideal CPI + Structural stalls per instruction + RAW stalls per
Instruction + WAR stalls per instruction + WAW stalls per instruction

We will study two types of techniques:

Dynamic instruction scheduling Static instruction scheduling (SW/compiler)
Scoreboard (reduce RAW stalls) Loop Unrolling

Register Renaming (reduce WAR & WAW stalls) SW pipelining

 Tomasulo

 Reorder buffer

Branch Prediction (reduce control stalls) Trace Scheduling
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Registers

Scoreboard Architecture (CDC 6600)

FP Mult
FP Mult
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Tomasulo Organization

From instruction unit

l

Instruction :
FP registers
queue 9 ‘
Load-store
operations
Y Operand

Address uni Floating-point
Store buffersl‘_“'t. operations buses

_§ § v Load buffers

Y
Operation bus
Y I I \ I
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2 Reservation -
1 stations
Data yAddress
Memory unit FP multipliers

Common data bus (CDB)
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E¢apTnoeic Metagu EvroAwyv (Depedences)

* [NoiEc eival o1 TTnyEC Twv stalls/bubbles;
* EVTOAEC TTOU XPNOIUOTIOIOUV idIOUG registers

* [TapaAAnA&g eVIOAEG UTTOPOUV VA EKTEAECTOUV OIADOXIKA XWPIG VA
dnuioupyouy stalls (ayvowvrag structural hazards)
o DIV.D FO, F2, F4
o ADD.D F10, F1, F3

« E¢aprnoeic NETAcU EVTOAWYV UTTOPOUV va odnyroouv ot stalls

o DIV.D FO, F2, F4
. RAW

o ADD.D F10, FO, F3
* OI CapTNOEIG HETAGU EVTOAWV Traplcz&)ic[o)uv TNV OEIPA EKTEAEONG TWV.
EVTO wvrzln order execution) nl.%(. N ADDD T1Tp€T1TEl VO EKTEAECTEI UETA
Tnv DIVD oT0 20 110 a68|¥pa. VW TTapPAAANAEG svasB BTropouv va
EKTEAEOTOUV avatmoda (out-of-order execution) 1.x. N ADDD ptropei
va ekteAeoTei Tpiv Tnv DIVD oT1o 10 rapdadeiyua.
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Ecaptnoeic Metagu EvToAwyv

- Data Dependences : AUo evTOAEC eival data dependent otav
UTTapxEl pia aAucida amdo RAW hazards petagu Touc.

 Name Dependences : Auo evToAEG eival name dependent otav
uttapxel Eva WAR (antidependence) n WAW (output dependence)

hazard peTagu TOUC.
LD  FO, 0(R1)

ADD.D H4, FO, F2

4

LD  FO, 0(R2)

« Control Dependences : EVTOAEC ecapTwpeveg atro branch evioAn.
if p1{S1;}
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R4000 Performance

* Mn 1davikd CPI :

- Load stalls: 4'54 | ]
11 2 clock cycles 3.5 1

- Branch stalls: 31
2 cycles + unfilled %2 |

slots

RAW data hazard

N
- L

(latency) z 2 8 = E o

- FP structural stalls: S °
NOt enough FP M Base B | oad stalls B Branch stalls O FPresult stalls B FP structural
hardware =
(parallelism)
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Instruction Level Parallelism (ILP)

 |LP: MNapdAANAN ekTéEAEON PN OXETICOPNEVWYV (UN ECAPTWUEVWV)
EVTOAWV

» gcc 17% control transfer evioAEC
- 5 evioAEC + 1 branch

— TTEPA aTToO £va block yia va exouue TepiocOTEPO instruction level
parallelism

* Loop level parallelism one opportunity
- First SW, then HW approaches
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FP Loop: lNou gival Ta Hazards?

while (R1 > 0) { M[R1]] = M[R1l] + F2; Rl -= 8 }
Loop: L.D FO,0(R1l) ;FO=vector element
ADD.D FéTFO,FZ;add.scalar from F2
S.D O(R1l),F4;store result

SUBI R1,R1,8 ;decrement pointer 8B (DW)
BNEZ R1l,Loop ;branch Rl!=zero

NOP ;branch delay slot

Instruction Instruction Latency in
producing result using result clock cycles
FP ALU op Another FPALUop 3 Stalls?
FP AL I 2 .

