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2. p verilog /dcachemem vO & T A 1 |  2-Way Cache@i| 1 I Hé 2 x Tl T s _ &
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--- Makefile Y 9 A& make command
--- Make .* Y 9 D W¥We ®imakecommand ! A a D We Ep” R ADWe
~ aX makeall l's O program.memyj &5 2z
make clean ) ADA F1 4T
--- debug_out vy Fd1 Gloutda T w&Mp@ p | wes L4 @6
--- VS-asm MIPS RISCYrpiAssembled + 1 ! @Ntest progs Ei BIYreAA T

& HEX A1 & 3 program.memd T & testbenchd T~ i Gitb n
~ &YX vs- asmtest_progdfib.s > program.mem

--- pipeline_gold wM D@ 251 L; 4 L F41 7 A o8y O write_backout= memory.outl
Ib "CZE %o J° M %%

--- program .mem AAdYrhh @HEX AG T 1 &tb n Amicachésl <

--- run_tests .sh 0 ! KO test_progs] BIAD A A "Yru Te* |
X% ¢c2 % m 251 L4 GEcp

--- sys_defs .vh he" _ B P JvQinN @V

--- test_progs Y9 AcTas GEIMIPSRISGStyleA A ™

--- testbench Yo - A BA® tba T =!' pHYQOT

--- verilog Y9 -~ A BIAQ®" _ Verilogd d T1 Ty We
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InsnStatus

Map Table

Insn

Reg

T

Idf X(r1),f1

fO

mulf fO,f1,f2

f1

stf £2,Z(r1)

f2

addirl,4,rl1

rl

Idf X(r1),f1

mulf f0,f1,f2

stf £2,2(r1)

Reservation Stations

FU

busy

op

T1

T2

A

ALU

no

\Y

LD

no

ST

no

FP1

no

SN EE

FP2

no

NI
(‘\ Vf‘
e::::'ﬁ
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“—
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ez XY
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Tomasulo :

Cycle 1

0ys ' Nk Xy

T My MY «

i My MHZAE

InsnStatus

Insn Dl S| X

Idf X(r1),f1 cl

mulf fO,f1,f2

stf £2,2(r1)

addirl,4,rl

Idf X(r1),f1

mulf f0,f1,f2

stf £2,2(r1)

C I »
~ ) - N
ez ) ¥
{598 PEKING UNIVERSITY

Map Table

Reg|T

fO

fl |RS#2_

f2

rl

Reservation Stations

FU |busylop |R |T1

T2

Vi V2

ALU |no

LD [yes |ldf f1 |-

- [r1]

ST no

FP1 [no

g|lhlw[N[—]—H

FP2 |no

allocate

<10 >
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Cycle 2

0ys ' Nk Xy

| Thr MY —
i My MH A
InsnStatus Map Table CDB
Insn D] S| X|W]| |[Reg[T T P
ldf X(r1),f1 cl | c2 fO
mulf fO,f1,f2 c2 f1 |RS#2 |
stf 12,Z(rl) f2 |RS#4
addirl,4,r1 rl
ldf X(r1),f1
mulf f0,f1,f2
stf £2,Z(r1)
Reservation Stations
T |FU J|busylop [|[R [T1 |T2 NASEERAY
1 |ALU |no
2 |LD |yes |ldf f1 |- - - [r1]
3 |ST [no
4 |FP1 |yes mulf (2 - RS#2 [fO] - allocate
5 |FP2 |no

ez XY
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Cycle 3

0ys ' Nk Xy

LT MY
i My MH A

InsnStatus Map Table CDB

Insn D] S| X[ W] |RegT T P

ldf X(rl1),f1 cl | c2| c3 fO

mulf fO,f1,f2 c2 fl |RS#2 |

stf 12,2(r1) c3 f2 |RS#4

addirl1,4,r1 rl

ldf X(r1),f1

mulf fO,f1,f2

stf f2,Z(r1)

Reservation Stations

T |FU |busylop |R [T1 |T2 NASEERAY

1 |ALU |no

2 |LD |yes |ldf f1 |- - - [r1]

3 |ST |yes |stf - RS#4 |- - [r1] allocate

4 |FP1 |yes |mulf (f2 |- RS#2 ([f0] -

5 |FP2 |[no

ez XY
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— clear f1 RegStatus

i r MY «
i My MHA

InsnStatus Map Table CDB

Insn D] S| X|W]| |[Reg[T T P

df X(r1),f1 cl| c2|c3|ca fo RS#2 [[f1]

mulf f0,f1,f2 c2 | c4 fl |RS#2 < |

stf 12,Z(rl1) c3 f2 |RS#4

addir1,4,r1 c4 rl1 |RS#1

ldf X(r1),f1

gﬂ‘;fg(frll;z df finished (W)
, . CDB broadcast

Reservation Stations

T |FU |busylop |R [T1 |T2| KAy

1 |[ALU |yes |addi |r1l |- : [r1] - allocate

2 |LD [no free

3 |ST |yes |stf - RS#4 |- v |- [r1}¥

4 |FP1 |yes |mulf |f2 |- RS#2 |[fO] CDB.V|RS#2ready -

5 |FP2 |no grab CDB value

<13>
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Cycle 5
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i r MY «
i My MHA

InsnStatus Map Table CDB
Insn D] S| X[ wW| |Reg|T T P
ldf X(rl),f1 cl|c2|c3|c4 fO

mulf f0,f1,f2 c2 | c4 | c5 fl1 |RS#2 |
stf 12,2(r1) c3 f2 |RS#4
addir1,4,r1 c4 | c5 rl1 |RS#1

ldf X(r1),f1 c5

mulf f0,f1,f2

stf £2,Z(r1)

Reservation Stations

T |FU |busylop |R [T1 |T2 ARy

1 |ALU |yes |addi [r1 |- - [r1] -

2 |[LD |yes |ldf f1 |- RS#1 |- - allocate
3 |[ST |yes |stf - RS#4 |- - [r1]

4 |FP1 |yes |mulf [f2 |- - [fo]  |[f1]

5 [(FP2 |no

NI
(‘\ Vf‘
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~ e
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ez XY
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Cycle 6
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| Ty MY
i My MH A 6  multf ke cycleq &

