16/5/2023

Exteleon EKTOC 2elpac
(Out-of-Order)

Matog 2023

O Xpovoc Evoc Mpoypappatoc otov CPU...

CPU Time = CPU clock cycles X clock cycle time

instructions cycles seconds
= X X

program instruction cycle

* BeAtiwon (nelwaon tou xpovou) av auénbei n cuxvotnta poAoylol
(clock frequency)

* Av pewwBet to CPI
* Pipeline
* divide CPI by # of stages + bubbles
* add bypass
* Superscalar
* divide CPI by issue width + bubbles from
* data dependencies
* control dependencies
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AM\oc Tpomoc?

* TLpog emBpadivel edbw?

// for (i=0; i<N; i++) c[i] = a[i]*b[i]+i*2;

loop: 1d rl, (r2+r9+*8)
1d r3, (r4+r9+*8)
mult r5, r3, rl
mult r3, r9, 2
add r5, r5, r3
st r5, (r6+r9+*8)
add r9, r9, 1
cmp r9, rl0
bnz loop

AM\oc Tpomoc?

* TLpog emBpadivel edbw?

// for (i=0; i<N; i++) c[i] = a[i]*b[i]+i*2;

loop: 1d
1d
mult
mult

st

add
cmp
bnz

rl, (r2+r9*8)
r3, (r4+r9*8)
r5, r3, rl
r3, r9, 2

r5, (r6+r9+*8)
r9, r9, 1

r9, rl0

loop
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Mwc Mmnopel va BeEATIwBEe(?

* EOTWw TO MOPAKATW XOPAKTNPLOTLKA TOU EMEEEPYATTN:
* 2-issue superscalar
* 1LD/ST unit (2 cycles),
* 1 mult (2 cycles)
* 1add (1 cycle)

1d rl, (r2+r9+*8)
.. 1d r3, (r4+r9+*8)
..mult r5, r3, rl
..mult r3, r9, 2
. .add r5, r5, r3
.st r5, (r6+r9+*8)
.add r9, r9, 1
. cmp r9, rlo
.bnz loop

12 cycles

Avalvon tng Ektéleonc?

* Tupoag emPpadovel?

loop: 1d
1d
mult
mult
add
st
add
cmp
bnz

* Data Dependencies
* RAW: Read after write. (true dependence)
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Avaluon tnc Ekteheonc

* Tt pag emPpaduvel?
loop: 1d
1d
mult
mult
add
st
add
cmp
bnz
* Data Dependencies
* RAW: Read after write. (true dependence)
* WAR: write after read (false dependence)

AvaAuon tnc Ekteleonc

* Tt pog emiBpaduvel?

loop: 1d
1d
mu L’
mult
add
st
add
cmp
bnz

* Data Dependencies
* RAW: Read after write. (true dependence)
* WAR: write after read (false dependence)
* WAW: write after write (false dependence)
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ArnoAowdn twv E€aptnoewv WAR (and WAW)

* TLpoag emiPBpaduvel?
loop: 1d

1d
mult
mult
add
st
add
cmp
mov
bnz

* Data Dependencies
* RAW: Read after write. (true dependence)
* WAR: write after read (false dependence)
* WAW: write after write (false dependence)

10

EnavaypovompoypapoTiopoc: BeAtiwon tou ILP

loop: 1d rl, (r2+r9+*8)
1d r3, (r4+r9*8)

mult r5, r3, rl
mult rll, r9, 2
add r5, r5, rl1l
st r5, (r6+r9*8)
add rl12, r9, 1
cmp rl2, rl0

mov r9, rl2

bnz loop

11
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Mrmopet va BeAtiwBel emumAeov?

loop: 1d rl, (r2+r9+*8)
mult rll, r9, 2
..1d r3, (r4+r9*8) 10 cycles
..mult r5, r3, rl
.add r5, r5, rll
.st r5, (r6+r9+*8)
add rlz2, r9, 1
. cmp rlz, rl0
mov r9, rl2
bnz loop

12

XPOVOTIPOYPOUUATIOMOC =ava |

loop: 1d rl, (r2+r9*8)
mult rll, r9, 2

loop: 1d rl, (r2+r9+*8)
mult rll, r9, 2

1d r3, (r4+r9*8) 1d r3, (r4+r9*8)
mult r5, r3, rl add rl2, r9, 1
add r5, r5, rlil cmp rl2, rl0

st r5, (r6+r9i§l//,/’////' mult r5, r3, rl
add rl2, r9, 1 add r5, r5, rill
cmp rl2, rl0 st r5, (r6+r9+*8)
mov r9, rl2 mov r9, rl2

bnz loop bnz loop

14
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XPOVOTIPOYPOUUATIOMOC Zava |

1d rl, (r2+r9*8)
mult rll, r9, 2
.. 1d r3, (r4+r9*8)
add rl2, r9, 1
.cmp rl2, rlo0
mult r5, r3, rl Z£N£E§
. .add r5, r5, rll
.st r5, (r6+r9*8)
mov r9, rl2
.bnz loop

15

[Molol Elva ot AvaotaAtikol Mapayovtec?

1d rl, (r2+r9*8) ,
mult rll, r9, 2 In order issue
..1d r3, (r4+r9*8) Not enough Function units
add rlz, r9, 1 Function units too slow
- CIp rl2, ri0 Not enough register names
mult r5, r3, ril C Id q
..add r5, r5, ril Clrirel Elepziie bas
.st r5, (r6+r9*8) Static scheduling
mov r9, rl2
.bnz loop

16
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[Molol Elval ot AvaotoaAtikol Mapayovtec?

