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Where We Are

Code Generation
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Where We Are

Optimization —
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optimizacija koda

o Cilj: Optimizovati generisani kod koris¢enjem masinski zavisnih osobina koje nisu
vidljive na IR nivou
o Kriti¢an korak vecine kompajlera, ali obi¢no veoma neuredan:
o Tehnike koje se razviju za jednu masinu mogu da budu potpuni nekorisne za drugu
o Tehnike koje se razviju za jedan jezik mogu da budu potpuno nekorisne za drugi
o Razmotri¢emo optimizaciju rasporedivanja instrukcija

o Postoje i razne druge optimizacije koda, npr optimizacije sa ciljem boljeg
upravljanja kesom
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Optimizovanje redosleda instrukcija Delovi instrukcija
Rasporedivanje instrukcija
Zavisnost medu podacima

@ Optimizovanje redosleda instrukcija
o Delovi instrukcija
o Rasporedivanje instrukcija
o Zavisnost medu podacima
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Optimizovanje redosleda instrukcija Delovi instrukcija
Rasporedivanje instrukcija

Zavisnost medu podacima

Processor Pipelines
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Optimizovanje redosleda instrukcija Delovi instrukcija
Rasporedivanje instrukcija

Zavisnost medu podacima

Processor Pipelines

add $t2, $t0, Stl # $t2 = $t0 + $t1
add $t5, $t3, St4d # $t5 = $t3 + $t4
add $t8, $t6, St7 # $t8 = $t6 + $t7
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Optimizovanje redosleda instrukcija Delovi instrukcija
Rasporedivanje instrukcija

Zavisnost medu podacima

Processor Pipelines

Instruction
Decoder

add $t2, $t0, S$tl 4 s$t2 = $t0 + $t1
add $t5, $t3, $td # st5 = $t3 + $t4
add $t8, $t6, St7 4 st8 = $t6 + $t7
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Zavisnost medu podacima

Processor Pipelines

Instruction Register
Decoder File

add $t2, $t0, S$tl 4 s$t2 = $t0 + $t1
add $t5, $t3, $td # st5 = $t3 + $t4
add $t8, $t6, St7 4 st8 = $t6 + $t7
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Zavisnost medu podacima

Processor Pipelines

Instruction Register
Decoder File

Read Port Write Port

add $t2, $t0, S$tl 4 s$t2 = $t0 + $t1
add $t5, $t3, $td # st5 = $t3 + $t4
add $t8, $t6, St7 4 st8 = $t6 + $t7
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Optimizovanje redosleda instrukcija Delovi instrukcija

Instruction
Decoder

add $t2,
add $t5,
add $t8,

Rasporedivanje instrukcija
Zavisnost medu podacima

Processor Pipelines

Register
File

Read Port Write Port

$t0, $tl # $t2 = $t0 + $t1
St3, S$td 4 st5 = $t3 + $t4
St6, StT7 # st8 = st6 + $t7
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Rasporedivanje instrukcija

Zavisnost medu podacima

Processor Pipelines
ID RR ALU RW

Instruction Register
Decoder File

Read Port Write Port

add $t2, $t0, S$tl 4 s$t2 = $t0 + $t1
add $t5, $t3, $td # st5 = $t3 + $t4
add $t8, $t6, St7 4 st8 = $t6 + $t7
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Zavisnost medu podacima

Processor Pipelines
ID RR ALU RW

Instruction Register
Decoder File

Read Port Write Port

add $t2, $t0, $Stl # $t2 = $t0 + $t1
add $t5, $t3, S$t4d # st5 = $t3 + $t4
add $t8, $t6, St7 # $t8 = $t6 + $t7
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Zavisnost medu podacima

Processor Pipelines
ID RR ALU RW

Instruction Register
Decoder File

Read Port Write Port

add $t2, $t0, $Stl # $t2 = $t0 + $t1
add $t5, $t3, S$t4d # st5 = $t3 + $t4
add $t8, $t6, St7 # $t8 = $t6 + $t7
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Processor Pipelines
ID RR ALU RW

Instruction Register
Decoder File

Read Port Write Port

add $t2, $t0, $Stl # $t2 = $t0 + $t1
add $t5, $t3, S$t4d # st5 = $t3 + $t4
add $t8, $t6, St7 # $t8 = $t6 + $t7
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Zavisnost medu podacima

Processor Pipelines
ID RR ALU RW

Instruction Register
Decoder File

Read Port Write Port

add $t2, $t0, $Stl # $t2 = $t0 + $t1
add $t5, $t3, S$t4d # st5 = $t3 + $t4
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Optimizovanje redosleda instrukcija Delovi instrukcija
Rasporedivanje instrukcija

Zavisnost medu podacima

Pipeline Hazards
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Optimizovanje redosleda instrukcija Delovi instrukcija
Rasporedivanje instrukcija