Uop Store double Assume 5-stage DLX (in order)
Load double FP ALU op 1
Load double Store double 1
Integer op Integer op 0

CS425 - Vassilis Papaefstathiou 9



FP Loop Showing Stalls

1 Loop: L.D FO,0(R1) ;FO=vector element

2 stall

3 ADD.D F4 ,FO0,F2 ;add scalar in F2

4 stall

5 stall

6 S.D O(Rl), F4 ;store result

7 SUBI R1,R1,8 ;decrement pointer 8B (DW)

8 BNEZ R1,Loop ;branch Rl!=zero

9 stall ;branch delay slot
Instruction Instruction Latency in O kUKAoLl
producing result using result clock cycles . ) )
FP ALU op Another FPALUop 3 —avaypayTe TOV KWOIKA
FP ALU op Store double 2 Yid va EAAXIOTOTTOINOCETE
Load double FP ALU op 1 Ta stalls!
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Scheduled kwdikag Tou FP Loop

1 Loop: L.D FO,0(R1)

2 stall

3 ADD.D F4,F0,F2

4 SUBI R1,R1,8

5 BNEZ R1,Loop ;delayed branch

6 S.D 8(R1l) ,F4 ;altered when move past SUBI

AAAayn Béocewv Twv BNEZ ka1 SD aAAalovtag Tnv dieubuvon tou SD

Instruction Instruction Latency in
producing result using result clock czcles
FP ALU op Another FP ALU op 3

FP ALU op Store double 2

Load double FP ALU op 1

6 clocks: Unroll loop 4 times to make code faster?
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|6¢a : Loop Unrolling

while (R1 > 0) { M[R1l] = M[R1l] + F2; R1 -= 8 }

.

while (R1 >= 4*8) {

M[R1] = M[R1l] + F2;

M[R1-8] =

M[R1-8] + F2;

Mn COPTWHEVEG EVTOAEG

M[R1-16] = M[R1-16] + F2; weoa oo Loop. Kakeg
M[R1-24] = M[R1-24] + F2; TTPOOTITIKEG YIa scheduling.
Rl -= 4*8

}

while (R1 > 0) { M[R1] = M[R1l] + F2; Rl -= 8 }
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Unroll Loop 4 times: name dependencies?

codoy O WD R

=
(o)
0
o
()
o

FO,0 (R1)
F4,F0,F2
0(R1) ,F4
FO, -8 (R1)
F4,F0,F2
-8 (R1) ,F4
FO,-16 (R1)
F4,F0,F2
~16(R1) ,F4
FO,-24 (R1)
F4,F0,F2
~24 (R1) ,F4
R1,R1,#32
R1,LOOP

;ydrop SUBI & BNEZ

;drop SUBI & BNEZ

;ydrop SUBI & BNEZ

;alter to 4*8
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Unroll Loop 4 times: name dependencies?

codoy O WD R

=
(o)
0
o
()
o

FO,0 (R1)
,FO,F2
1) ,F4
FQ, -8 (R1)
,FO,F2
R1) ,F4
FQ,-16 (R1)
JFO,F2
(R1) ,F4
FQ,-24 (R1)
F4,F0,F2
~24 (R1) ,F4
R1,R1,#32
R1,LOOP

;ydrop SUBI & BNEZ

;drop SUBI & BNEZ

;ydrop SUBI & BNEZ

;alter to 4*8

How to deal with these?
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No name dependencies now!

