Out-of-order Superscalar

740
October 31, 2014

So Far ..

CPU Time

CPU clock cycles x clock cycle time
instructions x cycles x seconds

program instruction cycle

* Increase clock frequency

* Decrease CPT
* Pipeline:
~-divide CPI by # of stages + bubbles
-add bypass
* Superscalar
~-divide CPI by issue width + bubbles from

» data dependencies
» control dependencies

-2- CS 740 F'14

What next?

* What slows us down here?
// for (i=0; i<N; i++) c[i] = a[i]*b[i]+i*2;

loop: Id rl, (r2+r9*8)
1d r3, (r4+r9*8)
mult r5, r3, ril
mult r3, ro, 2
add r5, r5, r3
st r5, (ré6+r9*8)
add ro, ro, 1
cmp r9, rio
bnz loop
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What next?

» What slows us down here?
// for (i=0; i<N; i++) c[i] = a[i]*b[i]+i*2;

loop: Id rl, (r2+r9*8)
1d r3, (4+r9*8)
mult r5, r3, ril
mult r3, r9, 2

st r5, (ré6+r9*8)
add ro, r9, 1

cmp r9, rio

bnz loop
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How can we improve this?

e Assume: loop: Id rl, (r2+r9*8)
Id r3, (r4+r9*8)

+ 2-issue superscalar mult r5. r3, rl

+ 1LD/ST unit (2 cycles), mult r3, r9, 2
+ I mult (2 cycles) add r5, r5, r3
st r5, (ré6+r9*8)
+ 1 add (1 cycle) add  ro. r9. 1
cmp ro, rio
Id ri, (r2+r9*8) bnz  loop
.. Id r3, (r4+r9*8)

..mult r5, r3, rl
..mult r3, r9, 2

. .add r5, r5, r3 12 cycles
.st r5, (r6+r9*8)
.add ro, ro, 1
.cmp r9, rlo
-bnz loop
-5- €S 740 F'14

What next?

« What slows us down here?

loop: Id rl*\§221:9*
id r3
mult r **rs,
mult r3s ,

add r55\r5,

st r5# (r6+r9*8)
add r9
cmp  r9¢
bnz loop

 Data Dependencies
*RAW: Read after write. (frue dependence)
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What next?

» What slows us down here?

loop: Id rli\(r2+r9t8)W%\\
id rS{&(réfrgtB) \\\

mult r5, r3, r1i \
mult r353yr9, 2 \\\\\ }
add r5;/r5, r3 \ |

£79, 1"
cmp r9:>F ). \ //
bnz loop )

* Data Dependencies
*RAW: Read after write. (frue dependence)
* WAR: write after read (false dependence)
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What next?

« What slows us down here?

loop: Id rl, (r2+r9*8)

Id r3, (r4+r9*8)
or3, Tl \\

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

* What slows us down here?

loop: Id rl - (r2+ro9*8)
Id (r4+r9*8) °\\\
mult r5{&r3 rit. - \
mult \\\\\
add \ |
st ré6+ro*8) |/
add 1 Vi
cmp \\\ //
mov //);//%;7

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

loop: Id rl, (r2+r9*8)

mult ri1, r9, 2

id r3, (r4+r9*8)

mult r5, r3, ri

—maH 59,2 —

add r5, r5, rili

st r5, (r6+r9*8)

add ri2, r9, 1

cmp  rl12, rio

mov r9, ril2

bnz loop
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Can we do better?

loop: Id rl, (r2+r9*8)
mult ri1l, r9, 2
id r3, (r4+r9*8)
mult r5, r3, ril

1d ri, (r2+r9+*8) add r5, r5, rll
mult rii, r9, 2 st r5, (ré6+r9*8)
add ri12, r9, 1
Id r3, (r4+r9*8) cmp ri12, rio
mult r5, r3, rl mov r9, ri2
bnz loop
add r5, r5, riil
st r5, (r6+r9*8)
add ri2, r9, 1
cmp riz, rio 10 cycles
mov ro, ri2
_11_bnz loop €S 740 F'14

More Rescheduling

loop: Id rl, (r2+r9*8)
mult ri11, r9, 2
1d r3, (r4+r9*8)
add ri2, r9, 1

1d rl, (r2+r9*8) cmp  ri2, rio

mult ril, r9, 2

mult r5, r3, ri
add r5, r5, rii

id r3, (r4+r9*8) st r5, (ré+ro*s)
add ri2, r9, 1 mov r9, ri2
bnz loop
cmp ri2, rio0
mult r5, r3, rl
add r5, r5, rli
*
st r5, (ré6+r9*8) 7 cycles
mov r9, ri2
bnz loop
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What Is Holding Us Back?

Id ri, (r2+r9*8) e Inorder issue
mult  ril, r9, 2 * Not enough Function units
 Function units too slow
Id r3, (r4+r9*8) . Not enough register names
add riz, r9, 1

* Control dependence

cmp r12. ri0 * Static scheduling

mult r5, r3, ril

add r5, r5, ril
st r5, (r6+r9*8)

mov ro, ri2

bnz loop
3- CS 740 F14

What Is Holding Us Back?

Id ri, (r2+r9*8) e Inorder issue
mult  rill, r9, 2 * Not enough Function units
 Function units too slow
Id r3, (ra+ro*s) « Not enough register names
add riz, r9, 1

* Control dependence
« static scheduling

cmp ri2, ri0

mult r5, r3, rl

add r5, r5, ril
st r5, (r6+r9*8)
bnz loop
id rl, (r2+r12+*8)
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Out-of-Order Superscalar

e In-order fetch & decode

e Out-of-order
* issue
* register-read
* execute
* memory
- write-back

e In-order commit
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Out-of -Order Pipeline

Buffer of instructions

\

In-order front end
Out-of-order execution

In-order commit
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Out-of-Order Execution

* Also called "Dynamic scheduling”
+ Done by the hardware on-the-fly during execution

* Looks at a "window" of instructions waiting to execute
+ Each cycle, picks the next ready instruction(s)

* Two steps to enable out-of-order execution:

Step #1: Register renaming - to avoid “false” dependencies
Step #2: Dynamically schedule - to enforce "true” dependencies

* Key to understanding out-of-order execution:
* Data dependencies
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Dependence types

* RAW (Read After Write) = "true dependence” (true)
mul rO * r1

ad +r3 =>r4
* WAW (Write After Write) = "output dependence” (false)

mul rO * r-1-)

addrl +r3 =

* WAR (Write After Read) = "anti-dependence” (false)
mul rO *@-) r2

add r3 + r4 =
WAW & WARTare "false”, Can be totally eliminated by “renaming”
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Step #1: Register Renaming

Register Renaming Algorithm

e To eliminate register conflicts/hazards
e “Architected” vs “Physical” registers — level of indirection
e Names: r1,r2,r3
« Locations: pl1,p2,p3,p4,p5,p6,p7
e Original mapping: r1—pl, r2—p2, r3—p3, p4—p7 are “available”

MapTable FreeList Original insns Renamed insns
rl [r2 [r3

pl |p2 |p3 p4,p5,p6,p7 add r2,r3=rl add p2,p3=¥p4
p4 |p2 |p3 p5,p6,p7 sub r2,r¥s¥r3 sub p2,p4p5
p4 |p2 |p5 p6,p7 mul r2,p2%r3 mul p2 p6
p4 |p2 |p6 p7 div ri{4-sri div p4,4=p7

= Renaming — conceptually write each register once
+ Removes false dependences
+ Leaves true dependences intact!
 When to reuse a physical register? After overwriting insn done

e Two key data structures:
- maptable[architectural_reg] = physical_reg
« Free list: allocate (new) & free registers (implemented as a queue)
e Algorithm: at “decode” stage for each instruction:
insn.phys inputl = maptable[insn.arch inputl]
insn.phys input2 = maptable[insn.arch input2]
insn.old phys output = maptable[insn.arch outputl]
new _reg = new_phys reg()
maptable[insn.arch output] = new reg
insn.phys output = new _reg
e At “commit”

e Once all older instructions have committed, free register
free phys reg(insn.old phys output)




Out-of-order Pipeline Step #2: Dynamic Scheduling

add p2,p3=p4
sub p2,pddp5
mul p24P5p6

div p4,4=¥p7
Buffer of instructions insn buffer

\

J

Ready Table

P2 [P3 [P4 |P5 |P6 |P7
Yes add p2,p3=¥p4
g YesYes|Yes| sub p2,p4=?p5 and div p4,4=¥p7
~|Yes|Yes|Yes Yeg| Yes| mul p2,p5=P»p6
Yes|Yes|Yes|Yes|Yes| Yes|
e Instructions fetch/decoded/renamed into /nstruction Buffer