1d rl, (r2+r9+*8) * Inorderissue
mult ril, =9, 2 * Not enough Function units
..1d r3, (r4+r9+*8) . .
2dd r12, 19, 1 * Function units too slow
.cmp r12, rl0 * Not enough register names
mult r5, r3, rl * Control dependence
-.add r5, r5, rll * Static scheduling
.st r5, (r6+r9+*8)
bnz loop
1d rl, (r2+r12+*8)

17

[Molol Elva ot AvaotaAtikol Mapayovtec?

* Inorderissue

* Not enough Function units
* Function units too slow

* Not enough register names
* Control dependence

» Static scheduling

1d rl, (r2+r9+*8) 1d rl, (r2+r9+*8)
.. 1d r3, (r4+r9+*8) mult rll, r9, 2
..mult r5, r3, rl ﬁ ..1d r3, (r4+r9*8)
..mult  r3, r9, 2 L0 add rl2, r9, 1
. .add r5, r5, r3 . cmp rl2, rl0
.st r5, (r6+r9+*8) mult r5, r3, rl
.add r9, r9, 1 ..add r5, r5, rll
. cmp r9, rlo0 .st r5, (r6+r9+*8)
.bnz loop bnz loop

18
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[Molol Elval ot AvaotoaAtikol Mapayovtec?

1d rl, (r2+r9*8)
mult rll, r9, 2
..1d r3, (r4+r9*8)
add rl2, r9, 1
. Cmp rl2, rl0
mult r5, r3, ril
.add r5, r5, rll
1d rl, (r2+rl2+*8)
.st r5, (r6+r9*8)
bnz loop

In order issue

Not enough Function units
Function units too slow
Not enough register names
Control dependence
Static scheduling

Out-of-Order Pipeline

In-order front end

\

Out-of-order execution

In-order commit
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Exteheon Out-of-Order

I1 FDREW

I2 F DR EEW
I3 F DR W
14 FDRE W
I5 F DR E E E W

Out-of-order exec

21

Exteleon Out-of-Order

* Emilong ovopadetat Auvopukdg Xpovompoypappatiopog (Dynamic scheduling)
* Exteleital and to hardware katd t Stdpkela tng ektédeong “on-the-fly”

* Evepyel mavw og éva “window” amo evtoAEG TTOU elval ETOLUEG YLA EKTEAEDN
* Je KAOe KUKAO poAOyLOU ETILAEYEL TNV ETTOUEVN ETOLUN...

* [a va yivel n ektéleon out-of-order mpémel va yivouv ta €€n¢ Bripota:
Brjna #1: Emava-ovouatoloyia Kataxwpntwv — yia tnv anoduyn eéaptnocwv “false”
Bripa #2: Auvapikn XpovodpopoAdynaon — waote va yivouv akplBeig ol “true” e€aptnosig

* To kAeldi yLo TNV Katavonon tne ektéleong out-of-order iva:
* OLefaptioelg AeSopévwy (Data dependencies)

22
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Tumnol E¢aptrnoewy

* RAW (Read After Write) = “true dependence” (true)
mul r0 * r1

2dd@) 13 - 14

* WAW (Write After Write) = “output dependence” (false)

mul r0 * r1
addrl+r3 @
* WAR (Write After Read) = “anti-dependence” (false)

mul r0 *@-) r2
;;jd r3+r4 -)@

WAW & WAR are “false”, Can be totally eliminated by “renaming”

Emava-ovopatoloyia Kataxwpntwy

24
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Briua #1: Emava-ovopatoloyla Kataxwpntwyv

* JTOXOC €lval n ekundévion twv register conflicts/hazards

* “Architected” ; “Physical” katayxwpntég — level of indirection
* Ovopoata:rl,r2,r3
* O¢oelg:pl,p2,p3,p4,p5,p6,p7

* Apxwn amewovion: r1l—-pl, r2—-p2, r3—->p3, p4d-p7 eival “Slabeoipol”

MapTable FreeList Original insns Renamed insns
rl |r2 [r3 7 ya
pl [p2 [p3 p4,p5,p6,p7 add r2f(7>r1l add p?’iﬂ]ﬂ
p4 |p2 |p3 P5,p6,p7 sub r2/rl-r3 sub pZ2,p4-¥p5
p4 [p2 |p5 p6,p7 mul r2,r3->r3 mul p2,p5-*p6
p4 |p2 |p6 p7 div rl,4=rl div p4,4-p7

* Emava-ovopatoloyia — otdxog eival va ypadtel kaBe kataxwpntig pia dpopa !
+ AnodeUyovtal €10l oL e€aptroelg Tou eival false

+ OLmpaypartikeg, true e€aptrioelg mopapévouv avenageg!