InsnStatus Map Table CDB

Insn D| S| X[ wW| |RegT T P

ldf X(r1),f1 cl|c2|c3|c4 fO

mulf fO,f1,f2 c2 | c4 |ch+ f1

stf f2,Z(rl) c3 f2 |RS#ARS#HH

addirl,4,r1 c4 | cS5 | c6 rl1 |RS#1

ldf X(rl),f1 c5

mulf f0,f1,f2 c6 no D stall on WAW: scoreboard would

stf £2,2(r1) overwrite f2 RegStatus _
anyone who needs old f2 tag has it

Reservation Stations

T |[FU J|busylop |[R |T1 [T2 RSy

1 |ALU |yes |addi |r1 |- - [r1] -

2 |LD |yes |ldf f1 |- RS#1 |- -

3 |[ST |yes |stf - RS#4 |- - [r1]

4 |FP1 |yes |mulf |f2 |- - [fO] [f1]

5 |FP2 |yes |mulf |f2 |- RS#2 |[f0] - allocate

<15>
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ATomasulo n T My MHZE 6  multf 3ie cycleg ¢
InsnStatus Map Table CDB
Insn D[ S| X[ W]| [RegT T P
ldf X(r1),f1 cl|c2|c3|cd fO RS#1 |[rl]
mulf f0,f1,f2 c2 | c4 |c5+ fl |RS#2 |
stf 12,Z(rl) c3 f2 |RS#5
addirl,4,r1 c4d | c5 | c6 | c/ rl |RS#1
Tomasulo Idf X(r1),f1 o | c7 no W wait on WAR: scoreboard would
mulf f0,f1,f2 c6 anyone who needs old rl1 has RS copy
Cvele 7 stf 12,2(r1) D stall on store RS: structural
4 Reservation Stations aggarf'pl'srlf: g/:gtus
T [FU |busylop |R |11 |12 NZERE COB oo
1 |ALU |no
2 LD [yes [df [|f1 |- RS#1 |- CDB.M Rs#1 ready -
3 |ST |yes |stf |- |RS#4 |- - [r1]  |grab CDB value
4 |FP1 |yes |mulf |2 |- : 0] |[f1]
5 [FP2 |yes |mulf (f2 |- RS#2 |[f0] -

0ys ' Nk Xy S1ee
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Cycle 8
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| T MY
i Ty MHA&E &  multf 3ie cycleg o
InsnStatus Map Table CDB
Insn D] S| x| W] |RegT T
ldf X(r1),f1 cl|c2|c3|cd fO RS#4 |[f2]
mulf fO,f1,f2 c2 | c4 |c5+| c8 f1 |RS#2
stf f2,Z(rl) c3 | c8 f2 |RS#5
addirl,4,r1 c4d | c5 | c6 | c7 rl
df X(r1),f1 cS | c/ | c8 mulf finished (W)
mulf fO,f1,f2 c6 donot fXx RegStatus
stf £2,Z(rl) already overwritten by 2nd mulf (RS#5)
CDB broadcast
Reservation Stations
T |FU |busylop |R [T1 |T2 KAy
1 |ALU |no
2 |LD |yes |ldf f1 |- - - [r1]
3 |ST |yes |stf - RS#4 |- CDB.V/|[r1] RS#4 ready -
4 |FP1 [no grab CDB value
5 [|FP2 |yes |mulf (f2 |- RS#2 |[fO] -

<17 >
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Cycle 9

0ys ' Nk Xy

NT
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S A
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i My MY «

i Ty MHA&E &  multf 3ie cycleg o
InsnStatus Map Table CDB
Insn D| S| X| W Reg|T T

ldf X(r1),f1 cl|c2|c3|cd fO RS#2 |[f1]
mulf fO,f1,f2 c2 | c4 |c5+| c8 fl1 |RS#2

stf f2,Z(rl) c3 | c8 | c9 f2 |RS#5

addirl,4,r1 c4d | c5 | co | c7 rl

lat f]f(frli’flfz €5 | €718 1 ) ond Idf finished (W)

mulf 10,f1, c6 | c clear f1 RegStatus

stf 12,2(r1) CDB broadcast

Reservation Stations

T |FU |busylop |R [T1 |T2 NASEERAY

1 |(ALU |no

2 (LD no

3 |[ST |yes |stf - - - [f2] [r1]

4 |FP1 [no RS#2ready -
5 [|FP2 |yes |mulf (f2 |- RS#2 |[fO] CDB.V

grab CDB value

ez XY
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no CDB broadcast

i T MY
i Ty MHA&E &  multf 3ie cycleg o
InsnStatus Map Table CDB
Insn D] S| X|W]| [Reg[T T
ldf X(r1),f1 cl|c2|c3|c4 fO
mulf f0,f1,f2 c2 | c4 |c5+| c8 f1
stf f2,Z(rl) c3 | c8 | c9 |cl0 f2 |RS#5
addirl,4,r1 c4d | c5 | c6 | c7 rl
ldf X(r1),f1 c5|c7|c8]|c9
mulf f0,f1,f2 c6 | c9 |c10 stf finished (W)
stf £2,Z(r1) c10 no output register -
Reservation Stations
T |FU |busylop |R [T1 |T2 KAy
1 |ALU |no
2 |LD |no
3 [ST |yes |stf - RS#5 |- - [r1] free - allocate
4 |FP1 |no
5 [|FP2 |yes |mulf (f2 |- - [fO] [f1]

<19>
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A Dynamic scheduling and multiple issue are orthogonal
A E.g., Pentium4: dynamically scheduled 5 -way superscalar

A Two dimensions
A N: superscalar width (number of parallel operations)
A W: window size (number of reservation stations)

A What do we need foran N-by-W Tomasulo ?
A RS:N tag/value w -ports (D), N value r-ports (S), 2N tag CAMs (W)
A Select logic: W- N priority encoder (S)
A MT: 2N r-ports (D), N w-ports (D)
A RF:2N r-ports (D), N w-ports (W)
A CDB: N (W)
A Which are the expensive pieces?