Out-of-order execution « Also called “instruction window” or “instruction scheduler”

Have unique register names In-order commit  Instructions (conceptually) check ready bits every cycle
Now put into out-of-order execution structures - Execute oldest “ready” instruction, set output as “ready”

Fetch
Decode
|
Rename
I
Dispatch
Commit
<
0
[

In-order front end

Cycle O

Dynamic Scheduling/Issue Algorithm loop: Id  rl, (r2+r9*8) %’

1d r3, (r4+r9*8) n

mult r5, r3, rl r2 2 2 a Yy
« Data structures: mult r3, r9, 2 3 l:,3 l:,3 n
r
- Ready table[phys_reg] =& yes/no (part of “issue queue” add  r5, r5, r3
y [phys_reg] >y (s q ) ot 15, (rerrovg) 4 pa b4 b y
add r9, r9, 1 r5 p5
e Algorithm at “issue” stage (prior to read registers): cmp  r9, rio 6 06 5 e y
foreach instruction: bnz foop = p7
if table[insn.phys inputl] == ready && 8 8
table[insn.phys input2] == ready then P -
1 1 A\ - " f‘9 p9 p9 | y
insn is “ready Id pl, (p2+p9*8) r10 10 10 n Y
select the oldest “ready” instruction Id p3, (p4+p9*8) P pll
table[insn.phys output] = ready P12
p
. . . p13
e Multiple-cycle instructions? (such as loads) 014

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

-24 - CS 740 F'14




Cycle 1
loop: Id rl, (r2+r9*8)

Cycle 2
loop: Id rl, (r2+r9*8)

[Reg_|value Jready?_
rl pl

Id r3, (r4+r9*8) pl n Id r3, (r4+r9*8) pl y
mu:t r5, r3, ;l r2 p2 p2  a Yy mu:t r5, r3, ;l r2 p2 p2  a Y
2d 15, 1S, 3 3 gl p3 " 2d 15, 1S, 3 3 gl p3 "
st r5, (ré+r9*s) r4 p4 p4 b y st r5, (ré+r9*s) r4 p4 p4d b y
SRR EMNE NG SO ENNIEE GG
bnz  loop ré pé po ¢ Y bnz  loop ré pé p6 ¢ Y
r7 p7 r7 p7
r8 p8 r8 p8
Id ( ) r9 p9 p9 i Y I ( ) r9 p9 p9 i Y
pl, (p2+p9*8 pl, (p2+p9*8
Id 3. (p4+p9+8) r10 pl0 pl0 n Y Id 3. (pd+p9+8) r10 pl0 pl0 n Y
mult p5, p3, pl pll * n mult p5, p3, pl pll * n
mult pll, p9, 2 12 mult pll, p9, 2 12
P13 add pl2, p5, pll P13
P st pl2, (p6+p9*8) P
pl4 pl4
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Cycle 3 Cycle 4

loop: Id rl, (r2+r9*8)
1d r3, (r4+r9*8)
mult r5, r3, rl
mult r3, r9, 2
add r5, r5, r3
st r5, (ré6+r9*8)
add r9, r9, 1
cmp ro, rio
bnz loop

Id pl, (p2+p9*8)
Id p3, (p4+p9*8)
mult p5, p3, pl
mult pll, p9, 2
add pl2, p5, pll
st pl2, (p6+p9*8)
add pl3, p9, 1
cmp p13, plo0
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[Reg_|value |ready?_
rl pl

pl y
r2 p2 p2 a Y
r3 pll p3 n
r4 p4 p4 b Y
rb pl2 pb * n
ré p6 p6 ¢ Y
r7 p7
r8 p8
r9 p13 p9 i Y
r10 p10 pl0 n Y
pl1t > n
pl2
pl3 + n
pl4

CS740F14

loop: Id rl, (r2+r9*8)
1d r3, (r4+r9*8)
mult r5, r3, ril
mult r3, r9, 2
add r5, r5, r3
st r5, (ré6+r9*8)
add r9, r9, 1
cmp ro, rio
bnz loop

1d pl, (p2+p9*8)
Id p3, (p4+p9*8)
mult p5, p3, pl
mult pll1, p9, 2
add pl2, p5, pll
st pl2, (p6+p9*8)
add pl3, p9, 1
cmp p13, plo
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[Reg_|value Jready?_
rl pl

pl y
r2 p2 p2 a Y
r3 pll p3 y
r4 p4 p4 b Y
rb pl2 pb * n
ré p6 p6 ¢ Y
r7 p7
r8 p8
r9 p13 p9 i Y
rl0 pl0 pl0 n Y

pll > n

pl2

p13  + y

pl4
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Cycle 5 Cycle 6

? ?
toon: 10 1. Cr2erory Reg | value | ready? | toon: 10 1. Cr2erory (Reg | value | ready? |
Id 3, (r4+r9*8) rl pl pl y Id  r3, (r4+r9*8) rl pl pl y
mult r5, r3, rl r2 p2 p2  a Yy mult r5, r3, rl r2 p2 p2  a Yy
mult r3, ro, 2 3 1 3 mult r3, ro, 2 3 1 3
add r5, r5, r3 I P P b4 add r5, r5, r3 i P P b4
st r5, (ré+r9*s) r4 p4 p4 b y st r5, (ré+r9*s) r4 p4 p4d b y
add rg’ rié 1 r5 pl12 p5 * n add rg, I’i,) 1 r5 p12 p5  * n
cmp 9, r cmp  r9, r
bnz  loop ré p6 p6 ¢ Y bnz  loop ré p6 p6 ¢ Y
r7 p7 r7 p7 p7 n
r8 p8 ré p8 p8 n
r9 p13 p9 i Y r9 p13 p9 i Y
Id pl, (p2+p9*8) mult p5, p3, pl
Id 3. (p4+p9+8) r10 pl0 pl0 n Y mult p1l, p9, 2 r10 pl0 pl0 n Y
mult p5, p3, pl p11 > n add pl2, p5, pll p11 > n
mult pl1, p9, 2 pl12 st pl2, (p6+p9*8) pl12
add pl2, p5, pll 13 add p13, p9, 1 13
st pl2, (p6+p9*8) P * Y cmp p13, p10 P * Y
add pl3, p9, 1 pl4 bnz loop pl4
cmp pl13, pl10 1d p7, (p2+pl3*8)
bnz loop Id p8, (p4+pl3*8)
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Register Renaming Algorithm (Simplified)

» Two key data structures:
- maptable[architectural_reg] = physical_reg

* Free list: allocate (new) & free registers
(implemented as a queue)

* Algorithm: at "decode” stage for each
instruction:
insn.phys inputl =
maptable[insn.arch inputl]

Register Renaming insn.phys_input2 -

maptable [insn.arch input2]

new reg = new phys reg()

maptable[insn.arch output] = new reg

-31- CS740F'14 . -32- TCS740F14
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xorrl~r2 =»r3
addr3+r4 =2r4
subr5-r2=r3
addir3+1-=rl

Renaming example

Xorrl”~r2 =»r3
addr3+r4 =2r4
subr5-r2 =r3
addir3+1-=rl

Renaming example

—  » xor plhp2=

rl pl p6 rl pl p6
r2 p2 p7 r2 p2 p7
r3 p3 p8 r3 p3 p8
r4 p4 p9 r4 p4 p9
r5 p5 p10 rs pS p10
Map table Free-list Map table Free-list
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Renaming example Renaming example
Xorrl”~r2 =»r3 ——— Xor pl”~p2=»p6 Xxorrl”r2 =»r3 ————— Xor pl”~p2=>»pb6
addr3+r4 =2 r4 addr3+r4 = r4
subr5-r2=»r3 subr5-r2 =»r3
addir3+1=rl addir3+1=>rl
rl pl p6 rl pl
r2 p2 p7 r2 p2 p7
r3 p3 p8 r3 p6 p8
r4 p4 p9 r4 p4 p9
rs pS p10 rs pS p10
Map table Free-list Map table Free-list
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Xorrli~r2 =»r3