* Mote émavaypnolpomnoleital évag physical register? After overwriting insn dene

Enava-ovopatoAoyia Kataywpntwy (2)

* AUO Baokeg Sopég Sedopévwy:

* maptable[architectural_reg] = physical_reg
* Free list: allocate (new) & free registers (UAOTOLNUEVEC WC OLPAQA)

* AAyop1Bpog: oto otadlo “anokwdikonoinong” kabe evtoAng:
insn.phys inputl = maptable[insn.arch inputl]

insn.phys input2
new reg = new_ phys
maptable[insn.arch output]

= new_reg

insn.phys output = new reg

maptable[insn.arch input2]
_reg()

12
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MeTtovopaotia - Mapadelypa

xorrl"r2 = r3
addr3+r4=>r4
subr5-r2=1r3
addir3+1-r1

rl pl
r2 p2
r3 p3
r4 p4
rs pS
Map table

p6
p7
p8
p9
pl10

Free-list

36

MeTtovopaota — Mapadeypa (2)

Xor plhp2 =

xorrl”r2 = r3 -

addr3+r4 = r4

subr5-r2-r3

addir3+1-=r1
ri pl
r2 p2
r3 p3
r4 p4
r5 p5

Map table

p6
p7
p8
p9
p10

Free-list

37
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Metovouaotia — Mapadewypa (3)

xorrl"r2 = r3
addr3+r4=>r4
subr5-r2=1r3
addir3+1-r1

——  Xor pl”p2 - p6

rl pl p6
r2 p2 p7
r3 p3 p8
r4 p4 p9
15 p5 p10
Map table Free-list

38

Metovouaoia — MNapadelyua (4)

xorrl”r2 = r3
addr3+r4=>r4
subr5-r2-r3
addir3+1-=r1

—» Xor pl”p2 - p6

ri pl
r2 p2 p7
r3 p6 p8
r4 p4 p9
r5 p5 p10

Map table Free-list

14
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Metovouaotia — Mapadewypa (5)

xorri~r2 =>r3 Xor pl”p2 = pb6
addr3+r4 =>r4 — > addp6+p4->
subr5-r2 = r3

addir3+1-rl

rl pl

r2 p2 p7

r3 p6 p8

r4 p4 p9

15 p5 p10
Map table Free-list

40

MeTtovouaota — Mapadeypa (6)

xorri~r2 = r3 Xor pl”p2 = pb6
addr3+r4 = r4 — > addp6+p4->p7
subr5-r2 =r3
addir3+1-rl

ri pl
r2 p2 p7
r3 p6 p8
r4 p4 p9
r5 p5 p10
Map table Free-list

41

15



16/5/2023

Metovouaoia — MNapadetyua (7)

xorrl"r2 = r3
addr3+r4 =>r4
subr5-r2=1r3
addir3+1-r1

Xor pl”p2 = pb6
—  » addp6+p4->p7

rl pl

r2 p2

r3 p6 p8

r4 p7 p9

15 p5 p10
Map table Free-list

42

MeTtovopaota — Mapadeypa (8)

xorrl”r2 = r3
addr3+r4=>r4
subr5-r2-r3
addir3+1-=r1

Xor pl”p2 = pb6
add p6 + p4 = p7
— subp5-p2->

ri pl
r2 p2
r3 p6 p8
r4 p7 p9
r5 p5 p10
Map table Free-list

43
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Metovouaotia — Mapadewypa (9)

xorrl"r2 = r3
addr3+r4=>r4
subr5-r2=1r3
addir3+1-r1

Xor pl”p2 = pb6
add p6 + p4 = p7
— subp5-p2->p8

rl pl

r2 p2

r3 p6 p8

r4 p7 p9

15 p5 p10
Map table Free-list

44

Metovopaota — Mapadeypa (10)

xorrl”r2 = r3
addr3+r4=>r4
subr5-r2-r3
addir3+1-=r1

Xor pl”p2 = pb6
add p6 + p4 = p7
— subp5-p2->p8

ri pl
r2 p2
r3 p8
r4 p7 p9
r5 p5 p10
Map table Free-list

45
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Metovopaoia — MNapadeypa (11)

xorrl"r2 = r3
addr3+r4=>r4
subr5-r2=1r3
addir3+1-r1

Xor pl”p2 = pb6
add p6 + p4 = p7
sub p5 - p2 = p8

— addip8+1-
rl pl
r2 p2
r3 p8
r4 p7 p9
r5 pS p10
Map table Free-list

46

Metovopaota — Mapadeypa (12)

xorrl”r2 = r3
addr3+r4=>r4
subr5-r2-r3
addir3+1-=r1

Xor pl”p2 = pb6
add p6 + p4 = p7
sub p5 - p2 = p8
addi p8 +1 = p9

ri pl
r2 p2
r3 p8
r4 p7 p9
r5 p5 p10
Map table Free-list

47
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Metovopaotia — MNapadeypa (13)

xorri~r2 =>r3 Xor pl”p2 = pb6
addr3+r4 =>r4 add p6 + p4 = p7
subr5-r2 = r3 sub p5 - p2 = p8
addir3+1-rl addi p8 +1 = p9

rl p9

r2 p2

r3 p8

r4 p7

r5 p5 p10

Map table Free-list

Mnyoviopot Auvapkng
XpovodpopoAoynonc

19
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Out-of-order Pipeline

Buffer of instructions

In-order front end
EktéAeon Out-of-order

>TOX0G N XPAON JOVAdIKWY OVOUATWY KATAXWPNTWY In-order commit
Twpa elcaywyn oTIg SOUES YIa eKTEAEDN

51

Bripa #2: Auvopikn Xpovodpouoloynon
add p2,p3-?p4
sub p2,p4“p5
mul p =>p6
div p4,4=->p7

insn buffer

Ready Table

P2 |P3 [P4 |P5 |[P6 |P7
. Yes|Yes| add p2,p3=>p4
€ [YesYes|Yes sub p2,p4=dp5 and div p4, 4-p7
F [Yes|Yes|Yes|ves Yes| mul p2,p5-dp6