0ys ' Nk Xy

:\w% »
NELTE®

PEKING UNIVERSITY
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A Superscalar select logic: W - N priority encoder
d Somewhat complicated (N 2 logW )
A Can simplify using different RS designs

A Split design
A Divide RS into N banks: 1 per FU?
A Implement N separate W/N - 1 encoders

+ Simpler: N * logW /N
d Less scheduling flexibility
A FIFO design

A Can issue only head of each RS bank
+ Simpler: no select logic at all

(d Less scheduling flexibility (but surprisingly not that bad)

0ys ' Nk Xy
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ATomasulo N r M" gn

AWhen can Tomasulo go wrong?

A Branches

A What if a branch finishes after younger instructions (after the
branch) finish?

A Exceptions!!
A No way to figure out relative order of instructions in RS
A We need a mechanism to predict branch results ~
A We need a mechanism to ensure finish in order

0ys * NkXy <23
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0y
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ADirection Predictor ¢ Ab ¢

A For conditional branches

A Predicts whether the branch will be taken
A Examples:

A Always taken; backwards taken

AAddress Predictor € 5 x 4 ¢

A Predicts the target address (use if predicted taken)
A Examples:
A BTB; Return Address Stack; Precomputed Branch

ARecovery logic

NT
GUNIN
> 0
S &
8 -
& '~
I3598%

NEPE |

PEKING UNIVERSITY
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A™He = 4+~ ~nJ uMco 0 FSM
A 1-bit history (direction predictor) A2-bit history (direction predictor)

A Remember the last direction for a branch

branchPC branchPC

)
)
)

»
»

(
(
(

How big is the table?

How big is the Table?

0ys * NkXy <257
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A~80 percent of branches are either heavily TAKEN or
heavily NOT -TAKEN

AFor the other 20%, we need to look at patterns of
reference to see if they are predictable using a more

complex predictor

AExample: gcc has a branch that flips each time

Using History Patterns

'tk Xy

CUNITIN »
N ) D
AL T

PEKING UNIVERSITY
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Local history

Branch History

Pattern Histor
Table y

Table

g 10101010

What is the prediction
for this BHT 101010107

When do | update the tables?

Using History Patterns

0ys ' Nk Xy
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AHe = F+~ ~J vYco 0 FSM

Branch History Local history

Table Pattern History
Table

- ®r\
_O

On the next execution of this

branch instruction, the branch

history table is 01010101,
pointing to a different pattern

What is the accuracy of a fllip/flop bran

Using History Patterns

0ys * NkXy <28
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A™He = 4+~ ~nJ uMco 0 FSM

Global history

Pattern History
Branch History Table

Register

\ 4

if (aa ==2)
aa=0;
if (bb == 2)
bb = 0;
I f (aa !|= bb) { é

How can branches interfere with each other?

Using History Patterns
0ys * NkXy <29~
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nJ uMco 0O FSM
Hybrid predictors

Local predictor Global predictor

(e.g. 2Dbit) (much more state)

Prediction

Prediction
1

2

Selection table
(2-bit state machine) Prediction

»
»

How do you select which predictor to use?
How do you update the various predictor/selector?

Using History Patterns

NT
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Ar vy Z Branch Target Buffer

ABTB indexed by current PC

A If entry is in BTB fetch target

address next

0ys ' Nk Xy

CUNITIN »
£ @ N
S IIEY

PEKING UNIVERSITY

Branch PC Target address
0x05360AFO0 0x05360000
e e
é é
é é
é é
e e
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Tamosulo

ZY N[ DM ARecovery seems really hard

A Squash and restart fetch with right A What if instructions after the branch finish
before we find that the branch was wrong?

address A This could happen. Imagine
A Just have to be sure that nothing has R1=MEM[R2+0]
ofrppl wwhgb | wv vwdwh [ h WliiSRR;,RR? DONE a Predicted not taken
A In our 5 -stage pipe, state is only A So we have to not speculate on branches

or not let anything pass a branch
A Branches become serializing instructions.

and WB (for registers) A Note that can be executing some things
before and after the branch once branch

resolves.

committed during MEM (for stores)

0ys ' Nk Xy seee



N E

CONTENTS 0L.n rMjQzy>

as PO jrvy =
AT MIPS' ®OHAE 6

Ve
~

VLNV ET " @]




as PO jrvy = D i xy

s PEKING UNIVERSITY
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AWhen can Tomasulo go wrong?

A Branches

A What if a branch finishes after younger instructions (after the
branch) finish?

A Exceptions!!
A No way to figure out relative order of instructions in RS
A We need a mechanism to predict branch results
A We need a mechanism to ensure finish in order ~

0ys * NkXy <34
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A Adding a Reorder Buffer, aka ROB

AWhy need Reorder Buffer

A ROB is an /in-order queue where instructions are placed.

A Instructions complete (retire) in -order

A Instructions still execute out -of -order

A Still use RS

A Instructions are issued to RS and ROB at the same time

A Rename is to ROB entry, not RS.

A When execute done instruction leaves RS

A Only when all instructions in before it in program order are
done does the instruction retire.

0ys * NkXy <39
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A Adding a Reorder Buffer, aka ROB

Any order
LI
IF | ID |Alloc/Sche > EX > CT
Inorder Inorder
ROB - |ARF
PC

DstregID I I

Dstvalue Head Tail

Except?

d Reorder Buffer (ROB)

d Circular gueue of spec state
d May contain multiple

0ys ' Nk Xy

definitions of same reqister

CUNITIN »
~ @ N
S IIEY

PEKING UNIVERSITY

A@ Alloc

A Allocate result storage at Tail

A@ Sched
A Get inputs (ROB T -to -H then ARF)
A Wait until all inputs ready

A@ WB
A Write results/fault to ROB
A Indicate result is ready

A@ CT
A Wait until inst @ Head is done
A If fault, initiate handler
A Else, write results to ARF
A Deallocate entry from ROB

< 36>
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A Adding a Reorder Buffer, aka ROB Architectural Reg File a ARF 3

R value

Map Table

[
I
[
Retire I
[
I
[

Dispatch:

A Simple Tomasulo+ROB
A Toomuchvaluemovement (regfil e/ ROBYRSYROBYregf

| A Multi input muxes long buses complicate routing and slow clock
6ys ' kXY <37>
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A MIPS ¢ An alternative implementation