Instruction
Decoder

Zavisnost medu podacima

Pipeline Hazards

Register

File

Read Port Write Port
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Optimizovanje redosleda instrukcija Delovi instrukcija
Rasporedivanje instrukcija

Zavisnost medu podacima

Pipeline Hazards

Instruction Register
Decoder File

Read Port Write Port

add $t2, $t0, $Stl # $t2 = $t0 + $t1
add $t4, $t3, $t2 # st5 = $t3 + $t2
add $t7, $t5, S$t6 # $t7 = $t5 + $t6
add $t0, $t0, St7 # $t0 = $t0 + $t7
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Zavisnost medu podacima

Pipeline Hazards

ID RR ALU RW

Instruction Register
Decoder File

Read Port Write Port

add $t2, $t0, $Stl # $t2 = $t0 + $t1
add $t4, $t3, $t2 # st5 = $t3 + $t2
add $t7, $t5, S$t6 # $t7 = $t5 + $t6
add $t0, $t0, St7 # $t0 = $t0 + $t7
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Decoder File
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Zavisnost medu podacima

Pipeline Hazards

This value isn"t ID RR ALU RW
ready yef:
Instruction Register —>
Decoder File

Read Port Write Port

add $t2, $t0, $Stl # $t2 = $t0 + $t1
add $t4, $t3, $t2 # st5 = $t3 + $t2
add $t7, $t5, S$t6 # $t7 = $t5 + $t6
add $t0, $t0, St7 # $t0 = $t0 + $t7
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ID RR ALU RW

Instruction Register
Decoder File

Read Port Write Port

add $t2, $t0, $Stl # $t2 = $t0 + $t1
add $t4, $t3, $t2 # st5 = $t3 + $t2
add $t7, $t5, S$t6 # $t7 = $t5 + $t6
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Optimizovanje redosleda instrukcija Delovi instrukcija
Rasporedivanje instrukcija

Zavisnost medu podacima

Pipeline Hazards

stall pipeline until ID RR ALU RW
value is ready

Instruction Register
Decoder File

Read Port Write Port

add $t2, $t0, $Stl # $t2 = $t0 + $t1
add $t4, $t3, $t2 # st5 = $t3 + $t2
add $t7, $t5, S$t6 # $t7 = $t5 + $t6
add $t0, $t0, St7 # $t0 = $t0 + $t7
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Pipeline Hazards

ID RR ALU RW

Instruction Register
Decoder File

Read Port Write Port

add $t2, $t0, $Stl # $t2 = $t0 + $t1
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Rasporedivanje instrukcija

Zavisnost medu podacima

Pipeline Hazards
ID RR ALU RW

Instruction Register
Decoder File

Read Port Write Port

add $t2, $t0, $Stl # $t2 = $t0 +

add $t4, $t3, $t2 # st5 = $t3 + $t2
add $t7, $t5, S$t6 # $t7 = $t5 + $t6
add $t0, $t0, St7 # $t0 = $t0 + $t7
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Optimizovanje redosleda instrukcija Delovi instrukcija
Rasporedivanje instrukcija

Zavisnost medu podacima

Pipeline Hazards
ID RR ALU RW

Instruction Register
Decoder File

Read Port Write Port

add $t2, $t0, $tl 4 st2
add $t4, $t3, S$t2 # sts
add $t7, $t5, $t6 # st7
add $t0, $t0, $St7 # sto

$to
$t3
$t5
$t0
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Pipeline Hazards

ID RR ALU RW

Instruction Register
Decoder File

Read Port Write Port

add $t2, $t0, $Stl # $t2 = $t0 + $t1
add $t4, $t3, $t2 # st5 = $t3 + $t2
add $t7, $t5, S$t6 # $t7 = $t5 + $t6
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Optimizovanje redosleda instrukcija Delovi instrukcija
Rasporedivanje instrukcija

Zavisnost medu podacima

Pipeline Hazards

ID RR ALU RW

Instruction Register
Decoder File

Read Port Write Port

add $t2, $t0, $Stl # $t2 = $t0 + $t1
add $t7, $t5, St6 # $t7 = $t5 + $t6
add $t4, $t3, $t2 # $t5 = $t3 + $t2
add $t0, $t0, St7 # $t0 = $t0 + $t7
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Zavisnost medu podacima

Pipeline Hazards

ID RR ALU RW

Instruction Register
Decoder File

Read Port Write Port

add $t2, $t0, $Stl # $t2 = $t0 + $t1
add $t7, $t5, St6 # $t7 = $t5 + $t6
add $t4, $t3, $t2 # $t5 = $t3 + $t2
add $t0, $t0, St7 # $t0 = $t0 + $t7
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Zavisnost medu podacima

