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Teyvikéc eddttmong stalls.

CPI = Ideal CPI + Structural stalls + RAW stalls + WAR stalls +
WAW stalls + Control stalls
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Avvokéc dpouordynon

evrolwv (hardware)
*Scoreboard (ehdtron RAW stalls)
*Register Renaming

a)Tomasulo

B)Reorder Buffer

(erattoon WAR kot WAW stalls)
*Branch prediction

(eldttwon Control stalls)

Yrotikéc (shoftware/compiler)

L_oop Unrolling
«Software Pipelining
*Trace Scheduling
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Tomasulo Organization
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Reorder buffer (ROB)
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R4000 Performance

*  Mn 1daviko CPI .
— Load stalls (1 M 2 clock cycles)
— Branch stalls (2 cycles + unfilled slots)
- RAW data hazard (latency)
— FP structural stalls: Not enough FP hardware (parallelism)
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Instruction Level Parallelism (ILP)

ILP: ITapaAAnAn ektéleom un cuoyetiCouevmy (Un
ECOPTOUEVIV) EVIOADV.

gcc 17% control transfer evtoléc
— 5 evtolég + 1 branch

— IIépa and éva block yia va €xovue mepiocoOTEPT Instruction
level parallelism

Loop level parallelism one opportunity
— First SW, then HW approaches



Ecapmoeic Metaco EvroAmv (Depedences)

* [To1ég etvar o1 mnyég tov stall/bubbles; Evtoléc mov ypnoipomorovv
1010v¢ registers.
- Ilopaiiniec eviolég umopoHv va, eKTEAEGTOVV O1000Y KA YwPig
va, dnuovpyovv stalls. I1.y.
DIVD FO, F2, F4

ADDD F10, F1, F3
- E¢optnoeic peta&h eviodAmv umopovv va odnynoovv ce stalls. I1.y.

DIVD FO, F2, F4

\?AW

ADDD F10, FO, F3

*O1 e€aptnoelg puetald evioAmv meplopilovv TV Ge1pd EKTEAEGELS TMV
evtohav (in order execution) m.y. 1 ADDD npénel vo ektedectel puetd,
Vv DIVD o10 20 napddstypa. Eved mapdiinieg evToAEG Ltopovv va,
ekteleatovv avdamodo (out of order execution) m.y. n ADDD umopei va
extereotéL wpy v DIVD ot0 10 mapddstyuo.



Ecapmoeic Metacd EvtoAmv

*Data Dependences : Avo evtolég eival data dependent otav vdpyetl pio
aAvoida ard RAW hazards peta&o tovc.

*Name Dependences : Avo evtolég ival name dependent 6tav vadpyel Eva,
WAR 11 WAW hazard peta&o tovc.

LD  FO, O(R1)
ADDD %4, FO, F2
LD  FO, O(R2)

«Control Dependences : EvtoAéc e€aptoueveg amod branch evroin.
if p1{S1;}



FP Loop: I1ov €ivol ta Hazards?

while (R1 > 0) { M[R1l] = M[R1] + F2; Rl -= 8 }
Loop: L.D FO,0(R1l) ;FO=vector element
ADD.D F4,F0,F2 ;add scalar from F2
S.D O(Rl) ,F4;store result

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

NOP ;delayed branch slot
Instruction Instruction Latency in
producing result using result clock cycles
“FP ALU op Another FP ALU op 3 |
FP ALU op Store double 2
Load double FP ALV op 1
Load double Store double 1
Integer op Integer op 0]

+ TTou éxoupe stalls?



FP Loop Showing Stalls

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

2 stall

3 ADD.D F4 ,F0,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 R1l,Loop ;branch Rl!=zero

9 stall ;delayed branch slot
Instruction Instruction Latency in
producing result _using result clock cycles
FP ALU op Another FP ALU op 3
FP ALU op Store double 2
Load double FP ALV op 1

e 9 kOKlol Zavaypdye KOOTKA Yo VoL
elayiotomomoelg ta stalls?



Scheduled kmoucog tov FP Loop

Loop: L.D FO,0(R1)

SUBI R1,R1,8
BNEZ R1l,Loop ;delayed branch

1

2

3 ADD.D F4,F0,F2

4

5

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

AAMayn Oéocwv Twv BNEZ kai SD aAAalovrac Tnv
d1evBuvon Tou SD

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

FP ALV op Store double 2

Load double FP ALV op 1

6 clocks: Unroll loop 4 times to make code faster?