Kl CNECT

Map Table E

.
o Y
1

Head

——

Retire

iy

Dispatc h

Free
List

Tail

Dispatch

ROB |

iy

-y

CDhB.T

A One big physical register file holds all data Ano copies

A + Regjister file close to FUs Y

A ROB and RS b on the sideb used only for control and tags

'tk Xy

s mfadt data path ROB

ec"'\“’e »
NELF TR

PEKING UNIVERSITY
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A MIPS ¢ An alternative implementation
A Architectural register file? Gone

Map Table E Ih m E A Physical register file holds all values
: Head A #physical registers = #architectural

1 - registers + #ROB entries
F Dispatch - : -
Eﬁ(ﬂ L{Sete T T A Map architectural registers to physi

Srssateh ==1== cal registers
S IT |- Physical Regfile A Removes data hazards (physical
S iE registers replace RS copies)

A Fundamental change to map table /RAT
A Mappings cannot be 0 (there is no architectural register file)
A Free list keeps track of unallocated physical registers
A ROB is responsible for returning physical registers to free list
A Conceptually, this is b true register renamingb without value moving

0ys * NkXy <397
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A MIPS ¢ An alternative implementation

0y

'tk Xy

Parameters

Names: r1,r2,r3

e locations: pl,p2,p3.,p4,pd,p6,p7

e Original mapping: r1—>pl, r2—p2, r3—p3, p4—p7 are “free”

MapTable

rl

r2

r3

pl

p4

p4

P6

PZ

P5

Question: how is the insn after div renamed?

FreelList

Raw insns

Renamed insns

NT
CELID
S A
~ e
> i
o <)
T50%

p4.,pS,p6.p7

po., p6,p7

p6,p7

P7

add
sub
mu 1
div

r2,
r2,
r2,
rl,

r3,
, r3
,rl
,r2

ril
r3
r3

e We are out of free locations (physical registers)

e Real question: how/when are physical registers freed?

add p2,p3.p4
sub p2,p4.pd
mul p2,pd,p6
div p4,pd.p7

ez XY

PEKING UNIVERSITY
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New tags (again)

®* Tomasulo+ROB x ROB# A MIPSx PR#
ROB

e T: physical register corresponding to insn’s logical output
e Told: physical register previously mapped to insn’s logical output

RS

e T,T1, T2: output, input physical registers
Map Table

e T+: PR# (never empty) + “ready” bit
Free List

e T:PR#

No values in ROB, RS, or on CDB

NT
CELID
S A
< e
x—
T50%

ez XY

PEKING UNIVERSITY
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R10K pipeline structure: F, D, S, X, C, R
e D (dispatch)
e Structural hazard (RS, ROB, LSQ, physical registers) ? stall
e Allocate RS, ROB, LSQ entries and new physical register (T)
e Record previously mapped physical register (Told)
e C(complete)
e Write destination physical register
e R (retire)
e ROB head not complete ? Stall
e Handle any exceptions
e Store write LSQ head to DS
Free ROB, LSQ entries
Free previous physical register (Told)

0ys * NkXy <4z
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A MIPS R10K Dispatch o

g o [ e

g Head

[—
Retire

Tail
Free match

List ROB | |

Dispatch:

CDhB.T

e Read preg (physical register) tags for input registers, store in RS
e Read preg tag for output register, store in ROB (Told)
e Allocate new preg (free list) for output register, store in RS, ROB, Map Table

0ys ' Nk Xy S8
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A MIPS R10K Complete o

0y

Map Table E

Dispatch'

Free
List

Head

Retire

Tail

Dispatch

ROB

e Setinsn’s output register ready bit in map table

CDB.T

e Set ready bits for matching input tags in RS

'tk Xy

:\w% »
NELTE®

PEKING UNIVERSITY
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A MIPS R10K Retire o

Map Table E

g Head
> Retire
® )
Te::nl
Free Dispatch
List ROB | \

Dispatch'

CPB.T

e Return Told of ROB head to free list

0ys ' NkXy R
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ROB Map Table CDB
ht |# |Insn Told | S C Reg |T+ T
1 {1df X(rl),fl £O |PR#1+
2 lmulf fO,f1,{f2 1 |PR#2+
3 |stf f2,Z(r1) 2 |PR#3+
4 addi r1.,4,r1 r1 |(PR#4+ )
- +
5 |1df X(r1),fl . X Ready bit
Free List
6 lmulf fO,f1,f2 PR#5 . PR%6 |
7 |stf £2,7Z(r1) PR#7 . PR#8
Reservation Stations
# |FU |busy jop |T 1 |12 Notice I: no values anywhere
1 |ALU [no
2 |LD |no Notice ll: MapTable is never empty
3 (ST no
4 |FP1 |no
5 |FP2 |no

< 46 >
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ROB Map Table CDB
ht |# |Insn T Told | S| X | C Reg | T+ T
ht|1l |1df X(rl) ,f1 PR# 5| PR#2 fO |PR#1+
2 l[mulf fO,f1,f2 \\ 1 |PR#5
3 |stf f2,Z(r1) ™ £2 [PR#3+
4 |laddi rl,4,rl N r1 [|PR#4+
MIPS: 5 [1df X(r1),f1 \Fré'e Tt
6 [mulf fO,f1,f2 /PR#S,PR#B,
7 |stf £2,Z(r1) PR#7 PR#S
CyCIe 1 Reservation Stations /
# |FU |busy jop [T 11 _AT2 Allocate new preg (PR#5) to f1
1 |ALU [no /
2 LD |yes [1dff |PR#S PRiAT Remember old preg mapped to
3 |ST_ Ino f1 (PR#2) in ROB
4 |FP1 |no
5 |FP2 |no

6ys * NkXy <4
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MIPS:

Cycle 2

0ys ' Nk Xy

+Nn 1 N e 75 ¥
n l I_U- M " gEKIN(ﬁJNIVERS?F’Y
)
ROB Map Table CDB
ht |# [Insn T Told | S| X | C Reg [T+ T
h |1 |1df X(rl1),f1 |PR#5PR#2| c2 fO |PR#1+
€t |2 [mulf fO,f1,f2|PR#6 PR#3 1 |PR#5

3 |stf £2,Z(r1) T £2 |PR#6

4 |addi r1,4,rl TN r1 fPR#4+

~ 7

5 (1df X(rl1),f1 \Fre{e List

6 (mulf fO,f1,f2 PR#6 , PR#7 .