Pipeline Hazards
ID RR ALU RW

Instruction Register
Decoder File

Read Port Write Port

add $t2, $t0, $Stl # $t2 = $t0 + $t1
add $t7, $t5, St6 # $t7 = $t5 + $t6
add $t4, $t3, $t2 # $t5 = $t3 + $t2
add $t0, $t0, St7 # $t0 = $t0 + $t7
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Zavisnost medu podacima

Pipeline Hazards
ID RR ALU RW

Instruction Register
Decoder File

Read Port Write Port

add $t2, $t0, $Stl # $t2 = $t0 +

add $t7, $t5, St6 # $t7 = $t5 + $t6
add $t4, $t3, $t2 # $t5 = $t3 + $t2
add $t0, $t0, St7 # $t0 = $t0 + $t7
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Optimizovanje redosleda instrukcija Delovi instrukcija
Rasporedivanje instrukcija

Zavisnost medu podacima

Pipeline Hazards
ID RR ALU RW

Instruction Register
Decoder File

Read Port Write Port

add $t2, $t0, $tl 4 st2
add $t7, $t5, $t6 # st7
add $t4, $t3, $t2 4 st5
add $t0, $t0, $St7 # sto

$t0
$t5
$t3
$t0
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Optimizovanje redosleda instrukcija Delovi instrukcija
Rasporedivanje instrukcija

Zavisnost medu podacima

Pipeline Hazards
ID RR ALU RW

Instruction Register
Decoder File

Read Port Write Port

add $t2, $t0, $Stl # $t2 = $t0 + $t1
add $t7, $t5, St6 # $t7 = $t5 + $t6
add $t4, $t3, $t2 # $t5 = $t3 + $t2
add $t0, $t0, St7 # $t0 = $t0 + $t7

Two clock J‘

cycles faster:
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Zavisnost medu podacima

edivanje instrukcija

o Zbog procesorskog pipelining-a, redosled u kojem se instrukcije izvrsavaju moze da
utice na performanse

o Rasporedivanje instrukcija je pravljenje rasporeda instrukcija sa ciljem da
se poboljsaju performanse

o Svi dobri kompajleri imaju neku vrstu podrske za rasporedivanje instrukcija
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ost medu podacima

o Zavisnost medu podacima u masinskom kodu je skup instrukcija &ije ponasanje
zavisi jedno od druge

o Intuitivno, skup instrukcija koje ne mogu da se poredaju na drugadiji nacin

o Postoje tri vrste zavisnosti: Citanje nakon pisanja, pisanje nakon Citanja, pisanje
nakon pisanja
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Optimizovanje redosleda instrukcija Delovi instrukcija
Rasporedivanje instrukcija

Zavisnost medu podacima

Finding Data Dependencies

t0 = t1 + t2
tl = t0 + tl1
t3 = t2 + t4
t0 = tl + t2
t5 = t3 + t4
t6 = t2 + t3
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Finding Data Dependencies

t0 = t1 + t2
tl = t0 + tl1
t3 = t2 + t4
t0 = t1 + t2

t5 = t3 + t4
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Finding Data Dependencies

t0 = t1 + t2

tl = t0 + tl1

t3 = t2 + t4

t0 = t1 + t2

t5 = t3 + t4

t6 = t2 + t7
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Finding Data Dependencies

t3 = t2 + t4

t0 = t1 + t2

t5 = t3 + t4

t6 = t2 + t7
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Finding Data Dependencies

t5 = t3 + t4
t6 = t2 + t7
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Finding Data Dependencies

t5 = t3 + t4
t6 = t2 + t7
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Finding Data Dependencies

t6 = t2 + t7
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Finding Data Dependencies

‘t3=t2+t4‘ ‘t1=t0+t1‘ t6 = t2 + t7

kt0=t1+t2

t5 = t3 + t4
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isnosti podataka

o Graf koji prikazuje zavisnosti podataka u okviru osnovnog bloka naziva se graf
zavisnosti podataka

o To je direktan acikli¢ni graf. Direktan, jer uvek jedna instrukcija zavisi od druge.
Acikli¢an, jer nisu moguce ciklicne zavisnosti.

o Mogu se rasporediti instrukcije u okviru osnovnog bloka u bilo kom redosledu sve
dok se ne raspodele instrukcije tako da neka instrukcija prethodi svom roditelju

o Ideja: napravi topolosko sortiranje zavisnosti podataka i poredaj instrukcije
u tom redosledu
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Instruction Scheduling
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Instruction Scheduling

‘t3=t2+t4‘ ‘t0=tl+t2 t6 = t2 + t7
‘t5=t3+t4‘ ‘t1=t0+t1‘

\t0=t1+t2
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o Moze postojati puno ispravnih topoloskih uredenja grafa zavisnosti podataka

o Kako izabrati onaj redosled koji je dobar?

o U opstem slucaju, pronalazenje najboljeg rasporeda instrukcija je NP-tezak
problem.