Yes| Yes| Yes| Yes| Yes| Yes|

* Ol evtoAég emegepydlovral (fetch/decoded/renamed péoa otov Instruction Buffer
* Emiong ovopddetal “instruction window” ] “instruction scheduler”

* OL evtoA£g eAéyyouv (conceptually) ta ready bits o€ kaBe kUkAo pohoyLou
* Exteleitaln mo maAtd “ready” instruction, kat yivetal set otnv £€060 cav “ready”

52
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Dispatch

* OL UETOVOUQOUEVEG EVTOAEG TOTtOBOeTOUVTAL O S0UN TTou ovopdletal: out-of-order

* O Buffer autog ovopaletal Re-order buffer (ROB) kal kpatd TLG EVIOAEG MEXPL VA

yivouv commit
* Issue Queue

* Baolkd urtocloTNUA TNG AOYLKAG XPOVOSpopoAdYNang

¢ Kpata Tig eVIOAEG TToU Sev €XouV eKTEAEDTEL

* Kpatd moleg eloodol ival ready
* Physical register names + ready bit

* “AND” the bits to tell if ready

Insn

Inpl

R

Inp2

Dst

Bday

: Ready?

Briiata Dispatch

* Allocate Issue Queue (1Q) slot

e Full? Stall

* Read ready bits of inputs
* 1-bit per physical reg
* Clear ready bit of output in table

* Instruction has not produced value yet

* Write data into Issue Queue (1Q) slot

54
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Dispatch Example

xor pl”p2 = p6 Ready bits
add p6 + p4 = p7
sub p5 - p2 = p8 pl vy
addip8+1 = p9
p2 y
p3 y
Issue Queue
p4 y
Insn Inpl R Inp2 Dst | Bday p5
p6 y
p7 y
p8 y
P9y
55
xor pl”p2 = p6 Ready bits
add p6 + p4 = p7
sub p5-p2 = p8 pl vy
addip8+1 = p9
p2 y
p3 y
Issue Queue
pd y
Insn Inpl R Inp2 Dst | Bday p5
xor pl y p2 p6 0 p6 n
p7 y
p8 y
P9y

56
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Dispatch Example

xor pl”p2 = p6 Ready bits
add p6 + p4 = p7
sub p5 - p2 = p8 pl y
addip8+1 = p9
p2 y
p3 y
Issue Queue
p4 y
Insn Inpl R Inp2 Dst | Bday p5
xor pl y p2 p6 0 p6 n
add p6 n p4 p7 1 p7 n
p8 y
P9y
57
xor pl”p2 =>p6 Ready bits
add p6 + p4 = p7
sub p5-p2 = p8 pl vy
addip8+1 = p9
p2 y
p3 y
Issue Queue
pd y
Insn Inpl R Inp2 Dst | Bday p5
xor pl y p2 p6 0 p6 n
add p6 n p4 p7 1 p7 n
sub p5 y p2 p8 2 p8 n
P9y

58

16/5/2023
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Dispatch Example

xor pl”p2 =>p6
add p6 + p4 = p7
sub p5 - p2 = p8
addip8+1 - p9

Ready bits

pl vy

p2 vy

p3 vy

pd y

p5 vy

p6 n

p7 n

Issue Queue
Insn Inpl R Inp2 Dst | Bday
xor pl y p2 p6 0
add p6 n p4 p7 1
sub p5 y | p2 p8 |2
addi p8 n p9 3

p8 n

p9 n

59

Out-of-order pipeline

 Execution (out-of-order) stages

* Select ready instructions
* Send for execution

* Wakeup dependents

60
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AAyoplBpuoc Issue

* AOUEG Sebopévwv:
* Ready table[phys_reg] = yes/no (part of “issue queue”)

* AAyOpLBuog oto otadio “issue” (mpotou StafaoTtouv oL KATAXWPNTEC):

foreach instruction:
if table[insn.phys_inputl] == ready &&
table[insn.phys_input2] == ready then
insn is “ready”
select the oldest “ready” instruction
table[insn.phys_output] = ready

* EVtoA£g pe moAAammAoU ¢ KUKAOUG poAoylou? (omwc ta loads)

* For an insn with latency of N, set “ready” bit N-1 cycles in future
61

Issue = Emtthoyn + Exkkivnon !

* Emdoyn Twv MaAaLOTEPWY EVIOAWV ToU €ival £Toleg “ready”
» Single-issue: “xor” is the oldest ready instruction below
» Dual-issue: “xor” and “sub” are the two oldest ready instructions below
* Mapathpnon: evééxetal va undpyouy structural hazards (i.e., load/store/floating point)

Insn Inp1 R Inp2 R Dst | Bday

xor pl y p2 y p6 0 Ready!
add p6 n p4 y p7 1

sub p5 y p2 y | p8 |2 Ready!
addi p8 n | - y p9 3

63
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Issue = Emloyn + Exkkivnon !

e Ekkivnon g€apTtwHEVWY EVTOAWY
* EUpeon tou mpooplopo (Dst) oTic oTtHAEG Twv £Ll00dwv & set “ready” bit
* YMoroteitat pe €18k pvriun: Content Addressable Memory (CAM)
* Emniong ylveatt update ready-bit table ylo peANOVTIKEG EVTOAEG