7 |stf £2,Z(r1) //M
Reservation Stations //
# |FU |busy lop [T Tl 12 Allocate new preg (PR#6) to f2
1 |ALU [no P
2 |ID |yes |1df’ |PR#5 ,/ PR#441  Remember old preg mapped to
3 |ST |no ul f3 (PR#3) in ROB
4 |FP1 |yes |mulf |PR#6 |PR#1+|PR#5
5 |(FP2 |no

<48 >
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ROB Map Table CDB
ht |# [Insn T Told | S| X | C Reg | T+ T
h |1 [{1df X(rl1),f1 |PR#5/PR#2| c2| c3 fO |PR#1+
2 \mulf O, f1,f2 |PR#6|PR#3 1 |PR#5
t |3 [stf £2,Z(r1) 2 |PR#6
4 laddi r1,4,r1 r1 |PR#4+
MIPS: 5 |1df X(r1).f1 Free List
6 (mulf fO,f1,f2 PR#7 . PR#8
7 |stf f2,Z(r1)
Cycle 3 _ _
Reservation Stations
# |FU busy |op T T1 T2 Stores are not allocated pregs
1 |ALU |no
2 |LD |no Free
3 |ST |yes |stf PR#6 |PR#4+
4 |FP1 |yes |mulf |PR#6 |PR#1+|PR#5
5 |FP2 |no

0ys ' Nk Xy =49



MIPSo

AMIPSH A&

MIPS:

Cycle 4

0ys ' Nk Xy

n d 5@%2 e }‘J" :‘ﬁ
n l I_U- M 5o / éEKIN(ﬁJNIVERSﬁY
Q
ROB Map Table CDB
ht |# |Insn T Told | S| X | C Reg | T+ T
h |1 |1df X(r1l),f1 |PR#5/PR#2| c2| c3| c4 fO |PR#1+ PR#5

2 \mulf fO,f1,f2 |PR#6|PR#3| c4 1 |PR#5+

3 |stf f2,Z(r1) 2 |PR#6
t |4 |addi rl1,4,r1 |[PR#7PR#4 r1 |PR#7

5 [1df X(rl),fl S

6 lmulf fO,f1,f2 PR#7 PR#8

7 |stf £2,Z(r1) -
Reservation Stations \df et

completes

# |FU [|busy |lop [T Tl T2 .
1 |ALU |yes |addi |PR#7 |PR#4+ set MapTable ready bit
2 |LD no
3 |ST |yes |stf PR#6 |PR#4+
4 |FP1 Jyes |mulf |PR#6 |PR#1+|PR#5+1 Match PR#5 tag from CDB & issue
5 |[(FP2 |no
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ROB Map Table CDB
ht |# |Insn T Told | S| X | C Reg | T+ T
1 |1df X(r1),f1 |PR#5/PR#2| c2 | c3| c4 fO |PR#1+
h |2 l[mulf fO,f1,f2|PR#6 PR#S\C!I\\CS 1 |PR#8
3 |stf f2,Z(r1) N £2 |PR#6
4 laddi r1,4,r1 |PR#7|PR#4| c5 U1 [PR#7
MIPS: t |5 |1df X(r1) ,f1 |PR#8PR#5 \?r\ge\bgg
6 lmulf fO,f1,f2 PR#8  PR#2
7 |stf £2,Z(r1) -
Cycle 5
Reservation Stations df retires
# [FU [busy |o T T1 T2 .
T ALU yesy a?ldi PRE7 |PR#4+ Return PR#2 to free list
2 |LD yes |1ldf |PR#8 PR#7
3 ST |yes |stf PR#6 |PR#4+
4 |[FP1 |no Free
5 |FP2 |no

0ys ' NkXy ok
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e Problem with R10K design? Precise state is more difficult
— Physical registers are written out-of-order (at C)
e That’s OK, there is no architectural register file
e We can “free” written registers and “restore” old ones
e Do this by manipulating the Map Table and Free List, not regfile

e Two ways of restoring Map Table and Free List
e Option I: serial rollback using T, T_,; ROB fields
+ Slow, but simple
e Option ll: single-cycle restoration from some checkpoint
+ Fast, but checkpoints are expensive
e Modern processor compromise: make common case fast

e Checkpoint only (low-confidence) branches (frequent rollbacks)

e Serial recovery for page-faults and interrupts (rare rollbacks)
0ys ' Nk Xy =0
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Replace with a
taken branch

MIPS:
Cycle 5
Precise

State

0ys ' Nk Xy

: TR z N
n 1 My M A EIE S
&
ROB Map Table CDB
ht |# |Insn T Told | S| X | C Reg | T+ T
1 (1df X(rl),f1 |PR#5/PR#2| c2| c3 | c4 fO |PR#1+
N h |2 PR#6|PR#3| c4 | c5 f1 |PR#8
3 |stf £2,Z(r1) 2 |PR#6
4 laddi rl1.,4,r1 |PR#7/PR#4| c5 r1 |[PR#7
t |5 |1df X(r1l),f1 |PR#8 PR#5 Free List
6 mulf fO,f1,6£2 PR#8 . PR#2
7 |stf £2,Z(r1) —
Reservation Stations
# |FU busy |op T T1 T2 _ _
1 |[ALU |yes |addi |PR#7 |[PR#4+ Undo insns 3-5 using
2 [LD |yes |1df |PR#S PRET roll bacl:<k |fb|nsnh2|sa
3 |[ST |yes |stf PR#6 |PR#4+ taken branc
4 |FP1 [no
5 |FP2 |no
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Cycle 6

0ys ' Nk Xy

+n 1 M M @i
(Z)
ROB Map Table CDB
ht |# |Insn T Told | S| X | C Reg | T+ T

1 |1df X(r1l),f1 |PR#5/PR#2| c2| c3 | c4 fO |PR#1+
h (2 imp fO f1 f2 PR#6|PR#3| c4 | c5 1 |PR#5+