Renaming example

xor pl”p2 =» p6

Xorrli~r2 =»r3

Renaming example

xor pl”p2 =» p6

addr3+r4 =r4 add p6 + p4 = addr3+r4 = r4 add p6 + p4 = p7
subr5-r2 = r3 subr5-r2 =»r3
addir3+1=rl addir3+1=rl

rl pl rl pl

r2 p2 p7 r2 p2 p7

r3 p6 p8 r3 p6 p8

r4 p4 p9 r4 p4 p9

r5 p5 p10 rs pS p10

Map table Free-list Map table Free-list
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Renaming example Renaming example

Xorrl”r2 = r3 xor pl”p2 = p6 Xxorrl”~r2 =»r3 xor pl”p2 = p6
addr3+r4 =r4 add p6 + p4 = p7 addr3+r4 = r4 add p6 + p4 = p7
subr5-r2=»r3 subr5-r2 =»r3 sub p5-p2 =
addir3+1=rl addir3+1=>rl —_—

rl pl rl pl

r2 p2 r2 p2

r3 p6 p8 r3 p6 p8

r4 p7 p9 r4 p7 p9

r5 p5 p10 rs PS5 p10

Map table Free-list Map table Free-list
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xorrl~r2 =»r3
addr3+r4 =2r4
subr5-r2 =r3

Renaming example

xor pl”p2 =»p6
add p6 + p4 = p7
sub p5-p2 = p8

xorrl”r2 =»r3
addr3+r4 =2r4
subr5-r2=r3

Renaming example

xor pl”p2 =»p6
add p6 + p4 = p7
sub p5 - p2 = p8

addir3+1=rl —_— addir3+1=>rl —_—
rl pl rl pl
r2 p2 r2 p2
r3 p6 p8 r3 p8
r4 p7 p9 r4 p7 p9
r5 p5 p10 rs pS p10
Map table Free-list Map table Free-list
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Renaming example Renaming example
Xorrl”r2 =»r3 xor pl”p2 = p6 Xorrl"r2 =»r3 xor pl”p2 = p6
addr3+r4 = r4 add p6 + p4 = p7 addr3+r4 = r4 add p6 + p4 = p7
subr5-r2=»r3 sub p5 - p2 = p8 subr5-r2 =»r3 sub p5 - p2 = p8
addir3+1-rl addip8+1 = addir3+1=rl addi p8 + 1 = p9
rl pl rl pl
r2 p2 r2 p2
r3 p8 r3 p8
r4 p7 p9 r4 p7 p9
r5 p5 p10 rs pS p10
Map table Free-list Map table Free-list
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Renaming example

Xorrl”r2 =»r3 xor pl”p2 = pb
addr3+r4 =>r4 add p6 + p4 = p7
subr5-r2 =»r3 sub p5 - p2 = p8
addir3+1=>rl addi p8 + 1 = p9

ri P9

r2 p2

r3 P8

r4 p7

r5 p5 p1l0

Map table Free-list
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Out-of -order Pipeline

| e
N

Have unique register names
Now put into out-of-order execution structures
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Dynamic Scheduling Mechanisms
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Dispatch

* Put renamed instructions into out-of-order
structures

* Re-order buffer (ROB)
* Holds instructions until commit
» Issue Queue
* Central piece of scheduling logic
* Holds un-executed instructions
* Tracks ready inputs
-Physical register names + ready bit
-"AND" the bits to tell if ready

Insn Inpl R Inp2 R Dst | Bday

: Ready?
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Dispatch Steps Dispatch Example
¢ Allocate Issue Queue (IQ) slot
* Full? Stall
. . xor pl ~ p2 = pb Ready bits
* Read ready bits of inputs add p6 + p4 = p7
. . sub p5 - p2 = p8 pl vy
+ 1-bit per physical reg addi p8 + 1 = p9
. . p2 vy
* Clear ready bit of output in table
. P3 Yy
* Instruction has not produced value yet Issue Queue "
. . P Y
» Write data into Issue Queue (IQ) slot p— i [R| Tp2 || Dt Bday —
p6 vy
p7 vy
p8 vy
P9 vy
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Dispatch Example Dispatch Example
xor pl = p2 = p6 Ready bits xor pl ~ p2 = p6 Ready bits
add p6 + p4 = p7 add p6 + p4 = p7
sub p5 - p2 = p8 pl vy sub p5 - p2 = p8 pl y
addi p8 + 1 = p9 addi p8 + 1 = p9
P2y P2y
p3 vy p3 vy
Issue Queue ph y Issue Queue phy
Insn Inpl R | Inp2 R | Dst | Bday p5 y Insn Inpl R | Inp2 Dst | Bday p5 y
xor pl y | p2 y | p6 |O p6 n xor pl y | p2 p6 |0 p6 n
p7 y add pé n | p4 p7 |1 p7 n
p8 y p8 vy
P9 vy P9 vy
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Dispatch Example

xor pl ~ p2 = pb Ready bits
add p6 + p4 = p7
sub p5 - p2 = p8 pl vy
addi p8 + 1 = p9
P2y
p3 vy
Issue Queue
P4y
Insn Inpl R | Inp2 R | Dst | Bday p5 y
xor pl y | p2 y| pé6 |O p6 n
add pé n | p4 y| p7 |1 pP7 n
sub p5 y | p2 y | p8 |2 p8 n
P9 vy
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Dispatch Example

xor pl ~ p2 = pb Ready bits
add p6 + p4 = p7
sub p5 - p2 - p8 pl y
addi p8 + 1 = p9
P2y
p3 vy
Issue Queue
P4y
Insn Inpl R | Inp2 R | Dst | Bday p5 y
xor pl y | p2 y| pé6 |O p6 n
add pé n | p4 y| p7 |1 p7 n
sub p5 y | p2 y | p8 |2 p8 n
addi p8 n|--- y| p9 |3 P9 n
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Out-of-order pipeline

* Execution (out-of-order) stages

* Select ready instructions
+ Send for execution

» Wakeup dependents
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Dynamic Scheduling/Issue Algorithm

* Data structures:
* Ready table[phys_reg] =& yes/no (part of issue queue)

e Algorithm at "schedule” stage (prior to read
registers):
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
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Issue = Select + Wakeup

* Select oldest of "ready” instructions
>"xor" is the oldest ready instruction below
>"xor" and "sub” are the two oldest ready instructions below

Issue = Select + Wakeup

» Wakeup dependent instructions
« Search for destination (Dst) in inputs & set “ready” bit

-Implemented with a special memory array circuit
called a Content Addr'%ssable Memgr'y (C}I\M) Ready bits

. lp\loc:;r‘i: may have resource constraints: i.e. load/store/floating + Also update ready-bit table for future instructiods p1  y
Insn Inpl R | Inp2 R | Dst | Bday Insn Inpl R | Inp2 R | Dst | Bday p2 vy
xor pl y | p2 y| pé6 |0 Ready! xor pl y | p2 y| p6 |O p3 vy
add pé n | p4 y| p7 |1 add pé y | p4 y| p7 |1 p4 vy
sub p5 Yy | p2 y | p8 |2 Ready! sub p5 Yy | p2 y | p8 |2 PS5 v
addi p8 n | --- y| p9 |3 addi p8 y | --- y| p9 |3 p6 vy

. . . . P7 n
» For multi-cycle operations (loads, floating point)
- Wakeup deferred a few cycles P&y
-Include checks to avoid structural hazards P9 n
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Issue OO0 execution (2-wide)

* Select/Wakeup one cycle
* Dependent instructions execute on back-to-back cycles
+ Next cycle: add/addi are ready:

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

* Issued instructions are removed from issue queue

+ Free up space for subsequent instructions
-59- CS 740 F14

pl
p2
p3

xor | RDY p4

add p5
sub | RDY

addi Pe

p7

p8

O|O0O|O| O || V| d| Ww| N

p9
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add

RDY

addi

RDY
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OO0 execution (2-wide)

pl
p2
p3

p4

p5

pé

p7

p8
p9

O|O|O|OC| 0|V d| w| N

CS740F14
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OO0 execution (2-wide)

pl

p2

p3

p4

p5

pé

p7

p8

O|lO0O|O|O| 0| V| d| Ww|N

p9

CS740F14
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OOO execution (2-wide)

pl
p2
p3

p4

p5

pé

p7

p8
p9

O|O0O|O| O || V| d| Ww| N

CS740F14

- 64 -

OO0 execution (2-wide)

pl 7
p2 3
p3 4
p4 9
p5 6
p6 4
p7 O
p8 3
p9 O

CS740F14
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OO0 execution (2-wide)

pl

p2

p3

p4

p5

pé

S| OO d| W| N

p7

13

p8

p9

CS740F14

When Does Register Read Occur?