Insn Inp1 R Inp2 R Dst | Bday
xor pl y p2 y p6 0
add p6 y p4 y p7 1
sub p5 y p2 y p8 2
addi p8 y | - y p9 3

* Je Aewtoupyieg mou amattouv toAAamAoUg kUkAouG (loads, floating point)
* H ekkivnon (Wakeup) petatiBetal petikoig KUKAOUG
* NephapPavel eAéyxoug yia tnv amnoduyn structural hazards

Ready bits

pl

y

p2

y

p3

p4

p5

p6

p7

p8

p9

Issue

* Ermloynf/ekkivnon os éva kUkAo poloyLol

* OL evtoA£g pe e€aptoelg ektehouvtal og KUKAoug poloylou back-to-back
* Next cycle: add/addi are ready:

* OLEeVTOAEG IOV €Xouv eTIAEYEL Byaivouyv ekTOC amo Tnv oupd issue

Insn Inp1 R Inp2 R Dst | Bday
add p6 y p4 y p7 1
addi p8 y | - y p9 3

26
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OO0 execution (2-wide)

pl

p2

p3

p4

p5

xor RDY
add
sub JRDY
addi

p6

p7

p8

P9

o o o o o)} (Y=} ey w ~

66

OO0 execution (2-wide)

pl

p2

p3

add

RDY

p4

p5

addi

RDY

p6

p7

p8

p9

o o o o (o)} o -y w ~

67

27



16/5/2023

OO0 execution (2-wide)

pl

p2

p3

p4

p5

p6

p7

p8

P9

o o o o o)} (Y=} ey w ~

68

OO0 execution (2-wide)

pl

p2

p3

p4

p5

p6

p7

p8

p9

o o o o (o)} o -y w ~

69
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OO0 execution (2-wide)

pl

p2

p3

p4

o)} (Y=} ey w ~

p5

p6 4

p7 O

p8 3

p9 O

70

OO0 execution (2-wide)

pl

p2

p3

p4

p5

-y (o)} o -y w ~

p6

p7 13

p8 3

p9 4

71
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[ote lNvetal to AlaBacpa Twv Katoxwpntwy?

* Twplvr AUon: LeTA TNV eTAOYH, AKPLBWG TPV TNV EKTEAEDN
* 'OXI katd tn ¢aon tng ektéAeong nov Oa ywvotav in-order (oto otddio tov out-of-order)
* AaBaopa tou kataxwpnth physical (tou petovopaouévou kataxwpntn)
* 'H xprion tng Tung uéow bypassing (ue Bacon to 6vopa tou physical kataxwpnth)
* Auté yivetal os: Pentium 4, MIPS R10k, Alpha 21264, IBM Power4, Intel’s “Sandy Bridge” (2011)
* To Physical register file propsi va eivat peyddo ! = anattet SidBaocpo multi-cycle
* MaAaidtepn Avon:
* To &laBaocpa ywotav oto otddlo “issue”, kol armoBbnkevovtay oL TLUEG 6TV oupd: Issue Queue
* 310 oTddlo commit, anoBnkevovtav niow oto “architectural register file”

* Pentium Pro, Core 2, Core i7
* amAoloTepO, OAAG KATAVOAWVETOL TIEPLOCOTEPN EVEPYELD (TTEPLOCOTEPEG UETAKIVAOELC data)

72

Metovoupaoio — pepoc #2
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Re-order Buffer (ROB)

* ROB kpatd mAnpodopia yia recovery/commit
* N OAgg TIg evioAég mAnpodopieg & kal e oslpad !
* Ta ovoparta kataxwpntwv (architectural, physical), kat TUmo evtoAng
* H mAnpodopieg autég amoBnkevovtal PEXPL TEAoUG (“commit”)

* Aewtoupyleg:
* Dispatch: eloaywyn oo tail (if full, stall)
* Commit: e€aywyn amnod 1o head (if not yet done, stall)

* 3T0X0G: 06nyleg yla va yivel owota to in-order commit
* Elval amapaitntog yia SUo Asttoupyieg:
e Emavdkaun ano AdBog nmpoBAedn
* EAeuBépwon twv kataxwpntwv physical registers

74

Nopadeypa Metovopaoiac

xorrlAr2=>r3
addr3 +r4 = r4
subr5-r2 = r3
addir3+1->r1

rl pl p6
r2 p2 p7
r3 p3 p8
r4 p4 P9
r5 p5 p10
Map table Free-list

78

31



Nopadeypa Metovopaoiag

xorrl”Ar2 =>r3 _ , xorplAp2= [p3]
addr3+rd=r4
subr5-r2 = r3
addir3+1-r1

rl pl p6

r2 p2 p7

r3 p3 p8

rd p4 P9

r5 p5 p10

Map table Free-list

79
Nopadeypa Metovopaoiac

xorrlAr2 =r3 _ , xorpl~tp2-p6 [p3]
addr3 +r4 = r4
subr5-r2 =r3
addir3+1-r1

rl pl

r2 p2 p7

r3 p6 p8

r4 p4 p9

r5 p5 p10

Map table Free-list

80

16/5/2023
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14 I
MNapadelypa Metovouoaoiog
xorrlAr2 =>r3 xor pl A p2=>p6 [p31]
addr3+r4d=r4 — > addp6+p4=> [p4]
subr5-r2 =>r3
addir3+1-r1
rl pl
r2 p2 p7
r3 p6 p8
r4 p4 P9
r5 p5 p10
Map table Free-list
81
4 4
MNapadelypa Metovouoaoiog
xorrlAr2 = r3 xor pl”p2 = p6 [p3]
addr3+r4 = r4 — » addp6+pd=>p7 [p4]