1 Loop:L.D FO,0(R1)

2 ADD.D F4,F0,F2

3 S.D O(R1l) ,F4 ;drop SUBI & BNEZ
4 L.D F6,-8(R1)

5 ADD.D F8,F6,F2

6 S.D -8(R1) ,F8 ;drop SUBI & BNEZ
7 L.D F10,-16(R1l)

8 ADD.D F12,F10,F2

9 S.D -16(R1) ,F12 ,drop SUBI & BNEZ
10 L.D Fl4,-24 (R1)

11 ADD.D F1l6,Fl1l4,F2

12 S.D -24(R1) ,F1l6

13 SUBI R1,R1,#32 ;alter to 4*8

14 BNEZ R1l,LOOP

15 NOP

“register renaming” removed WAR/WAW stalls
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Unroll Loop 4 times

codoyUldWNMNHR

y
(o)
0
o
(
o

FO,0 (R1)
F4,F0,F2
0(R1) ,F4
F6, -2 (R1)
F8,F6,F2

-8 (R1) ,F8
F10,-16 (R1)
F12,F10,F2
~16 (R1) ,F12
F14,-24 (R1)
F16,Fl4,F2
~24 (R1) ,F16
R1,R1,#32
R1,LOOP

1 cycle stall

2 cycles stall
;ydrop SUBI & BNEZ

;ydrop SUBI & BNEZ

;drop SUBI & BNEZ

;alter to 4*8

eliminates overhead instructions,
but increases code size

Rewrite loop to
minimize stalls?

15 + 4 x (1+2) = 27 clock cycles, or 6.8 per iteration
Assumes R1 is multiple of 4
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Schedule Unrolled Loop

1 Loop:L.D FO,O0(R1) . ’ ’ ,

2 LD F6 -8(R1) Ti unoﬂaqalg eylvav Kara

3 L.D  F10,-16(R1) TNV METAKIVNON TOU KWOIKAJ;

. SO - OK to move store past
ADD.D F4,FO,F

6 ADD.D F8.F6.F2 SUBI even though changes

7 ADD.D F12,F10,F2 register

: ADD.D ‘-‘;1(61‘;‘"14;‘-‘"2 - OK to move loads before
S.D R1l) ,F . :

10 S D -8(Rl),F8 storg}s/add. get right

11 S.0  -16(R1),F12 data“

ii SUBI Ri'R1'#32 - When is it safe for compiler
BNEZ R1,LOOP r)

14 S.D  8(Rl),F16 ; 8-32 = -24 to do such changes?*

14 clock cycles, or 3.5 per iteration

CS425 - Vassilis Papaefstathiou 17



Compiler Perspectives on Code Movement

 Name Dependencies €ival QUOKOAO va d1ayvwaoTouV yid
Memory Accesses
- Eivar 100(R4) = 20(R6)?
- [a dlapopeTIKEC eTTAVAANWEIC Tou loop, ival 20(R6) = 20(R6)7?

e 270 TTAPAOEIYUA Uac o compiler TTPETTEI va KATaAAREl OTI OTAV TO
R1 0ev aAAadel TOTE:

O(R1) # -8(R1) # -16(R1) # -24(R1)

* There were no dependencies between some loads and stores
so they could be moved by each other
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When is it safe to unroll a loop?
* [Tapadeiypa: MNou givai o1 ecaptnoelc? (A,B,C distinct & non-overlapping)

for (i=0; i<100; i=i+1) {
A[i+1] A[i] + C[1]; /* S1 */
B[i+1] B[i] + A[i+1]; /* S2 */

}
e S2 uses the value, A[i+1], computed by S1 in the same iteration.

* S1 uses a value computed by S1 in an earlier iteration, since iteration i
computes A[i+1] which is read in iteration i+1. The same is true of S2
forB[i] and B[i+1].AuT n £¢aptnon (METAEU ETTAVAANWEWV)
ovouadletal loop-carried dependence

* In our prior example, each iteration was distinct. Dependences in the
above example force successive iterations of this loop to execute in series.

 Implies that iterations can’t be executed in parallel, right ?
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Loop-carried dependence: No parallelism?
* [Napadeiyua:

for (i=0; i<100; i=i+1) {
A[i] = A[i] + B[i]; /* S1 */
B[i+l] = C[i] + D[i]; /* S2 */
}
* S1 XPNOIUOTIOIEI TIUN TOU B[i] UTTOAOYIOUEVN O€ TTPONYOUUEVN
emavaAnwn (loop-carried depedence).