* Current approach: after select, right before execute
* Not during in-order part of pipeline, in out-of-order part

+ Read physical register (renamed)

+ Or get value via bypassing (based on physical register name)

* This is Pentium 4, MIPS R10k, Alpha 21264, IBM Power4,
Intel's "Sandy Bridge" (2011)

* Physical register file may be large
- Multi-cycle read
* Older approach:

* Read as part of “issue” stage, keep values in Issue Queue

- At commit, write them back to “architectural register file"

 Pentium Pro, Core 2, Core i7

+ Simpler, but may be less energy efficient (more data movement)
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Renaming Revisited
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Re-order Buffer (ROB)

* ROB entry holds all info for recovery/commit
- All instructions & in order

* Architectural register names, physical register names,
insn type

* Not removed until very last thing ("commit")

» Operation
- Dispatch: insert at tail (if full, stall)
- Commit: remove from head (if not yet done, stall)

* Purpose: tracking for in-order commit
» Maintain appearance of in-order execution
» Done to support:

- Misprediction recovery
-Freeing of physical registers
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Renaming revisited

* Track (or "log") the "overwritten register” in
ROB

* Free this register at commit
* Also used to restore the map table on “recovery”
-Branch mis-prediction recovery

-69- CS 740 F'14

Register Renaming Algorithm (Full)

» Two key data structures:
* maptable[architectural_reg] & physical_reg

* Free list: allocate (hew) & free registers (implemented as a
queue)

* Algorithm: at "decode" stage for each instruction:
insn.phys inputl = maptable[insn.arch inputl]
insn.phys input2 = maptable[insn.arch input2]
insn.old phys output = maptablel[insn.arch outputl]
new_reg = new_phys reg()
maptable [insn.arch output] = new_reg
insn.phys output = new reg

« At “commit”

+ Once all older instructions have committed, free register
free phys reg(insn. old phys output)

-70- CS 740 F'14

Recovery

* Completely remove wrong path instructions
* Flush from IQ
* Remove from ROB
* Restore map table to before misprediction
* Free destination registers

* How to restore map table?

* Option #1: log-based reverse renaming o recover each
instruction

- Tracks the old mapping to allow it to be reversed
- Done sequentially for each instruction (slow)
- See next slides
+ Option #2: checkpoint-based recovery
- Checkpoint state of maptable and free list each cycle
- Faster recovery, but requires more state
- Option #3: hybrid (checkpoint for branches, unwind for others)

Renaming example

xorrl " r2 & r3
add r3 + r4 - r4
subr5 - r2 9 r3
addir3 + 1 = rl

ri pl p6
r2 p2 p7
r3 p3 p8
r4 p4 p9
r5 p5 p10
Map table Free-list
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Renaming example Renaming example
xorrl “r2=¥r3 |, xor pl " p2 = [p31] xorrl “r2=¥r3 |, xor pl " p2 - pb [p31]
add r3 + r4 < r4 add r3 + r4 = r4
subr5 - r2 < r3 subr5 - r2 < r3
addir3 + 1 = rl addir3 + 1 = rl
ri pl pb ri pl
r2 p2 p7 r2 p2 p7
r3 p3 p8 r3 pé p8
r4 p4 p9 r4 p4 p9
r5 p5 p10 r5 p5 plo
Map table Free-list Map table Free-list
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Renaming example Renaming example
xor rl © r2 < r3 xor pl ~ p2 =» p6 [p31] xor rl © r2 < r3 xor pl ~ p2 = p6 [p31]
addr3+r4 *r4 _ , add p6 + p4 2 [ p41] addr3+r4d*r4 _ , addpb6 + p4 = p7 [p4]
subr5 - r2 < r3 subr5 - r2 < r3
addir3 + 1 = r1 addir3 + 1 = r1
ri pl ri pl
r2 p2 p7 r2 p2
r3 pé p8 r3 pé p8
r4 | p4 p9 ré | p7 P9
r5 | pd p10 r5 | pd p10
Map table Free-list Map table Free-list
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xorrl “r2 & r3
add r3 + r4 = r4
subr5 - r2 9 r3
addir3 + 1 = rl

-77 -

Renaming example

xor pl ~ p2 =» p6
add p6 + p4 = p7

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

—ee
° °
a2
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Renaming example

xorrl " r2 & r3
add r3 + r4 = r4
subr5 - r2 9 r3
addir3 + 1 = rl

xor pl ~ p2 = p6
add p6 + p4 = p7
sub p5 - p2 - p8

[

ri pl

r2 p2

r3 p8

r4 p7 [

r5 | pd p10
Map table Free-list
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xorrl “r2 & r3
add r3 + r4 - r4
subr5 - r2 9 r3
addir3 + 1 = rl

_79_

Renaming example

xor pl ~ p2 = p6
add p6 + p4 = p7
sub p5 - p2 - p8

addi p8 + 1 =
ri pl
r2 p2
r3 p8
r4 p7 p9
r5 p5 p10
Map table Free-list

L K N U
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Renaming example

xorrl “r2 & r3
add r3 + r4 - r4
subr5 -r2 9 r3
addir3 + 1 = rl

xor pl ~ p2 = p6
add p6 + p4 = p7
sub p5 - p2 - p8
addi p8 + 1 = p9

ri P9

r2 p2

r3 p8

r4 p7

r5 p5 p10
Map table Free-list
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Recovery Example

Now, let's use this info. to recover from a branch misprediction

bnz r1 loop

Recovery Example

bnz p1, loop [ ] bnz r1 loop bnz p1, loop [ ]
xor rl ~ r2 < r3 xor pl ~ p2 = p6 [p31] xor rl ~ r2 < r3 xor pl " p2 = pé [p31]
addr3 +r4 = r4 add p6 + p4 = p7 [p4] add r3 + r4 - r4 add p6 + p4 = p7 [p4]
subr5 - r2 = r3 sub p5 - p2 - p8 [p61] subrb - r2 = r3 sub p5 - p2 = p8 [p61]
addir3 + 1 9 r1 addi p8 + 1 = p9 [pl] addir3 + 1 = r1 addi p8 + 1 = p9 [pl]
ri p9 ri pl
r2 p2 r2 p2
r3 p8 r3 p8
r4 p7 r4 p7 [
r5 p5 p10 r5 p5 plo
Map table Free-list Map table Free-list
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Recovery Example Recovery Example
bnz r1 loop bnz p1, loop [ ] bnz r1 loop bnz p1, loop [ ]
xor rl ~ r2 < r3 xor pl " p2 = pé [p31] xor rl ~ r2 < r3 xor pl " p2 = pé [p31]
add r3 + r4 - r4 add p6 + p4 = p7 [p4] add r3 + r4 - r4 add p6 + p4 = p7 [p4]
sub rb - r2 < r3 sub p5 - p2 - p8 [p61]
ri pl ri pl
r2 p2 r2 p2 p7
r3 pé p8 r3 pé p8
r4 p7 p9 r4 p4 p9
r5 p5 plo r5 p5 plo
Map table Free-list Map table Free-list
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Recovery Example

Recovery Example

bnz r1 loop bnz p1, loop [ ] bnz r1 loop bnz p1, loop [ ]
xor rl © r2 < r3 xor pl ~ p2 =» p6 [p31]
ri pl p6 ri p1 pé
r2 p2 p7 r2 p2 p7
r3 p3 p8 r3 p3 p8
r4 p4 p9 r4 p4 p9
r5 p5 pl0 r5 p5 pl0
Map table Free-list Map table Free-list
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Commit Freeing over-written register
xor rl ~ r2 < r3 xor pl ~ p2 = p6 [p31] xor pl ~ p2 @ [p31]
add r3 + r4 = r4 add p6 + p4 = p7 [p4] ; 2
subrd - r2 & r3 sub p5 - p2 = p8 [p6] ad >p [p4]
addir3 + 1 = rl addi p8 + 1 = p9 [pl] sub p5 - p2 -» p8 [p6]
addir3 + 1 = ri addi p8 + 1 = p9 [pl]

. Commit: instruction becomes architected state
* In-order, only when instructions are finished

* Free overwritten register (why?)