subr5-r2 =r3
addir3+1-r1

rl pl

r2 p2

r3 p6 p8
r4 p7 P9
r5 p5 p10
Map table Free-list
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Nopadeypa Metovopaoiag

xorrlAr2 =>r3 xor pl /A p2 - p6 [p31]
addr3+r4 > r4 add p6 + p4 = p7 [p4]
subr5-r2 = r3 sub p5-p2 = [p6]
addir3+1-r1

rl pl

r2 p2

r3 p6 p8

r4 p7 P9

r5 p5 p10

Map table Free-list
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Nopadeypa Metovopaoiac

xorrlAr2 = r3 xor pl”p2 = p6 [p3]
addr3+rd =>r4 add p6 + p4 = p7 [p4]
subr5-r2 =>r3 sub p5 - p2 = p8 [p6]
addir3+1-rl

rl pl

r2 p2

r3 p8

rd p7 P9

r5 p5 p10

Map table Free-list

84
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Nopadeypa Metovopaoiag

xorrlAr2 =>r3 xor pl /A p2 - p6 [p31]
addr3+r4 > r4 add p6 + p4 = p7 [p4]
subr5-r2 =>r3 sub p5-p2 = p8 [p61]
addir3+1-rl addip8+1 = [p1]
_
rl pl
r2 p2
r3 p8
r4 p7 P9
r5 p5 p10
Map table Free-list
85
Nopadeypa Metovopaoiac
xorrlAr2 = r3 xor pl”p2 = p6 [p3]
addr3+rd =>r4 add p6 + p4 = p7 [p4]
subr5-r2 =>r3 sub p5 - p2 = p8 [p6]
addir3+1=r1 addip8+1 - p9 [p1]
rl p9
r2 p2
r3 p8
rd p7
r5 p5 p10
Map table Free-list
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Nopadeypa Metovopaoiag

Enavakapn ano pia Aabog ntpopAsePn

bnz rl loop bnz p1, loop
xorrl”Ar2 =r3 xor pl A p2=>p6
addr3+rd=r4 add p6 + p4 = p7
subr5-r2 =r3 sub p5-p2 = p8
addir3+1-r1 addi p8+1 => p9

rl p9

r2 p2

r3 p8

r4 p7

r5 p5 p10

Map table Free-list

87

Nopadeypa Metovopaoiac

bnz rl loop bnz p1, loop
xorrl”Ar2 =>r3 xor pl A p2 =>p6
addr3+rd = r4 add p6 + p4 = p7
subr5-r2 =r3 sub p5-p2 = p8
addir3+1-r1 addi p8+1 = p9
rl pl
r2 p2
r3 p8
r4 p7 p9
r5 p5 p10
Map table Free-list

88
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Nopadeypa Metovopaoiag

bnz rl loop bnz p1, loop [ 1]
xorrl”Ar2 =>r3 xor pl /A p2 - p6 [p3]
addr3+r4 = r4 add p6 + p4 = p7 [p4]
subr5-r2 = r3 sub p5-p2 = p8 [p6]

rl pl

r2 p2

r3 p6 p8

r4 p7 p9

r5 p5 p10

Map table Free-list
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Nopadeypa Metovopaoiac

bnz rl loop bnz p1, loop [ 1]
xorrlAr2 =r3 xor plAp2 = p6 [p3]
addr3+rd = r4 add p6 + p4 = p7 [p4]

rl pl

r2 p2 p7

r3 p6 p8

r4 p4 p9

rs p> p10

Map table Free-list

90
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Nopadeypa Metovopaoiag
bnz rl loop bnz p1, loop [ ]
xorrlAr2 = r3 xor p1Ap2 = p6 [p3]
rl pl 06
r2 p2 p7
r3 p3 p8
r4 p4 p9
r5 p5 p10
Map table Free-list

14 7
MNapadelypa Metovouoaoiog

bnz rl loop bnz p1, loop [ 1]
rl pl p6
r2 p2 p7
r3 p3 p8
r4 p4 p9
r5 p5 p10
Map table Free-list

92
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Commit
xorrlAr2 =>r3 xor pl /A p2 - p6 [p31]
addr3+r4 = r4 add p6 + p4 = p7 [p4]
subr5-r2 =>r3 sub p5-p2 = p8 [p6]
addir3+1-r1 addip8+1 - p9 [p1]

« Commit: n evtoAn Ba yivel otnv apytkn tng kataotaon:architected state
e In-order, povo Otav OAEC OL EVIOAEG TEAELWOOUV

* eAeUBEPWON TWV KATOXWPNTWV overwritten

EAeuBepwon Kataywpntwyv over-written

xor 1"p2—) [p3]
adp7 [p4]
subr5-r2 =r3 sub p5 - p2 = p8 [p6]

addir3+1-=rl addip8+1 - p9 [pl]

xorrl/™r2

¢ O P3 Atav r3 mpLv to Xor
* P6 gival r3 petd to xor
® OTLOATOTE MAAALOTEPO ATt TO XOr TPETEL va SlaBacel p3