* Opwcg 0ev uttapxel AAAN e€aptnon. Apa n rapatravw €aptnon O¢gv givai

KUKAIKN (circular). ETTopévwc 1o loop €ival TTapaAAnAo.

A[O0] = A[0] + B[O] A[O0] = A[0] + BJ[O0]
B[1] = C[0] + D[O] B[1]=C[0] + DI[O]
A[1l] = A[1] FB11] A[1] = A[1] + Bl1]
B[2] = C[1] + DI[1] ‘ B[2]_= C[1] + D[1]
A[2] = A[2] T B12] A[2] = A[2] + Bl2]
B[3]_= C[2] + D[2] BI3l=Cclz] + D[2]

— —

==
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Loop-carried dependence: No parallelism?

* [Napadeiyua:
for (i=0; i<100; i=i+l) {
A[i] = A[i] + B[i]; /* S1 */
B[i+1l] = C[i] + D[i]; /* S2 */

}
A[0] = A[0] + B[O]; /* start-up code */
for (i=0; i<99; i=i+l1l) {
B[i+1l] = C[i] + D[i]; /* S2 */
A[i+l] = A[i+1l] + B[i+l1l]; /* sS1 */
}
B[100] = C[99] + D[99]; /* clean-up code */
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Recurrence — Depedence Distance

* [Napadeiyua:
for (i=1; i< 100; i=i+l) ({
Y[i] = Y[i-1] + Y[i]l;
}
loop-carried €€apTnon o€ popPn recurrence.

* [Napadeiyua:
for (i=5; i< 100; i=i+1l) {
Y[i] = Y[i-5] + Y[i];
}
H etravaAnyn i ecaptdral atro Tnv i-5, dnAadn £xel dependence
distance 5. Oco peyaAutepn N atréoTaonN TOOO TTEPICOOTEPO TTIBAVO
TTAPAAANAIOUO JTTOPOUUE VA TTETUXOULE.
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AAAN ekdoxn: Software Pipelining

 [Naparipnon: Av ol eTTavaAnWeIC Tou loop ival avecaptnTeg, TOTE
UTTOPOUME VA EXOUUE TTEPICOOTEPO ILP eKTEAWVTAC EVTOAEC ATTO
OIAQOPETIKEC ETTAVAANWEIC.

« Software pipelining: reorganizes loops so that each iteration is made
from instructions chosen from different iterations of the original loop
without loop unrolling (Tomasulo in SW)

Iteration
0

Iteration )
1 Iteration

2 Iteration

3 Iteration
4

Software-
pipelined
iteration — —
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Software Pipelining: Napadsiyua

Iteration 0

Iteration 1 Iteration 2 Iteration 3 Iteration 4

1D FO,0(R1)

start-up code

ADDDF4,F0,F2

SD

O(R1l) ,F4

ID FO,-8(R1)

ADDDF4,F0,F2 LD FO,-16(R1)

SD -8(R1l),rF4 ADDDF4,FO0,F2 LD FO0,-24(R1)
SD -16(R1l) ,F4 ADDDF4,F0,F2 1D FO,-32(R1)

SD -24(Rl),F4 ADDDF4,F0,F2

finish-up code SD -32(R1l) ,F4
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Software Pipelining: Napadsiyua

Iteration 0 Iteration 1 Iteration 2 Iteration 3 Iteration 4
LD FO,0(R1) start-up code

ADDDF4 ,FO,F2 1D FO,-8(R1)

SsD O(R1l),F4 ADDDF4,F0,F2 ID FO,-16(R1l)

SD -8(R1l),rF4 ADDDF4,FO0,F2 LD FO0,-24(R1)
SD -16(R1l) ,F4 ADDDF4,F0,F2 1D FO,-32(R1)

SD -24(Rl),F4 ADDDF4,F0,F2

finish-up code SD -32(R1l) ,F4

CS425 - Vassilis Papaefstathiou 25



Software Pipelining: Napadsiyua

Iteration 0

LD

FO,0(R1)

ADDDF4,F0,F2

Iteration 1 Iteration 2 Iteration 3 Iteration 4

start-up code

ID FO,-8(R1)