-87- CS 740 F'14

* P3 was r3 before xor

+ P6 is r3 after xor

* Anything older than xor should read p3

* Anything younger than xor should read pé (until another insn writes r3)

+ At commit of xor, no older instructions exist
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Commit Example

Commit Example

xor rl ~ r2 = r3 xor pl ~ p2 =» p6 [p31] xor rl © r2 = r3 xor pl ~ p2 = p6 [p31]
addr3 + r4 = r4 add p6 + p4 = p7 [p4] addr3 +r4 = r4 add p6 + p4 = p7 [p4]
subrd -r2 9 r3 sub p5 - p2 - p8 [p61] subrb -r2 9 r3 sub p5 - p2 - p8 [p61]
addir3 + 1 = r1 addi p8 + 1 = p9 [pl] addir3 + 1 = r1 addi p8 + 1 = p9 [pl]
ri [ p10 ri P9 pl0
r2 p2 r2 p2 p3
r3 p8 r3 p8
r4 p7 r4 p7
r5 pd r5 pd
Map table Free-list Map table Free-list
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Commit Example Commit Example
add r3 + r4 - r4 add p6 + p4 = p7 [ p4]
subrb - r2 9 r3 sub p5 - p2 - p8 [p61] subr5 - r2 < r3 sub p5 - p2 = p8 [p61]
addir3 + 1 = r1 addi p8 + 1 = p9 [pl] addir3 + 1 = r1 addi p8 + 1 = p9 [pl]

rl P9 p10 rl P9 p10
r2 p2 p3 r2 p2 p3
r3 p8 p4 r3 p8 p4
r4 p7 r4 p7 pé
r5 pd r5 pd
Map table Free-list Map table Free-list
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Commit Example Commit Example

addir3 + 1 = rl addi p8 + 1 = p9 [pl]
ri p9 p10 rl 2 p10
r2 p2 p3 r2 p2 p3
r3 p8 p4 r3 p8 p4
r4 p7 pé r4 p7 pé
r5 p5 pl r5 p5 pl
Map table Free-list Map table Free-list
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Out-of -order Pipeline

| st |
N

Out-of-Order: Benefits & Challenges

Have unique register names
Now put into out-of-order execution structures
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Dynamic Scheduling Operation (Recap)

* Dynamic scheduling
+ Totally in the hardware (not visible to software)
+ Also called "out-of-order execution” (OoQ)
 Fetch many instructions into instruction window
* Use branch prediction to speculate past (multiple) branches
* Flush pipeline on branch misprediction
* Rename registers to avoid false dependencies
 Execute instructions as soon as possible
* Register dependencies are known
* Handling memory dependencies is harder
* "Commit" instructions in order
* Anything strange happens before commit, just flush the pipeline
* How much out-of-order? Core i7 "Sandy Bridge":

- 168-entry reorder buffer, 160 integer registers, 54-entry
schedgyler CS 740 F'14

i486 Pipeline
* Fetch

* Load 16-bytes of instruction into prefetch buffer

e Decodel

* Determine instruction length, instruction type

* Decode?2

* Compute memory address

* Generate immediate operands
* Execute

* Register Read

* ALU operation

* Memory read/write
» Write-Back

- Update reaister file

CS 740 F'14

Pipeline Stage Details

* Fetch
* Moves 16 bytes of instruction stream into code queue
* Not required every time
- About 5 instructions fetched at once
- Only useful if don't branch
+ Avoids heed for separate instruction cache
+ D1
+ Determine total instruction length
- Signals code queue aligner where next instruction begins
* May require two cycles
- When multiple operands must be decoded
- About 6% of “typical” DOS program
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Stage Details (Cont.)
. D2

+ Extract memory displacements and immediate operands

* Compute memory addresses

- Add base register, and possibly scaled index register

* May require two cycles

- If index register involved, or both address & immediate

operand
- Approx. 5% of executed instructions
* EX
* Read register operands
+ Compute ALU function
* Read or write memory (data cache)
- WB

* Update register result

-100 -
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Data Hazards
* Data Hazards

Generated Used Handling

ALU ALV EX-EX Forwarding

Load ALV EX-EX Forwarding

ALV Store EX-EX Forwarding

ALU Eff. Address (Stall) + EX-ID2 Forwarding

-101-
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Control Hazards

Jump Instr. | 101 | D2 | EX
Jump +1 ID1 | ID2
Jump +2 ID1

Target Fetch

» Jump Instruction Processsing
* Continue pipeline assuming branch not taken
* Resolve branch condition in EX stage
* Also speculatively fetch at target during EX stage
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Control Hazards (Cont.)

Branch Not Taken

L . Jump Instr. | ID1
+ Allow pipeline to continue. |

ID2

EX

. . T 1
- Total of 1 cycle for instruction” "™ *
Jump +2
Jump +3

Target

ID1

ID2

EX

ID1

ID2

ID1

* Branch taken
Jump Instr. | ID1

ID2

EX

* Flush instructions in pipe |
* Begin ID1 af target. Tump +2
* Total of 3 cycles for instruedien

-103 -

ID1

ID2

ID1

(Flushed)

(Flushed)
(Flushed)

Fetch

ID1
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Comparison to 386

« Cycles Per Instruction
Instruction Type386 Cycles486 Cycles

Load 4 1
Store 1
ALU 2 1
Jump taken 9 3
Jump not taken 3 1
Call 9 3
* Reasons for Improvement
* On chip cache
-Faster loads & stores
* More pipelining
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Pentium Block Diagram

Memory B4 | B4-Bit Bus Pipelined
Data  bits | Floating |

Bus Point Unit
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Pentium Pipeline

|Fe1‘ch & Align Insfrucﬁonl

Decode Instr.
Generate Control Word

Decode Control Word
Generate Memory Address

Decode Control Word
enerate Memory Address|

Access data cache or | Access data cache or |
calculate ALU result calculate ALU result

| Werite register result | | Werite register result |

U-Pipe V-Pipe
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Pentium Pro (P6)

* History
* Announced in Feb. '95
* Delivering in high end machines now

» Features

* Dynamically translates instructions to more regular
format

-Very wide RISC instructions
* Executes operations in parallel
-Up to 5 at once
* Very deep pipeline
-12-18 cycle latency
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Superscalar Execution

* Can Execute Instructions I1 & I2 in Parallel if:
* Both are "simple” instructions
-Don't require microcode sequencing
-Some operations require U-pipe resources
-90% of SpecInt instructions
*Ilis not a jump
+ Destination of Il not source of I2
-But can handle I1 setting CC and I2 being cond. jump
+ Destination of Il not destination of I2

« If Conditions Don't Hold
* Issue I1 to U Pipe
« I2 issued on next cycle

-Pd¥sibly paired with followina instructioh® “*™




Branch Prediction

* Branch Target Buffer

- Stores information about previously executed branches

-Indexed by instruction address

-Specifies branch destination + whether or not taken

- 256 entries
* Branch Processing
* Look for instruction in BTB
« If found, start fetching at destination
* Branch condition resolved early in WB

-If prediction correct, no branch penalty

-If prediction incorrect, lose ~3 cycles
» Which corresponds to > 3 instructions

- Update-BTB

CS 740 F'14

PentiumPro Block Diagram

Irstr TLE
8K Instruction Cache }._

4 ]

[40 entrigs)

[mat]rrF]

Slore || Load

Store Intagar|
Addr Addr

Lnil_J§ Unit

Memory Reorder

Bt MOS) 2/16/95
1 stara’ .
8K Dual-Ported Data Cache }.—
B4
| System Bus Interface | L2 Cache Interface I-—
f T i
‘bzsamr iﬁd data *taa cata
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Core i7 Pipeline: Big Picture

Nehalem Core Pipeline

Instruction Fetch and

32kiB
(Images courtesy of Michael E. Thomadakis, Data Cache
Texas AGM Supercomputing Facility)
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BT Pre Decode
w e
+ B
g (@] Instruction Queue
L £
3
] 2 Level TLB
2>
o
x
8
o (]
© g’ Retirement Unit
LICJ g (ReOrder Buffer)
c 2
55 Scheduler
Bt Reservation Stations
g2
o=]
finfs) Execution Units

32kiB
Instruction Cache

256kiB
2 Level Cache
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L3 and beyond