o U praksi se koriste heuristike
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Optimizovanje redosleda instrukcija

edivanje instrukcija

o Moderni kompajleri mogu da rade i znacajno agresivnije rasporedivanje instrukcija
sa ciljem da se dobiju bolje performanse programa
o Primeri ovih tehnika su razmotavanje petlji i software pipelining

Milena Vujosevi¢ Janici¢ Konstrukcija kompilatora
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Upotreba kesa

o Pored optimizacije rasporedivanje instrukcija, mogu se vrsiti i optimizacije
transformacije koda sa ciljem bolje upotrebe kesa

o Upotreba kesa se zasniva na dve vrste lokalnosti: vremenska i prostorna.
Vremenska: ako je nekoj memoriji skoro pristupano, verovatno ¢e joj biti ponovo
pristupano uskoro. Prostorna: ako je nekoj memoriji skoro pristupano, verovatno ¢e
i njeni susedni objekti biti takode uskoro koris¢eni.

o Vecina kes memorija je dizajnirano da iskoristi ove lokalnosti tako sto se u kesu
drze skoro adresirani objekti i tako 3to se u keS ubacuje i sadrzaj memorije u blizini
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Upotreba kesa

Memory Caches
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Upotreba kesa

Memory Caches

arr[0] = 5;
arr[2] = 6;
arr[10] = 13;
arr[l] = 4;
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Upotreba kesa

Memory Caches

arr[0]

arr[1]

arr[2]

arr[3]

arr[0] = 5; arr[4]
arr[2] = 6;
arr[10] = 13;
arr[1] = 4; arx[6]
arr[7]

arr[5]

arr[8]

arr[9]

arr[10]

oc|lo|lo|lo|o|o|lo|o|lOo|o|Oo| O

arr[11]
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arr[0]
arr[2]

arr[10] = 13;

arr[1]

Upotreba kesa

Memory Caches

arr[0]

arr[1]

arr[2]

arr[3]

= 5; arr([4]

arr[5]

= 4; arr([6]

arr[7]

arr[8]

arr[9]

arr[10]

arr[11]

oc|lo|lo|lo|o|o|lo|o|lOo|o|Oo| O

Memory Cache
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arr[0]
arr[2]

arr[10] = 13;

arr[1]

Upotreba kesa

Memory Caches

arr[0]

arr[1]

arr[2]

arr[3]

=5; arr[4]

arr[5]

= 4; arr([6]

arr[7]

arr[8]

arr[9]

arr[10]

arr[11]

oc|lo|lo|lo|o|o|lo|o|lOo|o|Oo| O

Memory Cache
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Upotreba kesa

Memory Caches

arr[0]

arr[1]

arr[2]

arr[3]

arr[0] = 5; arr[4]
arr[2] = 6;
arr[10] = 13;
arr[1] = 4; arx[6]
arr[7]

arr[5]

Memory Cache

arr[0] 0
arr[8]

arr[1l]
arr[9]

arr[10]

0
arr[2] 0
0

arr[3]

oc|lo|lo|lo|o|o|lo|o|lOo|o|Oo| O

arr[11]
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Upotreba kesa

Memory Caches

arr[0]

arr[1]

arr[2]

arr[3]

arr[0] = 5; arr[4]
arr[2] = 6;
arr[10] = 13;
arr[1] = 4; arx[6]
arr[7]

arr[5]

Memory Cache

arr[0] 5)
arr[8]

arr[1l]
arr[9]

arr[10]

0
arr[2] 0
0

arr[3]

oc|lo|lo|lo|o|o|lo|o|lOo|o|Oo| O

arr[11]
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Upotreba kesa

Memory Caches

arr[0]

arr[1]

arr[2]

arr[3]

|
o

arr[0]
arr[2]
arr[10]
arr[1] = 4; arx[6]
arr([7]

arr[4]

|
o

arr[5]

Memory Cache

arr[0] 5)
arr[8]

arr[1l]
arr[9]

arr[10]

0
arr[2] 0
0

arr[3]

I
[
w
o|lo|lo|lo|o|o|o|o|o|o|o|o

arr[11]
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arr[0]
arr[2]

arr[10]

arr[1]

Upotreba kesa

Memory Caches

arr[0]

arr[1]

arr[2]

arr[3]

|
o

arr[4]

|
o

arr[5]

Already in
cache!