SD

O0(R1) ,F4

ADDDF4 ,F0,F2 LD FO,-16(R1)

SD -8(R1),F4 ADDDF4,F0,F2 LD FO0,-24(R1)
SD -16(R1l),F4 ADDDF4,F0,F2 LD FO0,-32(R1)

SD -24(Rl),F4 ADDDF4,F0,F2

finish-up code SD -32(R1l) ,F4
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Software Pipelining: Napadsiyua

Iteration 0 Iteration 1 Iteration 2

LD FO,0(R1) start-up code

ADDDF4,F0,F2 1D FO,-8(Rl)

SsD O(R1l),F4 ADDDF4,F0,F2 ID FO,-16(R1l)

Iteration 3 Iteration 4

SD -8(R1) F4 ADDDF4,FO,F2 LD FO,-24(R1)

SD -16(Rl),F4 ADDDF4,F0,6F2 LD

FO,-32(R1)

SD -24(Rl),F4 ADDDF4,F0,F2

finish-up code SD
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Software Pipelining: Napadsiyua

Iteration 0

LD

FO,0(R1)

ADDDF4,F0,F2

SD

O(R1l) ,F4

Iteration 1 Iteration 2 Iteration 3 Iteration 4

start-up code

ID FO,-8(R1)

ADDDF4,F0,F2 LD FO,-16(R1)

SD -8(R1),F4 ADDDF4,F0,F2 LD FO0,-24(R1)

SD -16(R1),F4 ADDDF4,F0,F2 LD FO0,-32(R1)

SD -24(Rl),F4 ADDDF4,F0,F2

finish-up code SD -32(R1l) ,F4

CS425 - Vassilis Papaefstathiou

28



Software Pipelining: Napadsiyua

Iteration 0

LD

FO,0(R1)

ADDDF4,F0,F2

SD

O(R1l) ,F4

Iteration 1 Iteration 2 Iteration 3 Iteration 4

start-up code

ID FO,-8(R1)

ADDDF4,F0,F2 LD FO,-16(R1)

SD -8(R1),F4 ADDDF4,F0,F2 LD FO0,-24(R1)

SD -16(R1l) ,F4 ADDDF4,F0,F2 ID FO0,-32(R1)

SD -24(R1) ,F4 ADDDF4,FO0,F2

finish-up code SD -32(R1l) ,F4
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Software Pipelining: Napadsiyua

Iteration 0

LD

FO,0(R1)

ADDDF4,F0,F2

SD

O(R1l) ,F4

Iteration 1 Iteration 2 Iteration 3 Iteration 4

start-up code

ID FO,-8(R1)

ADDDF4,F0,F2 LD FO,-16(R1)

SD -8(R1),F4 ADDDF4,F0,F2 LD FO0,-24(R1)

SD -16(R1l) ,F4 ADDDF4,F0,F2 ID FO0,-32(R1)

SD -24(Rl),F4 ADDDF4,F0,F2

finish-up code SD -32(R1) ,F4
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Software Pipelining: Napadsiyua

Mpiv: Unrolled 3 times Metda: Software Pipelined

S.D O(Rl) ,F4 ; Stores M[i]
ADD.DF4,F0,F2 ;Adds to M[i-1]
L.D FO,-16(R1l); Loads M[i-2]
SUBI R1,R1,#8 ; i =i -1
BNEZ R1,LOOP

S.D O(Rl),F4

L.D F6,-8(R1)

ADD.D F8,F6,F2

S.D -8(Rl),F8

L.D F10,-16(R1l)

ADD.D F12,F10,F2
0 ii,EI Rfﬁ%éiu 5 cycles per iteration
1

BNEZ R1,LOOP

L.D FO0,0(R1)
ADD.DF4,F0,F27

AL WON -

= =2 OO~ PLhWN=

Ta RAW hazards perarpémrovral o€ WAR hazards.
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Software Pipelining vs Loop Unrolling
Symbolic Loop Unrolling

> Maximize result-use distance
» Less code space than unrolling

But..

— Harder to implement
— Execution of SUB & BNEZ in every iteration
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