Intel64 CISC L1 Instruction Cache
macro-instructions 32iB, 4-way
B 2% Level TLB
i 4-way
1
! Instruction Fetch 512 Entry
i Unit (IFU)
1
1 6 macro e——
. . ranch Frediction
E‘I instructions e,
g per cycle )
fa w7
5§ 4 macro Instruction Queue
B2 :':r":;;z"’ (1) 18 Entries Front-End 256KiB
| .o
Tz omax ; In-order Pipeline | AT ETE
gi_ Instruction Decoders 8-way
E: 3 simple + 1 complex MS ROM for
i e compiexJllcomple insiuct
| 4micro
: instructions s s cngmlen instructions
: per cycle T |-Ops or more
!
Y

Nehalem RISC
micro-operations
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max

ARA,
Instruction Decoder Queue (IDQ)

L3, remote
loop stream detector "
micro-fusion, macro-fusion mem, etc.
28 p-op buffer
4 micro-ops issued
-['T per cycle (max)
CS740F14

Microprocessor Report




Core i7 Pipeline: Execution Unit

N e. Nehalem Execution Engine

! Out-of-order Pipelines A

o 1 Reg File WB |RegisterAIias Table and Allocaiorl

'3 ctirarment Reqaicter Fila fcycle [ port

|2 glirement Keqisie e ‘9

18 Retirement Register File ‘g’ Reorder-Buffer

[P . j

5 (Architected State) | ™ (ROB) 128 entries

1E

!

v

I [

1 - l —

! o o [=]

I =9 3 =1
- o w s
5i ] A
E: 5 LU & Store
'-% E Address
8 £ FP Multiply
e o
%E & < Memory Order-Buffer

i  teger ALL (MOB) .

! 5

! :

v

Nehalem RISC = 8 DF
micro-operations 1168 ANLRF A20F 1168
joad 32kiB L1 store
feyele Data Cache feycle
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Core i7 Pipeline: Memory Hierarchy

Front-End
Instruction
Pipeline

Out-of-Order
Execution
Engine

4 cycles latency

. 16B/Hz
& 448GiB/s

2% Level UTLB,

AKIB pages

1| 48 load buffers
32 store buffers
| 10 fill buffers

| Memory Order-Buffer (MOB)

R 16BHI6BHz g
A28 44 8444 8 GiBls

L1 Data Cache 32kiB,

8-way set asspciative

E L1 Instruction Cache, 32kiB

4-way associative 64 s
Integrated
Memory

Controller

L2 Cache 256kiB
B-way associative
64B block size

L3 Cache, BMiB
16-way associative
64B block size
Shared

64B block size

..Core Domain

" Un-Core Domain _
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Haswell Buffer Sizes

Nehalem Sandy Bridge Haswell
QUL CE ondet 128 168 192 |4
In-flight Loads 48 64 7 %
In-flight Stores 32 36 42 4..
Scheduler Entries 36 54 60 |1
Integer Register File N/A 160 R
FP Register File N/A 144 168 |4
Allocation Queue 28/thread 28/thread s6 |4

Intes® Intel® Intel®

(Sandy Bridge)

IDF2012

INTEL DEVELOPER FORUM

Haswell Core at a Glance

Branch Prediction |

Icache

|
Ay

Icache
Data

Decode

ITLB

pop Cache

pop Cache
" Data

pop Allocation

Out-of-Order Execution

AN MENNNN
EEEEEEEE

10 Intel® Microarchitecture (Haswell)

Next generation branch prediction
= Improves performance and saves wasted work

Improved front-end

+ Initiate TLB and cache misses speculatively

+ Handle cache misses in parallel to hide latency
+ Leverages improved branch prediction

Deeper buffers
« Extract more instruction parallelism
+ More resources when running a single thread

More execution units, shorter latencies
= Power down when not in use

More load/store bandwidth

« Better prefetching, better cache line split latency
& throughput, double L2 bandwidth

+ New modes save power without losing
performance
No pipeline growth

+ Same branch misprediction latency F ‘]
+ Same L1/L2 cache latency ID 20 2

INTEL DEVELOPER FORUM




Haswell Execution Unit Overview Core Cache Size/Latency/Bandwidth

i L1 Instruction Cache 32K, 4-way 32K, 8-way 32K, 8-way
Unified Reservation Station ‘ L1 Data Cache 32K, 8-way 32K, 8-way 32K, 8-way
- Fastest Load-to-use 4 cycles 4 cycles 4 cycles
(=]
2B |
a Load bandwidth 16 Bytes/cycle 3 (bf:fég“)" ¢ | (64 Bytes/cycle
_ Store bandwidth 16 Bytes/cycle 16 Bytes/cycle 32 Bytes/cycle
M ) L2 Unified Cache 256K, B-way 256K, B-way 256K, B-way
Doubles peak FLOPs s
= Two FP multiplies — Fastest load-to-use 10 cycles 11 cycles 11 cycles
benefits legacy
Bandwidth to L1 32 Bytes/cycle 32 Bytes/cycle 64 Bytes/cycle
- - 4K: 128, 4-way 4K: 128, 4-way 4K: 128, 4-way
4% ALU | LUinstuction TL8 2M/4M: 7/thread  2M/4M: 8/thread | 2M/4M: 8/thread
- Great for integer workloads . 4K: 64, 4-way 4K: 64, 4-way 4K: 64, 4-way
_ Frees Port0 & 1 for vector L1 Data TLB 2M/4M: 32, 4-way  2M/4M: 32, 4-way | 2M/4M: 32, 4-way
1G: fractured 1G: 4, 4-way 1G: 4, 4-way
— New Branch Unit New AGU for Stores L2 Unified TLB aK: 512, 4-way  4K: 512, 4-way | [Ha20 Shared:
* Reduces Port0 Conflicts * Leaves Port 2 & 3 \ 238 WAy /
- 2nd EY for high branch code open for Loads All caches use 64-byte lines
12 Intel® Microarchitecture (Haswell) 15 Intet* Intel® {Sandy Bridge); Intel® Microarchitecture (Nehalern)
Oo0O Execution is all around us Out of Order: Benefits
* Qualcomm Krait processor (in phones) * Allows speculative re-ordering

* Loads / stores
* Branch prediction to look past branches
* Done by hardware
+ Compiler may want different schedule for different hw configs

* based on ARM Cortex A15 processor
- out-of-order 1.5GHz dual-core
+ 3-wide fetch/decode

* 4-wide issue * Hardware has only its own configuration to deal with
* 11-stage integer pipeline * Schedule can change due to cache misses
* 28nm process technology » Memory-level parallelism

+ Executes "around” cache misses to find independent
instructions

* Finds and initiates independent misses, reducing memory latency
- Especially good at hiding L2 hits (~12 cycles in Core i7)
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Challenges for Out-of-Order Cores

* Design complexity
* More complicated than in-order? Certainly!
* But, we have managed to overcome the design complexity
* Clock frequency
* Can we build a “high ILP" machine at high clock frequency?
* Yep, with some additional pipe stages, clever design
* Limits to (efficiently) scaling the window and 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
* Power efficiency
+ Today, even mobile phone chips are out-of-order cores
-121- CS 740 F14

Architectural Performance

* Metric

* SpecX92/Mhz: Normalizes with respect to clock
speed

« Sampling
Processor MHzSpecInt92 IntAPSpecFP92 FIl+AP
i386/387 33 6 0.2 3 01
i486DX 50 28 06 13 03
Pentium 150 181 1.2 125 0.8

PentiumPro 200 320 1.6 283 14
MIPS R3000A25 16.1 0.6 217 09
MIPS R10000200 300 15 600 3.0
Alph& 211640417 500 12 750 740FL8

i486 Pipeline

 Fetch

* Load 16-bytes of instruction into prefetch buffer
* Decodel

* Determine instruction length, instruction type
 Decode?2

* Compute memory address

* Generate immediate operands
* Execute

* Register Read

* ALU operation

* Memory read/write

¢ W[‘ij}@_— Back €S 740 F'14

Pipeline Stage Details

* Fetch
* Moves 16 bytes of instruction stream into code queue
* Not required every time
-About 5 instructions fetched at once
-Only useful if don't branch
* Avoids need for separate instruction cache
. DI
+ Determine total instruction length
- Signals code queue aligner where next instruction
begins
* May require two cycles
-When multiple operands must be decoded
-Abeut 6% of “typical” DOS program  cs740F14




Stage Details (Cont.) Data Hazards

+ D2 * Data Hazards
* Extract memory displacements and immediate Generated Used Handling
operands ALU ALU EX-EX Forwarding
- Compute memory addresses Load ALU EX-EX Forwarding
-Add base register, and possibly scaled index ALU Store EX-EX Forwarding
register ALU Eff. Address  (Stall) + EX-ID2
* May require two cycles Forwarding

-If index register involved, or both address &
immediate operand

-Approx. 5% of executed instructions
« EX
* Read register operands
. Com?_u're ALU function

-12 CS 740 F14 - 126 - CS 740 F14

e DrnAd Aan umitns maman (Aata ~rarha)

Control Hazards Control Hazards (Cont.)