3 |stf f2,Z(r1) —[T2 |PR#6
t (4 |addi rl1.,4,r1 |PR#7|PR#4 r1 |PR#7

2 1df X(rl),fl PR#SER#Q\ Free List

mulf fO,f1,f2 J{PR#2 PR#8

7 |stf £2,Z(r1)
Reservation Stations undo Idf (ROB#5)
# [FU |busylop [T T1 T2 1. free RS _
1 |ALU |yes |addi |PR#7 |PR#4+ 2. free T (PR#8), return to FreeList

3. restore MT[f1] to Told (PR#5)
2 |LD Ino 4. free ROB#5
3 |ST |yes |stf PR#6 |PR#4+|
4 |FP1 i )
10 Insns may execute during rollback
5 |FP2 |no
(not shown)
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ROB Map Table CDB
ht |# |Insn T Told | S| X | C Reg |T+ T
1 |1df X(r1l),f1 |PR#5/PR#2| c2| c3 | c4 fO |[PR#1+
h |2 PR#6|PR#3| c4 | c5 £1 |PR#5+
t |3 |stf £2,Z(r1) £2_|PR#6
4 laddi rl1.,4,r1 |PR#7|PR#4| c5 r1 |PR#4+
MIPS: 5 [1df X(rl),fl M\\\“a—ﬁ. Free List
6 (mulf fO,f1,f2 \""PR#Z,PR#S,
7 |stf £2,Z(r1) PR#7
Cycle 7 .
Reservation Stations undo addi (ROB#4)
# [FU JbusyJop [T 71 |12 1. free RS |
1 |ALU Ino 2. free T (PR#7), return to FreelList
3. restore MT[r1] to Told (PR#4)
2 LD Ino 4. free ROB#4
3 |ST |yes |stf PR#6 |PR#4+
4 |FP1 |no
5 |[(FP2 |no

0ys ' NkXy R
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ROB Map Table CDB
ht |# |Insn T Told | S| X | C Reg | T+ T
1 |1df X(r1),f1 |PR#5/PR#2| c2 | c3 | c4 fO |[PR#1+
ht|2 PR#6|PR#3| c4 | c5 f1 |PR#5+
3 |stf f2,Z(r1) 2 |PR#6
4 laddi r1.,4,r1 r1 |PR#4+
MIPS: 5 |1df X(rl),f1 Free List
3 m”if%goiflifz PR#2 , PR#8
st , r
Cycle 8 — PRAT
Reservation Stations undo stf (ROB#3)
# [FU Jbusyfop [T 11 |12 1. free RS
1 |ALU lno 2. free R(_)B#S
> 11D oo 3. no registers to restore/free
4. how is D$ write undone?
3 |ST no
4 |FP1 Ino
5 |[(FP2 |no

0ys ' Nk Xy =007
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0y

kXY

L2 Cache (¥32MB)

Memory (128NViBfewGB)

Disk (Many GB)

Gl »
~ @ - \g
- »
: -8th1 =
- ~
I508%

1 cycle access (early in pipeline)

1-4 cycle access

6-15 cycle access

100500 cycle access
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AP VP EQ P j . P
APrinciple of Locality:

A Programs tend to reuse data and instructions near those
they have used recently.

A Temporal locality:  recently referenced items are likely to be
referenced in the near future.

A Spatial locality:  items with nearby addresses tend to be
referenced close together in time.

Locality in Example:
d Data
(JReference array elements in succession (spatial)
d Instructions
JReference instructions in sequence (spatial)
dCycle through loop repeatedly (temporal)

0ys ' Nk Xy

NI
CELID
& A
> 2
‘—
l59%

ez XY
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sum = 0;

for(i=0; i<n; i++)
sum +=a[ iJ;

*V = sum;

<59 >
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0y

A Main Memory
A Stores words
ACZ in example
A Cache
A Stores subset of the words
4 in example

A Organized in lines
A Multiple words
A To exploit spatial locality

A Access

A Word must be in cache for
processor to access

'tk Xy

Processor

Small,
Fast Cache

Big, Slow Memory

A
B
G
H

N|<p>>O|W|>

NI
(‘\ Vf‘
e::::'ﬁ
< )
“—
l59%

ez XY
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A Cache Size Associativity Block Size  Number of Set, etc.

A Performance Measures

A Miss rate
A % of memory references which are not found in the cache.
A Total cache size A A related measure is #misses per 1000 instructions
A (block size 2 # sets A Average memory access time
associativity) A MR* Ty + (L-MR)* Ty
A Associativity (Number of A T & Tyiss - Access time for a hit or miss
pzd| vb, A But what do we want to measure?
A Block size (bytes per block) A Impact on program execution time.
A Number of sets A What are some flaws of using
A Miss Rate?

A Ave. Memory Access Time?
A Program execution time?

A Misses per 1000 instructions?
0ys ' Nk Xy ok
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A K o a’Y € Cache K z ¢ Miss Rate

A Total cache size?
I Positives:
A Should decrease miss rate
I Negatives:
A May increase hit time

A Increased area requirements

A Increased power (mainly static)
I Interesting paper:

CUNITIN »
£ @ N
S IIEY

PEKING UNIVERSITY

» Krisztian Flautner, Nam Sung Kim, Steve Martin, David Blaauw, Trevor N.

Mudge: Drowsy Caches: Simple Techniques for Reducing Leakage

Power. ISCA 2002: 148-157

0ys ' Nk Xy
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A Block Size

0y

A Bigger block size?
I Positives:
A Exploit spatial locality ; reduce compulsory misses
A Reduce tag overhead (bits)
A Reduce transfer overhead (address, burst data mode)
I Negatives:
A Fewer blocks for given size; increase conflict misses

A Increase miss transfer time (multi-cycle transfers)
A Wasted bandwidth for non-spatial data

't kXY <632
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A Associativity ' "H

A Increasing associativity
I Positives:
A Reduces conflict misses
A Low-associativity cache can have pathological behavior
(very high miss)
I Negatives:
A Increased hit time

A More hardware requirements (comparators, muxes,
bigger tags)
A Minimal improvements past 4- or 8- way.