[6éa : Loop Unrolling

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

.

while (R1 >= 4*8) ({

M[R1] = M[R1] + F2; Mn eCopTopEveg EVTOLES
M[R1-8] = M[R1-8] + F2; néoa oto Loop. Kaiég
M[R1-16] = M[R1-16] + F2; mpoORTIKES YO

M[R1-24]
R1 -= 4*8

}

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

M[R1-24] + F2;  gcheduling.



Unroll Loop 4 gopéc: TTov €yovpe

name dependencies;

F0,0 (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

;ydrop SUBI & BNEZ

;ydrop SUBI & BNEZ

;alter to 4*8



Unroll Loop 4 gopéc: TTov €yovpe

name dependencies;

F0,0 (R1)
,FO,F2
1) ,F4

F(, -8 (R1)
,FO,F2
R1) ,F4

FQ,-16 (R1)
FO,F2
(R1) ,F4

FQ,-24 (R1)

Fd,F0,F2

-24 (R1) ,F4

R1,R1,#32

R1,LOOP

;ydrop SUBI & BNEZ

;ydrop SUBI & BNEZ

;ydrop SUBI & BNEZ

;alter to 4*8

TMwce e€ayavilovrai;



I1ov etval topa;

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

2 ADD.D F4,F0,F2

3 S.D 0(R1) ,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 Fl6,Fl4,F2

12 S.D -24 (R1) ,F1l6

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

14 BNEZ R1l,LOOP

15 NOP

“register renaming” e§apavice WAR/WAW stalls



1 Loop:LD
2 ADDD
3 SD
4 LD
5 ADDD
6 SD
7 LD
8 ADDD
9 SD
10 LD
11 ADDD
12 SD
13 SUBI
14 BNEZ
15 NOP

Unroll Loop 4 popéc

FO,0 (R1)
F4,F0,F2
0(R1) ,F4
F6,-8 (R1)
F8,6F6,F2

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

cycle stall o)
cycles stall Rewrlte loop to

;drop SUBI & BNEZ minimize
stalls?
;ydrop SUBI & BNEZ

;ydrop SUBI & BNEZ

;alter to 4*8

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



Schedule Unrolled Loop

1 Loop:LD
2 LD
3 LD
4 LD
5 ADDD
6 ADDD
7 ADDD
8 ADDD
9 SD
10 SD
11 SD
12 SUBI
13 BNEZ
14 SD

FO,0 (R1)
F6,-8 (R1)
F10,-16 (R1)
F14,-24 (R1)
F4,F0,F2
F8,F6,F2
F12,F10,F2
F16,F14,F2
0(R1) ,F4

-8 (R1) ,F8
-16 (R1) ,F12
R1,R1, #32
R1,LOOP

8 (R1) ,F16 ;

8-32 = -24

14 clock cycles, or 3.5 per iteration

e TvvmoBéoeig yvav katd
TNV UETOKIVNGT TOV
KOOWKA;

— OK to move store past

SUBI even though
changes register

— OK to move loads
before stores/add: get
right data?

—When is it safe for
compiler to do such
changes?



Compiler Perspectives on
Code Movement

 Name Dependencies ivat 00GKOAO va. O10ryvwcTtovV yio. Memory
Accesses

— Eivou 100(R4) = 20(R6)?

— T owpopetikeg eravarnyels tov loop, etvon 20(R6) =
20(R6)?

e 210 mopAdELYUd o o compiler mpénel va KataAdPel OTL OTOV TO
R1 oev aAldlel 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



110TE elvonl 00PUAES VO KAVOULLE
Unroll éva Loop?

[Hapdoetypa: ITov givor o1 eaptnoelc?
(A,B,C distinct & nonoverlapping)
for (i=0; i<100; i=i+l) {
A[i+l] = A[i] + C[i]: /* S1 */
B[i+1l] = B[i] + A[i+1]; /* S2 */
}

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

2. 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 for
B[i] and B[i+1].