I
-
w

= 4; arr([6]

arr[7]

arr[8]

arr[9]

arr[10]

arr[11]

oc|lo|lo|lo|o|o|lo|o|lOo|o|Oo| O

Memory Cache

arr[0] 5)

arr[1l]

0
arr[2] 0 =
0

arr[3]
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Upotreba kesa

Memory Caches

arr[0]

arr[1]

arr[2]

arr[3]

|
o

arr[0]
arr[2]
arr[10]
arr[1] = 4; arx[6]
arr([7]

arr[4]

|
o

arr[5]

Memory Cache

arr[0] 5)
arr[8]

arr[1l]
arr[9]

arr[10]

0
arr[2] 0
0

arr[3]

I
[
w
o|lo|lo|lo|o|o|o|o|o|o|o|o

arr[11]
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Upotreba kesa

Memory Caches

arr[0]

arr[1]

arr[2]

arr[3]

|
o

arr[0]
arr[2]
arr[10]
arr[1] = 4; arx[6]
arr([7]

arr[4]

|
o

arr[5]

Memory Cache

arr[0] 5)
arr[8]

arr[1l]
arr[9]

arr[10]

0
arr[2] 6
0

arr[3]

I
[
w
o|lo|lo|lo|o|o|o|o|o|o|o|o

arr[11]
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Upotreba kesa

Memory Caches

arr[0]

arr[1]

arr[2]

arr[3]

|
o

arr[0]
arr[2] = 6;
arr[10]
arr[1] = 4; arx[6]
arr[7]

arr[4]

arr[5]

Memory Cache

arr[0] 5)
arr[8]

arr[1l]
arr[9]

arr[10]

0
arr[2] 6
0

arr[3]

]
[y
w
o|lo|lo|o|o|lo|o|o|o|o|o|o

arr[11]
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arr[0]
arr[2]

arr[10]

arr[1]

Upotreba kesa

Memory Caches

arr[0]

arr[1]

arr[2]

arr[3]

|
o

arr[4]

arr[5]

1]
[
w

= 4; arr([6]

arr[7]

arr[8]

arr[9]

arr[10]

arr[11]

oc|lo|o|lo|o|o|lo|o|lojloa|loc|wu

Memory Cache
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Upotreba kesa

Memory Caches

arr[0]

arr[1]

arr[2]

arr[3]

|
o

arr[0]
arr[2] = 6;
arr[10]
arr[1] = 4; arx[6]
arr[7]

arr[4]

arr[5]

Memory Cache

arr([8] 0
arr[8]

arr[9]
arr[9]

arr[10]

0
arr[10] 0
0

arr[11]

]
[y
w
o|lo|lo|o|o|lo|o|o|o|a|o|wu

arr[11]
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Upotreba kesa

Memory Caches

arr[0]

arr[1]

arr[2]

arr[3]

|
o

arr[0]
arr[2] = 6;
arr[10]
arr[1] = 4; arx[6]
arr[7]

arr[4]

arr[5]

Memory Cache

arr([8] 0
arr[8]

arr([9] 0
arr[9]

arr[10] |13
arr[10]

arr[11] 0

]
[y
w
o|lo|lo|o|o|lo|o|o|o|a|o|wu

arr[11]
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Upotreba kesa

Memory Caches

arr[0]

arr[1]

arr[2]

arr[3]

|
o

arr[0]
arr[2] = 6;
arr[10]
arr[l] = 4; arr[6]
arr[7]

arr[4]

arr[5]

Memory Cache

arr([8] 0

arr[8]

arr([9] 0

arr[9]

arr[10] |13
arr[10]

arr[11] 0

I
[
w
o|o|lo|lo|o|o|o|o|o|lo|o|u

arr[11]
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arr[0]
arr[2]

arr[10]

arr[1]

Upotreba kesa

Memory Caches

arr[0]

arr[1]

arr[2]

arr[3]

|
o

arr[4]

arr[5]

I
-
w

= 4: arr[6]

arr[7]

arr[8]

arr[9]

ool |Oo|wu

arr[10]

[
w

arr[11]

o

Memory Cache
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Upotreba kesa

Memory Caches

arr[0]

arr[1]

arr[2]

arr[3]

|
o

arr[0]
arr[2] = 6;
arr[10]
arr[l] = 4; arr[6]
arr[7]

arr[4]

arr[5]

I
-
w

Memory Cache

arr[0] 5)

arr[8]

arr[1l]

ool |Oo|wu

arr[9]

arr[10]

[
w

0
arr[2] 6
0

arr[3]

arr[11]

o
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Upotreba kesa

Memory Caches

arr[0]

arr[1]

arr[2]

arr[3]

|
o

arr[0]
arr[2] = 6;
arr[10]
arr[l] = 4; arr[6]
arr[7]

arr[4]

arr[5]

I
-
w

Memory Cache

arr[0] 5)

arr[8]

arr[1l]

ool |Oo|wu

arr[9]

arr[10]

[
w

4
arr[2] 6
0

arr[3]

arr[11]

o
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Upotreba kesa

The Problem with Caches
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Upotreba kesa

The Problem with Caches

int[][] array;
for (j =0; j < 4; 7 =3 + 1)
for (i = 0; 1 < 4; 1 =1

i + 1)
array([i] [j] = O;
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Upotreba kesa