Branch Not Taken

Jump Instr. | 1 | b2 | EX . . Jump Instr. | ID1 | ID2 | EX
) + Allow pipeline to continue. .
J . . T
ump * b1 | ID2 - Total of 1 cycle for instruction” """ * Ib1 | o2 | EX
Jump +2 ID1 Jump +2 ID1 | ID2
Target Fetch Jump +3 D1

Target | Fetch| (Flushed)

» Jump Instruction Processsing

* Continue pipeline assuming branch not taken * Branch taken Jump Instr. [ 101 [ 102 | EX

* Resolve branch condition in EX stage * Flush instructions in pipe | T Flushed)

* Also speculatively fetch at target during EX stage * Begin ID1 at farget. Tump +2 11 | (Flushed)
* Total of 3 cycles for instrueiien Fetch| D1

-127 - CS 740 F14 -128 - CS740F14




Comparison with Our pAlpha Pipeline
» Two Decoding Stages

* Harder to decode CISC instructions

- Effective address calculation in D2
* Multicycle Decoding Stages

* For more difficult decodings

+ Stalls incoming instructions
» Combined Mem/EX Stage

* Avoids load stall without load delay slot

-But introduces stall for address computation

-129 - CS 740 F'14

Comparison to 386

* Cycles Per Instruction
Instruction Type386 Cycles486 Cycles

Load 4 1
Store 1
ALU 2 1
Jump taken 9 3
Jump not taken 3 1
Call 9 3
* Reasons for Improvement
* On chip cache
-Faster loads & stores
* More pipelining
-130- CS 740 F14

Pentium Block Diagram

Memory TB4 |64-BitBus| [ : | Pipelined |
Data  bis | |nterface | Floating

Bus o ; Point Unit

| Multiply |

| Additon |

Division |

-131- CS 740 F'14

Pentium Pipeline

|Fefch & Align Ins‘rrucﬂonl

Decode Instr.
Generate Control Word

Decode Control Word
Generate Memory Address

Decode Control Word
enerate Memory Address|

Access data cache or Access data cache or
calculate ALU result calculate ALU result

| Werite register result |

| Werite register result |

U-Pipe V-Pipe

-132 - CS 740 F'14




Superscalar Execution

* Can Execute Instructions I1 & I2 in Parallel if:
* Both are "simple” instructions
-Don't require microcode sequencing
-Some operations require U-pipe resources
-90% of SpecInt instructions
*Ilis not a jump
* Destination of I1 not source of I2
-But can handle I1 setting CC and I2 being cond. jump
* Destination of I1 not destination of I2
* If Conditions Don't Hold
* Issue I1 to U Pipe
+ I2 issued on next cycle
-Po¥sibly paired with following instruction® 7+ ™

Branch Prediction

* Branch Target Buffer

* Stores information about previously executed

branches
-Indexed by instruction address
-Specifies branch destination + whether or not taken

« 256 entries

* Branch Processing

- Look for instruction in BTB
* If found, start fetching at destination
* Branch condition resolved early in WB

-If prediction correct, no branch penalty

-If prediction incorrect, lose ~3 cycles
» Mlhich corresponds to > 3 instructions €S 740 F'14

Superscalar Terminology

*Basic
Superscalar  Able to issue > 1 instruction / cycle
SuperpipelinedDeep, but not superscalar pipeline.
E.g., MIPS R5000 has 8 stages

Branch predictionLogic to guess whether or not branch
will be taken, and possibly branch target

*Advanced

Out-of-order Able to issue instructions out of
program order

Speculation  Execute instructions beyond branch
points, possibly nullifying later

Register renaming Able to dynamically assign
physical registers to instructions

Retire unit Loaic to keep track of instractions as

Superscalar Execution Example

Data Flow

° ASSUY\'\pTiOHS $F2 $f4  $f6

N X X g =

* Single FP adder takes 2
* Single FP multipler takes 5 gt =

* Can isgue add & multipl
to ge Tés!élﬁ‘% eagder, data téept»:l»Ft):lt»:Xce:)

* Must issue in-order ] s

cycles

Critical

CYCICS 9 cycles w

addt $f2, $f4, $f10 [ v | SF12
mult $f10, $f6, $F10 [ w
addt $f10, $f8, $f12 x

addt $f4, $f6, $F4 (inorder)
addt $f4, $f8, $F10 [ z |
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Adding Advanced Features

e Out Of Order Issue

* Can start y as soon as adder available

* Must, hold bagk 7$Hp‘grll§fil-ﬂ\l,—l?of busy & adder
$f6

ava'lg.bl%ult $f10,

. $f10 [ w
x:  addt $f10, $f8, $f12 [ x|
y: addt $f4, $f6, $f4
z: addt $f4, $f8, $f10 Izl

v: addt $f2, $f4, $fl0a | v |

. wi. mult $f10a,.$f6, $F10a | w
- With;Register. Renaming <]
y: addt S$fa, $f6, $f4
zi  addt $Ff4, $f8, $F10 EN
137 - €S 740 F14

Pentium Pro (P6)

* History

* Announced in Feb. '95

* Delivering in high end machines now
* Features

* Dynamically translates instructions o more regular
format

-Very wide RISC instructions
+ Executes operations in parallel
-Up to 5 at once
* Very deep pipeline
-12-18 cycle latency

-138 - CS 740 F14

PentiumPro Block Diagram
BK Instruction Cache F

i

Branch
ot Reorder
Buffar
[40 entrigs)

[mat]rrF]

Load
Addr
U

S
[
ela Lnit

Microprocessor Report
2/16/95

2
Al 8K Dual-Portad Data Cache }._
5

| System Bus Interface | L2 Cache Interface

f T i
‘b!ﬁ.}:dr i\&d data *tsa cata

Dynamically Scheduled Processors

. Inst.
PC: Ox1c —| Cache| """,

\ "

[ 5

Branch &

Predictor ‘5 .

@ (0xlc: b = ¢ / 3; |+—issue (out-of-order)
[ 5
3|0x18: z = a + 2; |+—issue (out-of-order)
1 5 'y o
S 0x14: y = x + 1; |«—can't issue
& | 0x10: X = *p; <—issue (cache miss)

* Fetch & graduate in-order, issue out-of-order
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PentiumPro Operation

* Translates instructions dynamically into "Uops'
- 118 bits wide
* Holds operation, two sources, and destination
* Executes Uops with "Out of Order"” engine
* Uop executed when
-Operands available
-Functional unit available
* Execution controlled by “"Reservation Stations”
-Keeps track of data dependencies between uops
-Allocates resources

U

-141- CS 740 F14

Read-after-Write (RAW) Dependences

* Also known as a "true” dependence

 Example:
Sliaddq r1, r2, r3

S2:addq r3, r4sT74

* How to optimize?
* cannot be optimized away

-152 - CS740F14

Write-after-Read (WAR) Dependences

* Also known as an "anti” dependence

 Example:
Sliaddq rl1, r2, r3

S2:addq r4, r5, 13

addg r1, r6, r7

* How Yo optimize?
* rename dependent register (e.g., rl in S2 ->r8)
Sliaddq rl1, r2, r3

S2:addq r4, r5, r8

addq r8, r6, r7

-153 - CS 740 F14

Write-after-Write (WAW) Dependences

* Also known as an "output” dependence

 Example:
Sliaddq r1, r2, r3

S2:addq r4, r5, r3t

addg r3, r6, r7

* How to optimize?
* rename dependent register (e.g., r3 in S2 -> r8)
Sliaddq r1, r2, r3

S2:addq r4, r5, r8

addq r8, r6, r7
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Living with Expensive Branches

* Mispredicted Branch Carries a High Cost
* Must flush many in-flight instructions
- Start fetching at correct target
* Will get worse with deeper and wider pipelines

* Impact on Programmer / Compiler
* Avoid conditionals when possible
-Bit manipulation tricks
* Use special conditional-move instructions
-Recent additions to many instruction sets
* Make branches predictable
-Very low overhead when predicted correctly