Avt 1 e€dptnon (netald emavoinyemv) ovopdleton loop-carried
dependence

For our prior example, each iteration was distinct

Implies that iterations can’t be executed in parallel, Right ??



loop-carried dependence onuaivet

0Tl OEV VTLOPYEL TAPOUAANAIGUOC;

[Tapdoetypa:
for (i=0; i<100; i=i+1l) {
A[i] = A[i] + B[1i]; /* S1 */
B[i+1l] = C[i] + D[i]; /* S2 */
}
S1 ypnowomotei Tiun tov B[1] vwoloyiocuévn oe mponyovuevn emovainyn
(loop-carried depedence).
Oumc ogv vdpyel AAAN e€GpTnom. Apa 1 TAPATAVE® EEAPTNOT OEV Eivar
KukAlk” (circular). Emopévmc to loop sivan mapdiinro.

A[0] = A[O0] + B[O] A[0] = A[0] + B[O]
B[1] = C[0] + DI[O] B[1] = C[0] + D[O]
A[1] = A[1] + B[1] A[1l] = A[1] F B[1]
B[2] = C[1] + D[1] B[2] = C[1] + D[1]
A[2] = A[2] + B[2] A[2] = A[2] + B[2]
B[3] = C[2] + D[2] B[3] = C[2] + DI[2]

=




loop-carried dependence onuaivet
0Tl OEV VTLOPYEL TAPOUAANAIGUOC;

o Tlapdoetypa:
for (i=0; i<100; i=i+1l) {

A[i] = A[i] + B[i]; /* S1 */

B[i+l] = C[i] + D[i]; /* S2 */

/* start-up code*/

A[0] = A[O0] + B[O];
for (i=0; i<99; i=i+l) ({
B[i+1l] = C[i] + D[i]; /* S1 */
/* 82 */

A[i+l] = A[i+1] + B[i+l];
/* clean-up code*/

}

B[100] = B[99] + D[99];



Recurrence — Depedence Distance

o Tlapaoderyua:
for (i=2; i< 100; i=i+l1l) {
Y[1i] = Y[i-1] + Y[1i];
}
loop-carried e£dptnon ce popen recurrence.

o Tlopdaoderyua:
for (i=2; i< 100; i=i+1) {
Y[i] = Y[1i-5] + Y[i];
}
H emavainym I eaptiétarl and v I-5, dnradn €xer depedence distance 5.

Oco peyoAvtepn 1 omOGTACT TOGO TEPLOGOTEPO TOAVO TOPUAANAICUO
UTTOPOVLUE VO, TEPVYOVULE.



AXAN exooym: Software Pipelining

e Ilapatnpnon: Av ol emavarnyelc Tov loop eivon aveEapntec,
TOTE UITOPOVUE VO EYovue TEPLocOTeEPO ILP exteAmvTOC
EVTOAEC OO OLUPOPETIKEC EMAVUANYELS.

 Software pipelining: reorganizes loops so that each iteration
IS made from instructions chosen from different iterations of
the original loop (- Tomasulo in SW)

Iteration

0 Iteration

1 Iteration
2 Iteration

3 Iteration
4

Software-
pipelined | |}




Software Pipelining:
ITopdoctryua

Iteration O Iteration 1 Iteration 2 Iteration 3 Iteration 4

LD FO,0(R1) start-up code

ADDDF4,F0,F2 LD FO0,-8(R1l)

s O(rR1l), "4 ADDDF4,F0,F2 LD FO,-16(R1)

SD -8(Rl),F4 ADDDF4,F0,F2 1D FO,-24(R1)

SD -16(R1) ,F4ppppr4,r0,F2 LD

FO,-32(R1)

SD -24(R1) ,F4 ADDDF4,F0,F2

finish-up code SD

-32(R1) ,F4



Software Pipelining:
ITopdoctryua

IIpw: Unrolled 3 times Metd: Software Pipelined

1 L.D FO,0(R1) 1 Ss.D O(Rl),F4 ; Stores M[i]
2 ADD.DF4,F0,F2 2 ADD.DF4,F0,F2 ; Adds to M[i-1]
3 S.D O(R1l),F4 3 L.D FO0,-16(Rl); Loads M[i-2]
4 L.D F6,-8(R1) 4 SUBI R1,R1,#8

5 ADD.DF8,F6,F2 5 BNEZ R1l,LOOP

6 S.D -8(R1l),F8

/ L.D F10,-16(R1)

8 ADD.DF12,F10,F2 . .

9 S.D -16(R1),F12 5 cycles per iteration

10 SUBI R1,R1,#24

11 BNEZ R1,LOOP

Ta RAW hazards petatpémovrar o WAR hazards.



Software Pipelining

Symbolic Loop Unrolling

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

But..

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