The Problem with Caches

int[][] array;
for (3 =0; 3 <4; j =3 +1)
for (i = 0; 1 < 4; 1 =1
array([i] [j] = O;

+ 1)

0001|0203
10(11|12|13
20212223
3031|3233
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Upotreba kesa

The Problem with Caches

int[][] array;
for (j = 0; j < 4; j =3 + 1)
for (i = 0; 1 < 4; 1 =1
array([i][j] = 0;

+ 1)

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]
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Upotreba kesa

The Problem with Caches

int[][] array;
for (3 =0; 3 <4; j =3 +1)
for (i = 0; 1 < 4; 1 =1
array([i] [j] = O;

+ 1)

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]

Cache
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Upotreba kesa

The Problem with Caches

int[][] array;
for (3 =0; 3 <4; j =3 +1)
for (i = 0; 1 < 4; 1 =1
array([i] [j] = O;

+ 1)

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]

Cache
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Upotreba kesa

The Problem with Caches

int[][] array;
for (3 =0; 3 <4; j =3 +1)
for (i = 0; 1 < 4; 1 =1
array([i] [j] = O;

+ 1)

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]

Cache

5 [or ez
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Upotreba kesa

The Problem with Caches

int[][] array;
for (3 =0; 3 <4; j =3 +1)
for (i = 0; 1 < 4; 1 =1
array([i] [j] = O;

+ 1)

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]

Cache

5 [or ez
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Upotreba kesa

The Problem with Caches

int[][] array;
for (3 =0; 3 <4; j =3 +1)
for (i = 0; 1 < 4; 1 =1
array([i] [j] = O;

+ 1)

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]

Cache
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Upotreba kesa

The Problem with Caches

int[][] array;
for (3 =0; 3 <4; j =3 +1)
for (i = 0; 1 < 4; 1 =1
array([i] [j] = O;

+ 1)

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]

Cache

(a1 1213
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Upotreba kesa

The Problem with Caches

int[][] array;
for (3 =0; 3 <4; j =3 +1)
for (i = 0; 1 < 4; 1 =1
array([i] [j] = O;

+ 1)

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]

Cache

(a1 123
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Upotreba kesa

The Problem with Caches

int[][] array;
for (3 =0; 3 <4; j =3 +1)
for (i = 0; 1 < 4; 1 =1
array([i] [j] = O;

+ 1)

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]

Cache
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Upotreba kesa

The Problem with Caches

int[][] array;
for (3 =0; 3 <4; j =3 +1)
for (i = 0; 1 < 4; 1 =1
array([i] [j] = O;

+ 1)

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]

Cache

[ [
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Upotreba kesa

The Problem with Caches

int[][] array;
for (3 =0; 3 <4; j =3 +1)
for (i = 0; 1 < 4; 1 =1
array([i] [j] = O;

+ 1)

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]

Cache

[ [
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Upotreba kesa

The Problem with Caches

int[][] array;
for (3 =0; 3 <4; j =3 +1)
for (i = 0; 1 < 4; 1 =1
array([i] [j] = O;

+ 1)

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]

Cache
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Upotreba kesa

The Problem with Caches

int[][] array;
for (3 =0; 3 <4; j =3 +1)
for (i = 0; 1 < 4; 1 =1
array([i] [j] = O;

+ 1)

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]

Cache

EEIEE
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Upotreba kesa

sanje lokalnosti

o Programeri obi¢no pisu kod bez razumevanja o posledicama lokalnosti jer jezici ne
prikazuju detalje memorije

o Neki kompajleri su sposobni da prepisu kod tako da se lokalnost iskoristi

o Primer takve optimizacije je prerasporedivanje petlji
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Upotreba kesa

Loop Reordering

int[][] array;
for (3 = 0; 3 <4; j =3+ 1)
for (i = 0; 1 < 4; 1 =1
array([i][j] = 0;

+ 1)

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]

Cache
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Upotreba kesa

Loop Reordering

int[][] array;
for (3 = 0; 3 <4; 3 =3+ 1)
for (i = 0; 1 < 4; i =1
array([i][j] = 0;

+ 1)

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]

Cache
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Upotreba kesa

Loop Reordering

int[][] array;
for (1 =0; i < 4; i =1
for (3 = 0; jJ < 4; 3
array[i][J] = 0;

)

+ 1
=3 + 1)

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]

Cache

Milena Vujosevi¢ Janici¢ Konstrukcija kompilatora



Upotreba kesa

Loop Reordering

int[][] array;
for (1 = 0; 1 < 4; i =1
for (3 = 0; j < 4; 3
array([i][j] = 0;

+ 1)
=3 +1

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]

Cache
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Upotreba kesa

Loop Reordering

int[][] array;
for (1 = 0; 1 < 4; i =1
for (3 = 0; j < 4; 3
array([i][j] = 0;