0ys ' Nk Xy o
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A Cache Replacement Y °

A Replacement Strategy: (for associative caches)

I LRU: intuitive; difficult to implement with high assoc; worst
case performance can occur (N+1 element array)

I Random: Pseudo-random easy to implement; performance
close to LRU for high associativity

I Optimal: replace block that has next reference farthest in the
future; hard to implement (need to see the future) J

0ys ' Nk Xy 057
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A Cache d,u Misss P Y '

0y

A Write Policy: How to deal with write misses?

I Write-through / no-allocate
A Total traffic? Read misses 3 block size + writes
A Common for L1 caches back by L2 (esp. on-chip)
I Write-back / write-allocate

A Needs a dirty bit to determine whether cache data differs

A Total traffic? (read misses + write misses) 3 block size +
dirty-block-evictions 3 block size

A Common for L2 caches (memory bandwidth limited)
I Variation: Write validate
A Write-allocate without fetch-on-write
A Needs sub-block cache with valid bits for each word/byte

'tk Xy
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Address Cache
01101 Vd tag data
——— Q

10

10

0
> Block Offset (bit)
> Line Index @Bit)

> Tag (2oit)

3-CH s Compulsory Miss: first reference to memory block

Capacity Miss: Wor ki ng set does

Conflict Miss: Working set maps to same cache |

SESINS X

N
—
N

SR

==
NIIOO
OKoI—

NSNS
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2-Way Set Associative Cache

Address Cache
Vd tag data

01101

o) (o] (o] (e

> Block Offset (unchanged)

> 1-bit Setindex

> Larger (zbit) Tag

| mpact on the 3C0s?

—
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A Write -back & Write -allocate

Processor Cache Memory
0 78
1] 29
2l 120
Vd tag data 3T 123
ld RLeM[ 1 ] 0 4 71
Ld R2« M[ 5 ] 5 150

St R2>M[ 7 ]
St RLo>M[ 4 ] 0 6] 162
Ld R3« M[ 0 ] 71 173
ld R2« M[ 8 ] 0 8 18
9 21
0 10 33
RO 11} 28
R1 S 121 19
i Misses: O 13[ 200
R3 Hits: 0 14 210
| 150 225 10

0ys ' Nk Xy =097



2-Way Set Associative Cache H A

A Write -back & Write -allocate

NPT TS

PEKING UNIVERSITY

Processor Cache Memory
0p 78
1 29
21 120
Vd tag data 3T 123
#Ld R1I« M[ 1 ] 0 4 71
Ld RZ(—M[ 5 ] 5 150

St R2>M[ 7 ]
St RL>M[ 4 ] 0 6] 162
Ld R3< M[ 0 ] 71 173
ld R2« M[ 8 ] 0 8 18
9 21
0 10} 33
RO 11} 28
R1 :ccac 121 19
R2 Misses: 0 13200
R3 Hits: O 141 210
| 15 225 11

0ys ' Nk Xy =10



2-Way Set Associative Cache H A

A Write -back & Write -allocate

NPT TS

PEKING UNIVERSITY

Processor Cache Memory
0p 78
1] 29
2\ 120
Vd tag data 3 123
ﬂLd RLM[ 1 ] 1jlojo | 78 a 71
Ld R2<~M[ 5 ] 29 5 150

St R2o>M[ 71 |5
st Ril>M[ 4] |- 0 6] 162
Ld R3< M[ 0 ] 7 173
Ld R2<~ M[ 8 ] 0 g 18
9 21
0 10} 33
RO 11} 28
R1 29 . . 12] 19
B Misses: 1 13200
R3 Hits: 0 14 210
| 150 225 12

0ys ' Nk Xy <71>
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A Write -back & Write -allocate
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Processor Cache Memory
0 78
1] 29
2l 120
Vd tag data 3T 123
ld RL&«M[ 1 ] 11]0] O 78 4 71
Ld R2« M[ 5 ] 29 5 150

St R2o>M[ 7] |5
St RLo>M[ 4 ] 2lo] | 6] 162
Ld R3« M[ 0 ] 71 173
WrzeMm 81 | [0] ] 8| 18
9 21
o] | 100 33
RO 11} 28
R1 29 . ) 12] 19
- Misses: 1 13 200
R3 Hits: 0 141 210
| 15p 225 13

0ys ' Nk Xy <72>



2-Way Set Associative Cache H A

A Write -back & Write -allocate

NPT TS

PEKING UNIVERSITY

Processor Cache Memory
o 78
1] 29
2] 120
Vd tag data 3 123
ldRi«<M[ 11 |2|1]0] O 78 4 71
Ld R2« M[ 5 ] 29 5 150

St R2>M[ 7 ]
St RLo>M[ 4 ] 1101 1 71 6] 162
Ld R3« M[ 0 ] 150 71 173
ld R2Z« M[ 8 ] 0 8l 18
9 21
0 10} 33
RO 11} 28
R1 29 . ) 121 19
> | 150 Misses: 2 13 200
R3 Hits: 0 141 210
| 150 225 14

0ys ' Nk Xy Sree



2-Way Set Associative Cache H A

A Write -back & Write -allocate

NPT TS

PEKING UNIVERSITY

Processor Cache Memory
0 78
1] 29
21 120
Vd tag data 3T 123
dRrie<M 11 |2]1]0] O 78 a 71
- Ld R2«< M[ 5 ] 29 5 150

St R2>M[ 7 ]
St RL>M[ 4 ] [1f0] 1 71 6] 162
Ld R3« M[ 0 ] 150 71 173
ld R2« M[ 8 ] o] | 8 18
9 21
[of | 10 33
RO 11] 28
R1 29 . _ 12 19
0 | 150 Misses: 2 13 200
R3 Hits: 0 141 210
. 15p 225 15

0ys ' NkXy s



2-Way Set Associative Cache H A

A Write -back & Write

0y

'tk Xy

-allocate
Processor Cache Memory
0L 78
1] 29
2| 120
Vd tag data 3] 123
dRrieM 1] [2[1]0] O 78 4 71
- ld R2¢~M[ 5 ] 29 5| 150
St R2->M[ 7 ]
T Gr e 4 [1]0] 1 71 6] 162
Ld R3¢ M[ 0 ] 150 71 173
ld R2¢« M[ 8 ] 11]1] 1 162 8 18
150 9 21
=lo] | 10f 33
RO 11} 28
R1|__29 : . 121 19
| 150 Misses: 3 13" 200
R3 Hits: O 141 210
15 225 16