® OTLONTIOTE VEWTEPO ATIO TO XOr TPETEL VO SLaBAlel pb (UEXPL Hia GAAN eVTOAn va
ypayelLto r3)

¢ Otav yivel commit to xor, §gv UTIAPXEL TTAAALOTEPN EVTOAN

9
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Commit

xorrlAr2 =>r3 xor pl /A p2 - p6 [p31]
addr3+r4 > r4 add p6 + p4 = p7 [p4]
subr5-r2 =>r3 sub p5-p2 = p8 [p61]
addir3+1-r1 addi p8+1 = p9 [pl]

rl p9 p10

r2 p2

r3 p8

r4 p7

r5 p5

Map table Free-list

95

xorrlAr2 =r3 xor pl /A p2 = p6 [p3]
addr3+rd =>r4 add p6 + p4 = p7 [p4]
subr5-r2 =>r3 sub p5 - p2 = p8 [p6]
addir3+1=r1 addip8+1 - p9 [p1]

rl P9 p10

r2 p2 p3

r3 p8

r4 p7

r5 p5

Map table Free-list

96
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Commit

addr3+r4>r4 add p6 + p4 = p7 [p4]
subr5-r2 =>r3 sub p5-p2 = p8 [p61]
addir3+1-r1 addip8+1 = p9 [pl]

rl p9 pl0

r2 p2 p3

r3 p8 p4

r4 p7

r5 p5

Map table Free-list

97

subr5-r2 =r3 sub p5-p2 = p8 [p6]
addir3+1=r1 addip8+1 = p9 [p1]

rl P9 p10

r2 p2 p3

r3 p8 pd

r4 p7 p6

r5 p5

Map table Free-list

98
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Commit

addir3+1-r1

addip8+1 = p9

[p1]

rl p9 pl0
r2 p2 p3
r3 p8 p4
r4 p7 p6
r5 p5 pl
Map table Free-list
99
Commit

rl p9 p10
r2 p2 p3
r3 p8 p4
r4 p7 p6
r5 p5 pl
Map table Free-list

100
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Loads kol stores

* Aev ylvovtal ol eVTOAEG amoBrKeuong issue PEXPLG OTOU N EVIOAN
KAvel commit (yiati oxt?)

* H Soun dedopévwy Load-store queue (LSQ) kpatdel Ta stores mou
EKTEAOUVTOL

* OL evtoA£g load mou akoAouBouv npemnel va eAéyéouv tnv LSQ, kat va
TLAPOUV TNV TLUN TTOU €lval youngest earlier
* meplmAoko associative lookup

101

Out-of-order Pipeline

Have unique register names
Now put into out-of-order execution structures

102
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O0O: MAeovekTNuaTa &
[TpOKANOELC

OO0 Aettoupylec (cuvomTika)

* AldBaopa moAAwV evioAwv HEoa o€ Eva tapaBupo eVvioAwv
* Xprion npoBAnPng StakAadwoewv yla va yivouv speculate past (multiple) branches
* e nepintwon AaBoug npoPAedng oe StakAadwon tote kave Flush pipeline

* Metovopaotia evtohwv yla anoduyn false e€aptrioswv

* EktéAeon evioAwv
* OLefaptnoelg KaTaxwpnTwy Eival yVWOTEC
* H Slayelplon Twv e€aptroswv pvnung eivat Suckohdtepn (vs compiler)
* EktéAeon twv “Commit” in order
* Oudnmnote nepiepyo epdaviotel mpv to commit, amAd yivetad flush to pipeline

104
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Out of Order: MAeovektnuata

* 000 eival moAu kaAo oto va kpUBeL short latencies
* Big IPC gain vs in-order superscalar

* MpoBAedn ektéAeonc (Speculation)
* BonBa oe Aettoupyieg peyalng kaBuotépnong (loads, divides) og StakAabwoelg
* KaAUtepn popohdynon code (schedule) amo ot purnopel €évag compiler (often even in
principle!)
* Auvapuikr 6popoAoynaon
* Tpomnomnoinon dpopoAloynong code schedule 6tav cuvavta Asttoupyleg pe petaBAntn
kaBuotépnon

* MoLo elval O ONUAVTIKO?
* H extéAeon pe mpoPAedn divel >80% of the benefit

105

Out of Order: MAeovektApatTa

* Scheduling done in hardware!
* Compilers must re-schedule code for different microarch in in-order
* 000 “just works”

e =» 00O runs “bad code” well

* Code compiled for old machine
* Pointer-chasing code hard for compilers to optimize

106
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[MpokAnoelc yia Muprivec Out-of-Order

* MoAumAokotnta oxediaong
* More complicated than in-order? Certainly!
* But, we have managed to overcome the design complexity

* Juxvotnta poAoylou
* Can we build a “high ILP” machine at high clock frequency?
* Yep, with some additional pipe stages, clever design

* Opla yla (amodotikn) eméktacn Tou mapabupou evtoAwv Kal TapaAAnAiouou (ILP)
* Large physical register file
* Fast register renaming/wakeup/select/load queue/store queue
* Active areas of micro-architectural research
* Branch & memory depend. prediction (limits effective window size)
* 95% branch mis-prediction: 1 in 20 branches, or 1 in 100 insn.
* Plus all the issues of building “wide” in-order superscalar

* ATIOSOTIKOTNTA O KATAVAAWGN LOXUOC
* Today, even mobile phone chips are out-of-order cores

107

A Brief Survey of
MicroArch Complexity

108
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* Fetch
* Load 16-bytes of instruction into prefetch buffer

1486
Pipeline

e Decodel

* Determine instruction length, instruction type

e Decode?