+ 1)
=3 +1

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]

Cache
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Upotreba kesa

Loop Reordering

int[][] array;
for (1 = 0; 1 < 4; i =1
for (3 = 0; j < 4; 3
array([i][j] = 0;

+ 1)
=3 +1

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]

Cache

5 [or ez
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Upotreba kesa

Loop Reordering

int[][] array;
for (1 = 0; 1 < 4; i =1
for (3 = 0; j < 4; 3
array([i][j] = 0;

+ 1)
=3 +1

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31][32]33]

Cache

5 [or ez
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Loop Reordering

int[][] array;
for (1 = 0; 1 < 4; i =1
for (3 = 0; j < 4; 3
array([i][j] = 0;

+ 1)
=3 +1

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]

Cache

5 [or ez
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Upotreba kesa

Loop Reordering

int[][] array;
for (1 = 0; 1 < 4; i =1
for (3 = 0; j < 4; 3
array([i][j] = 0;

+ 1)
=3 +1

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]

Cache

5 [or ez
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Upotreba kesa

Loop Reordering

int[][] array;
for (1 = 0; 1 < 4; i =1
for (3 = 0; j < 4; 3
array([i][j] = 0;

+ 1)
=3 +1

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]

Cache

5 [or ez
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Upotreba kesa

Loop Reordering

int[][] array;
for (1 = 0; 1 < 4; i =1
for (3 = 0; j < 4; 3
array([i][j] = 0;

+ 1)
=3 +1

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]

Cache
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Upotreba kesa

Loop Reordering

int[][] array;
for (1 = 0; 1 < 4; i =1
for (j = Jj < 4; 3

+ 1)
0; =3
array([i] [j] = O;

+ 1)

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]

Cache
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Loop Reordering

int[][] array;
for (1 = 0; 1 < 4; i =1
for (j = Jj < 4; 3

+ 1)
0; =3
array([i] [j] = O;

+ 1)

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]

Cache

a1 123
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Loop Reordering

int[][] array;
for (1 = 0; 1 < 4; i =1
for (j = Jj < 4; 3

+ 1)
0; =3
array([i] [j] = O;

+ 1)

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]

Cache
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Upotreba kesa

Loop Reordering

int[][] array;
for (1 = 0; 1 < 4; i =1
for (j = Jj < 4; 3

+ 1)
0; =3
array([i] [j] = O;

+ 1)

[00]o1]oz]03]10]11]12]13]20]21]22]23]30]31]32]33]

Cache

a1 123
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Napredne optimizacije

Q@ Napredne optimizacije
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Napredne optimizacije

izacije koda

o Postoje i razne druge optimizacije koje se mogu sprovesti na nivou izgenerisanog

koda

o Posebno su bitne optimizacije koje se bave transformacijama petlji: optimizovanje
koda koji se izvrsava veliki broj puta je od sustinskog znacaja
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Napredne optimizacije

otavanje petlje

int x;
for (x = 0; x < 100; x += 5 )
int x; {
for (x = 0; x < 100; x++) do_something(x) ;
{ do_something(x + 1);
do_something(x) ; do_something(x + 2);
3 do_something(x + 3);

do_something(x + 4);

o Sta se dobija?
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Napredne optimizacije

otavanje petlje

int x;
for (x = 0; x < 100; x += 5 )
int x; {
for (x = 0; x < 100; x++) do_something(x) ;
{ do_something(x + 1);
do_something(x) ; do_something(x + 2);
3 do_something(x + 3);

do_something(x + 4);

o Sta se dobija?
o Manji broj skokova, blokova i uslova — efikasniji kod

o Sta se gubi?
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Napredne optimizacije

tavanje petlje

int x;
for (x = 0; x < 100; x += 5 )
int x; {
for (x = 0; x < 100; x++) do_something(x) ;
{ do_something(x + 1);
do_something (x) ; do_something(x + 2);
3 do_something(x + 3);
do_something(x + 4);

Sta se dobija?

Manji broj skokova, blokova i uslova — efikasniji kod

o
o
o Sta se gubi?
o Duplikacija koda u petlji — veéi kod
o

Duplikacija koda van petlje (ako brojevi nisu deljivi)
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Napredne optimizacije

tavanje petlje

send(to, from, count)
register short *to, *from;

register count; while (--n > 0) {
{ *to = *from++;
register n = (count + 7) / 8; *to = *from++;
switch (count % 8) { *to = *from++;
case 0: *to = *fromt+; *to = *xfrom++;
case 7: *to = *fromt++; *to = *xfrom++;
case 6: *to = *xfromt++; *to = *xfrom++;
case 5: *xto = xfrom++; *to = *xfrom++;
case 4: *to = *fromt++; *to = *xfrom++;
case 3: *to = *xfromt++; ¥
case 2: *to = *from++; }
case 1: *to = *fromt++;
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Napredne optimizacije

otavanje petlje — Duff's device

send(to, from, count)
register short *to, *from;
register count;
{
register n = (count + 7) / 8;
switch (count % 8) {
case 0: do { *to = *xfrom++;
case T7: *to = *xfrom++;

case 6: *to = *xfrom++;
case b: *to = *xfrom++;
case 4: *to = *xfrom++;
case 3: *to = *xfrom++;
case 2: *to = xfrom++;
case 1: *to = xfrom++;