- 167 - CS 740 F14

Branch Prediction Example

static void loopl() {
int i;
data_t abs_sum = (data_t) O;
data_t prod = (data_t) 1;
for (i = 0; i < CNT; i++) {
data_t x = dat[i];

II #define ABS(X) Xx < 0 ? -X : X ||

data_t ax;
ax = ABS(X): MIPS Code
b += ;
Srf,asﬁif x- ax 0Ox6c4:  8c620000 Iw r2,0(r3)
} ’ 0x6c8: 24840001 addiu rd,r4,1
answer = abs_sum+prod; Ox6cc: 04410002 bgez r2,0x6d8
3} - ’ 0x6d0: 00220018 mult r5,r2
0x6d4: 00021023 subu r2,r0,r2
0x6d8: 00002812 mflo r5
0Ox6dc: 00c23021 addu ré,r6,r2
. 0x6e0: 28820400 slti r2,r4,1024
ComPUTe sum Of 0x6e4: 1440FFf7 bne r2,r0,0x6c4
absolute values 0x6e8: 24630004 addiu r3,r3,4
- Compute product of
original values
-168 - CS740F14

Some Interesting Patterns

- PPPPPPPPP
+1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1
+1 +1 ..

* Should give perfect prediction

* RRRRRRRRR
-1 -1 +1 +1 +1 +1 -1 +1 -1 -1 +1 +1 -1 -1 +1 +1 +1 +1 +1 -1 -1
+1 -1 ..

* Will mispredict 1/2 of the time
« N*N[PNPN]

-1-1-1-1-1-1-1-1+1 -1 +1 -1 +1 -1 +1 -1 +1 -1 +1 -1 +1
+1 -1 .

+ Should alternate between states No! and No?
« N*P[PNPN]

-1 -1-1-1-1-1-1+1 +1 -1 +1 -1 +1 -1 +1 -1 +1 -1 +1 -1 +1
+1 -1 ..

+ Should alternate between states No? and Yes?
« N*N[PPNN]

. -1-1-1-1-1-1-1-1+1 +1 -1 -1 +1 +1 -1 -1 +1 +1 -1 -1 +1
1 -1-169- CS740F14

+1

+1

Loop Performance (FP)

R3000 PPC 604 Pentium

Pattern Cycles Penalty Cycles Penalty Cycles Penalty

PPPPPPPPP 13.6! 0 9.2 0 21.1 0
RRRRRRRRR 13.6 0 12.6 3.4] 22.9 1.8
N*N [PNPN] 13.6 0 15.8 6.6) 23.3 2.2
N*P [PNPN] 13.3 -0.3 15.9 6.7] 24.3 3.2
N*N [PPNN] 13.3 -0.3 12.5 3.3 23.9 2.8
N*P [PPNN] 13.6 0 12.5 3.3 24.7 3.6)

» Observations
* 604 has prediction rates 0%, 50%, and 100%
-Expected 50% from N*N[PNPN]
-Expected 25% from N*N[PPNN]

-Loop so tight that speculate through single branch
twice?

* Pentium appears to be more variable, ranging O to
10%— CS740F14




Loop 1 Surprises

R10000 Pentium I

Pattern Cycles Penalty Cycles Penalty
PPPPPPPPP 3.5 0 11.9 0
RRRRRRRRR 3.5 0 19 7.1
N*N [PNPN] 35 0 12.5 0.6|
N*P [PNPN] 3.5 0 13 1.1
. N*N [PPNN] 3.5 0 12.4 0.5
° Pen-hum IT [ereeny 35 0 12.2 0.3

* Random shows clear penalty
* But others do well
-More clever prediction algorithm

» R10000

* Has special "conditional move" instructions

* Compiler translates a = Cond ? Texpr : Fexpr
into
a = Fexpr
temn = Texor co7aoFs

P6 Branch Prediction

History Pattarn
Register Table
= 111010 000000 [_11
000001 11
000010 [ 00
index
predict
—* 111010 10 _’mker;
: Microprocessor Report
111101 11 March 27, 1995
111110 | 00
11111 01

» Two-Level Scheme
*Yeh & Patt, ISCA '93

* Keep shift register showing past & outcomes for
branch

* Use to index 2% entry table
- Each entry provides 2-bit, saturating counterr1

Branch Prediction Comparisons

95%
P&

% 0% 210644 (4K")
= 21164 (2K7)
B 859 x586 (2K")
= 21064 (2K) PPC 620 (2K)
w . 21066 (2K) PPC 604 (512)
2 a0 + “1 0000 {512
& Gyt 58y

" i M *
g 75% ¥ Aupks (i
3 PPCEO1  RBOOD (1K) PA-8000 (256)
a2 - PRC 603 Pentium (256)
?:: ) Power2
15 R4x00
5 es &
@ MicroSparc-2
o §oo + PA-Tx00
'§ SuperSparc
@ 486
& R3000

| MicroSparc

40% +Hyper5parc
VBOD
SH
Always Always BTFN Compiler 1-bit 2-bit Two
Mot Taken Taken Directed History History Level

Branch Prediction Algorithm
* Microprocessor Report March 27,1995
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21264 Branch Prediction Logic

Program Global History
Counter

Local Global
Prediction Prediction

Final Prediction

* Purpose: Predict whether or not branch taken
+ 35Kb of prediction information

+ 2% of total die size

* Claim 0.7--1.0% misprediction
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Core i7 Pipeline: Big Picture

Front-End
In-Order

16 clock cycles

Execution Engine
Qut-of-Order

(Images courtesy of Michael E. Thomadakis,

Nehalem Core Pipeline

Instruction Fetch and
Pre Decode

Instruction Queue

Decode

2riLevel TLB

Rename/Allocate

Retirement Unit
(ReOrder Buffer)

Scheduler
Reservation Stations

Execution Units

Texas AGM Supercomputing Facility)
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32kiB
Data Cache

32kiB
Instruction Cache

L3 and beyond

256kiB

2 Level Cache

8-way

CS 740 F'14

Core i7 Pipeline: Front End

Intel64 CISC
macro-instructions

6 macro
instructions
per cycle
max

4 macro
instructions
per cycle

macro-instruction decoding ___ ___ .
into micro-ops

3

4 micro
instructions
per cycle

AAL
Instruction Decoders

L1 Instruction Cache
32kiB, 4-way ITLB
4-way
128 Entry

Instruction Fetch
Unit (IFU)

Instruction Length
Decoder (ILD)

Branch Prediction
Unit (BPU)

Nehalem

Instruction Queue
(1Q) 18 Entries

MS ROM for

simple + 1 complex

29 Level TLB
4-way
512 Entry

Front-End 256kiB
In-order Pipeline

2n! Level Cache
8-way

cn21plen instructions

-ops or more

max
A\l Instruct

Nehalem RISC

micro-operations o

-181-

ARA,
ion Decoder Queue (DQ)

loop stream detector

o-fusion, macro-fusion

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

L3, remote
mem, etc.

CS 740 F'14

Core i7 Pipeline: Execution Unit

Nl R, Nehalem Execution Engine
! Out-of-order Pipelines
o 1 Reg File WB |RegisterAIias Table and Allocaiorl
i ot Register File fcycle /' port
:E' Retirement Register File 3 Reorder-Buffer
[t c .
i8 (Architected State) | (ROB) 128 entries
;E
v "
| Unified Reservation Stations (URS) 36 entries
i
!
=
'E: Store
5 5
T g Address
8
2 3
%E & Memory Order-Buffer
i (MOB)
i
v
Nehalem RISC 2 2
micro-operations 1| WdB A2 A2 116B
,‘g,‘de 32 kiB L1 .'Stcféfe
Data Cache
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Core i7 Pipeline: Memory Hierarchy

Front-End
Instruction

Pipeline

Out-of-Order
Execution
Engine

L1 Instruction Cache, 32kiB

4-way associative

L2 Cache 256kiB
B-way associative
64B block size

1| 48 load buffers
32 store buffers
| 10 fill buffers

| Memory Order-Buffer (MOB)

its lﬁB+lﬁB/[:[z 128
44.8+44 8 GiB/s

L1 Data Cache 32kiB,
8-way set asspciative

64B block size

Core Domain

el 1

Integrated
Memory
Controller

L3 Cache, BMiB
16-way associative
64B block size
Shared

" Un-Core Domain _
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