+ Compute memory address
* Generate immediate operands

* Execute
* Register Read
* ALU operation
* Memory read/write

* Write-Back
* Update register file

109

Super-
scalar!

Memory
Data
Bus

Pentium Block
Diagram

| |Prefetch Buffer =

64-Bit Bus y Pipelined
Interface ks | | Floating
| Point Unit

Multiply

D

(Microcprocessor Report 10/28/92)

116
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[40 enirigs)

[mar][mre]

3 uops

Reservation Station
(20 entries)
Slore | Load
Gitors nfagar
Addr | Addr
Memory Reorder
Buffar (MOB)

1 siara’ - 1 load

Microprocessor Report
2/16/95

8K Dual-Ported Data Cache

B4
| System Bus Interface | L2 Cache Imerface I-—
f f i
‘bzs e *tsa data ‘taa data
121
Nehalem Core Pipeline
Instruction Fetch and 32kiB
2 5 Pre Decode Instruction Cache
pol< :
§ Q Instruction Queue -
£ c
. )
[
S =
o Id c
] Rename/Allocate @
8 . ©
=3 g —
© . .
@« g’ :etgegnerg L':’nll 256kiB
i) (ReOrder Buffar) 21 Level Cache
5 5< Scheduler 8-way
5% Reservation Stations
Q 5
¢s
G Execution Units
o
32kiB
(Images courtesy of Michael E. Thomadakis, Data Cache
Texas A&M Supercomputing Facility) 122
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Core i7 Pipeline: Front End

Intel64 CISC L1 Instruction Cache
macro-instructions 32kiB, 4-way

2 Level TLE
4-way
Instruction Fetch 512 Entry
Unit (IFU)
6 macro

i
1
1
!
o instructions Instruction Length B(an:?j Prediction
£ per cyclo Dacoder (LD) Unit (BPU)
o™ '
g dmacro Instruction Queue Nehalem
T2 :':r":;;:"‘ (1Q) 18 Entries Front-End 256KiB
| T
B2 max - In-order Pipeline | L 0Re Uil
g Instruction Decoders 8-way
E: 3 simple + 1 complex MS ROM for
a D o fomplex nsrucions
| 4micro
| instructions complex instructions
i 4 |1-ops or more
I per cycle
! max AAL
A\l Instruction Decoder Queue (IDQ) L3, remote
Nehalem RISC loop stream detector

micro-operations mem, etc.

micro-fusion, macro-fusion

28 p-op buffer
4 micro-ops issued
“per cycle (max)

123
Nenalem RISC - Nehalem Execution Engine ?
! Out-of-order Pipelines ap 2%
o 1Reg Flle W [Register Alias Table and Allocator|
[F] leycle / port
i A
:% Retirement Register File lﬁ Reorder-Buffer
A .
ik (Architected State) | (ROB) 128 entries
£
!
v
i
i
I
5
m e Store
g: ‘;: Address
At
%E . Memeory Order-Buffer
i (MOB)
!
v -
Nehalem RISC
mnbrg-eo;mﬁons 1168 & A 1168
o s2uaL A
Data Cache cyele
124
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Core i7 Pipeline: Memory Hierarchy

Front-End 16B /Hz E L1 Instruction Cache, 32kiB
Instruction & 448GiB/s 4-way associative eAPIS
Pipeline
P! Integrated
InstrTLBy 4-way = Instr TLE, Memory

4KiB pages large pages troller
7 entnies/ thread Cor

Out-of-Order
Execution
Engine 2 Level UTLB,
4KiB pages i
pag L2 Cache 256kiB L3 Cache, BMiB
8-way aSSOCI?!IVe 16-way associative
64B blfack size 648 block size
unified Shared

Memory Order-Buffer (MOB)
48 load buffers

32 store buffers

10 fill buffers

4KIB pages
64 entries

latency

(]

3
les

¢ 16B+16B/Hz_eibit
""" 44.8+44.8 GiB/s

L1 Data Cache 32kiB,
8-way set asspciative
B4B block size

i 4 cycl

Core Domain Un-Core Domain

125

Haswell Execution Unit Overview

Unified Reservation Station

2xFMA

* Doubles peak FLOPs

« Two FP multiplies
benefits legacy

4th ALU
* Great for integer workloads
* Frees PortO & 1 for vector

New Branch Unit New AGU for Stores

* Reduces Port0 Conflicts * Leaves Port 2 & 3
« 2nd EU for high branch code open for Loads 126

12  Intel® Microarchitecture (Haswell)



16/5/2023

Haswell Buffer Sizes

—

L Extract more parallelism in every generation

Nehalem Sandy Bridge Haswell

Qut-of-order 128 168 192 |4
In-flight Loads 48 64 72 |4
In-flight Stores 32 36 42 4.»
Scheduler Entries 36 54 60 |
Integer Register File N/A 160 168 ‘.‘
FP Register File N/A 144 168 '-
Allocation Queue 28/thread 28/thread 56 “

IDF2012

INTEL DEVELOPER FORUM
11  Intel® Microarchitecture (Haswell}; Intel® Microarchitecture (Nehalem); Intel® Microarchitecture (Sandy Bridge)
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