} while (--n > 0);
}

Milena Vujosevi¢ Janici¢ Konstrukcija kompilatora



Napredne optimizacije

janje petlji — loop fission

int i, a[100], b[100];

int i, a[100], b[100]; for (i = 0; i < 100; i++) {
for (i = 0; i < 100; i++) { ali] = 1;
afil = 1; }
bl[i] = 2; for (i = 0; i < 100; i++) {
} bli]l = 2;
}

o Sta se dobija?
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Napredne optimizacije

janje petlji — loop fission

int i, a[100], b[100];

int i, a[100], b[100]; for (i = 0; i < 100; i++) {
for (i = 0; i < 100; i++) { alil = 1;
ali]l = 1; b
bl[i] = 2; for (i = 0; i < 100; i++) {
} bli]l = 2;
}

o Sta se dobija?

o Bolja upotreba kesa

o Moguénost paralelizacije izmedu procesora
o Sta se gubi?
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Napredne optimizacije

janje petlji — loop fission

int i, a[100], b[100];

int i, a[100], b[100]; for (i = 0; i < 100; i++) {
for (i = 0; i < 100; i++) { ali] = 1;
afil = 1; }
bl[i] = 2; for (i = 0; i < 100; i++) {
} bli]l = 2;
}

o Sta se dobija?
Bolja upotreba kesa

Moguénost paralelizacije izmedu procesora

°
°

o Sta se gubi?
o Povecava se kod
°

Dodaju se nove naredbe skoka
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Napredne optimizacije

je petlji — loop fusion

o Obrnuti smer.
o Sta se dobija?
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Napredne optimizacije

je petlji — loop fusion

o Obrnuti smer.

o Sta se dobija?

o Smanjuju se dodaci petlje (brojaci, skokovi)

o Nezavisnost spojenih naredbi daje moguénost paralelizma instrukcija

o Nekada se na ovaj na¢in mogu smanjiti potrebe za €uvanjem medurezultata
o Sta se gubi?
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Napredne optimizacije

je petlji — loop fusion

o Obrnuti smer.

o Sta se dobija?

o Smanjuju se dodaci petlje (brojaci, skokovi)
Nezavisnost spojenih naredbi daje moguénost paralelizma instrukcija
Nekada se na ovaj nadin mogu smanjiti potrebe za €uvanjem medurezultata

°
°

o Sta se gubi?
o Veci pritisak na registre
°

Losija upotreba kesa
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Napredne optimizacije

janje prve/poslednej iteracije — Loop peeling

o Loop peeling je specijani slucaj od loop splitting. It splits any problematic first (or
last) few iterations from the loop and performs them outside of the loop body.
(gec 3.4)

o Loop splitting is a compiler optimization technique. It attempts to simplify a loop
or eliminate dependencies by breaking it into multiple loops which have the same
bodies but iterate over different contiguous portions of the index range.

int p = 10; B )
for (int i=0; i<10; ++i) ylol = x[o0] + x[10]; ~
{ for (int i=1; i<10; ++i)
A . . {
y[:]ij x[i] + x[pl; L] = 2041 + x[i-1]s
y oo ¥
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Napredne optimizacije

o Iskoristiti na najbolji nacin rasporedivanje instrukcija u petljama
o Na primer, ukoliko u telu petlje imamo nekoliko instrukcija koje zavise medusobno,
ali ne zavise od naredne iteracije, onda to treba iskoristiti: razmotavanje petlje +

rasporedivanje instrukcija
for i = 1 to (bignumber/3) step 3

A(i)
A(i+1)
for i = 1 to bignumber AGi+2)
A(i) //load B(i)
B(i) //add B(i+1)
C(i) //store B(i+2)
end Cc(1)
C(i+1)
C(i+2)
end
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Napredne optimizacije

izacije petlji

o Svaka od ovih optimizacija zahteva kompleksnu cost/benefit analizu

o U zavisnosti od ostalih parametara, donosi se odluka koja optimizacija se kada
koristi
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Napredne optimizacije

Where We Are
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o (The Dragon Book) Compilers: Principles, Techniques, and Tools Alfred V.
Aho,Monica S. Lam, Ravi Sethi, and Jeffrey D. Ullman

o Kompajleri Stanford
https://web.stanford.edu/class/archive/cs/cs143/cs143.1128/
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