NPT TS

PEKING UNIVERSITY
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2-Way Set Associative Cache

A Write -back & Write

0y

'tk Xy

H &
-allocate
Processor Cache Memory
0 78
1 29
2] 120
Vd tag data 3] 123
ldR1<M[ 1] |2|1]0] O 78 4 71
ld R2« M[ 5 ] 29 5] 150
St R2>M[ 7 ]
ol o] 1]10] 1 71 6] 162
Ld R3< M[ 0 ] 150 71 173
ld R2« M[ 8 ] 1|11 1 162 8] 18
150 9 21
=) 100 33
RO 11y 28
R1 29 . ) 121 19
~ | 150 Misses: 3 13" 200
R3 Hits: O 141 210
15 225 17

NPT TS

PEKING UNIVERSITY
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2-Way Set Associative Cache H A

A Write -back & Write -allocate

0y

'tk Xy

Processor

ld RLeM[ 1 ]
Lld R2« M[ 5 ]
St R2>M[ 7 ]
St RL>M[ 4 ]
Ld R3« M[ 0 ]
ld R2« M[ 8 ]

RO

R1 29
rR2| 150
R3

Cache

Vd tag data
2l1]o] O 78
29

1111] 1 29
150
(1]1] 1 | 162
150

Misses: 3

Hits: 1

Memory
0p 78
11 29
2| 120
3| 123
4 71
5] 150
6| 162
7\ 173
8| 18
9 21
10 33
11 28
12 19
13] 200
141 210
15} 225

18

NPT TS

PEKING UNIVERSITY

<77 >



2-Way Set Associative Cache H A

A Write -back & Write

0y

'tk Xy

-allocate
Processor Cache Memory
0] 78
1] 29
2l 120
Vd tag data 3] 123
dri<mMm 11 |2|]1]0] O 78 4 71
ld R2<~M[ 5 ] 29 5| 150
St R2o>M[ 7 ]
AT T [1]1] 1 29 6] 162
- Ld R3« M[ 0 ] 150 71 173
drzem 81 | [1]1] 1 | 162 8| 18
150 9 21
Zo] | 10 33
RO 11} 28
R1[_29 S 121 19
0 [ 150 Misses: 3 13 200
R3 Hits: 1 14] 210
15 225 19

NPT TS

PEKING UNIVERSITY

<78 >



2-Way Set Associative Cache H A

A Write -back & Write -allocate

o »
~ ) - N
ez ) ¥
{598 PEKING UNIVERSITY

Processor Cache Memory
0p 78
1 29
21 120
Vd tag data 3] 123
WriemMm 1] [2]1]0] 0| 78 4 71
ld R2« M[ 5 ] 29 5] 150

St R2>M[ 7 ]
bt A [1]1] 1 29 6] 162
-Ld R3< M[ O ] 150 71 173
ld R2«< M[ 8 ] (1]1] 1 | 162 8| 18
150 9 21
Z|o] 10 33
RO 11} 28
R1 29 . . 12 19
= | 150 Misses: 3 13" 200
R3| 78 Hits: 2 14} 210
| 15p 225 20

0ys ' Nk Xy =9



2-Way Set Associative Cache H A

A Write -back & Write -allocate

o »
~ ) - N
ez ) ¥
{598 PEKING UNIVERSITY

Processor Cache Memory
0] 78
1| 29
2] 120
Vd tag data 3 123
ld RLe-M[ 1 ] 11]0] O 78 4 71
S et o0 | 22 o150
St RL>M[ 4 ] Efafaj 1 29 6 162
Ld R3< M[ 0 ] 150 71 173
-Ld R2« M[ 8 ] 11]1] 1 | 162 8| 18
150 9 21
z|o] 10 33
RO 11 28
29 . 12} 19
ﬁ; 150 Misses: 3 13 200
R3| 78 Hits: 2 14 210

| 150 225 21

0ys ' Nk Xy 80



2-Way Set Associative Cache H A

A Write -back & Write -allocate

NPT TS

PEKING UNIVERSITY

Processor Cache Memory
0f 78
1 29
2 120
Vd tag data 3 123
ld R1«M[ 1 ] 11]0] O 78 4 29
Ld R2« M[ 5 ] 29 5 150
soromr ) AT 20 11 ofTies
Ld R3« M[ 0 ] 150 71 173
qLd R2« M[ 8 ] 11]11] 1 162 8 18
150 of 21
=lof | 1033
RO 11} 28
29 . 12 19
ﬁ; 150 Misses: 3 13200
R3| 78 Hits: 2 141 210

| 15¢ 225 22

0ys ' Nk Xy ek



2-Way Set Associative Cache H A

A Write -back & Write -allocate

NPT TS

PEKING UNIVERSITY

Processor Cache Memory
0 78
1] 29
2] 120
Vd tag data 3] 123
ld RL&M[ 1 ] 11]o] O 78 4 29
ld R2« M[ 5 ] 29 5| 150

St R2o>M[ 7 ]
BT A Zl1]o] 2 18 6] 162
Ld R3¢ M[ 0 ] 21 7\_173
qLd R2« M[ 8 ] (1]1] 1 162 3 18
150 9 21
Z|o 10 33
RO 11} 28
rR1l 29 ) . 121 19
o 18 Misses: 4 13[" 200
R3| 78 Hits: 2 141 210
] 15 225 23

0ys ' Nk Xy e
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For a 32bit address and 16KB cache withléte blocks, show the
breakdown of the address for the following cache configuration:

'tk Xy

A) fully associative cache

Block Offset = 6 bits
Tag = 32 - 6 = 26 bits

C) Direct-mapped cache

Block Offset = 6 bits
#lines = 256 Line Index = 8 bits
Tag =32 - 6 — 8 = 18 bhits

B) 4-way set associative cache

Block Offset = 6 bits
#sets = #lines / ways = 64
Set Index = 6 bits
Tag =32 -6 - 6 =20 bits

NT
GUNIN
& 9
S A
& -
& '~
I3598%

NEPE |
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