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! E53 {2554 =
IF . ID DP . Ex . Retire
! | : !
Fetch || li I Reservation | | -5 -L !
! . !
InsCtru;tion o : Jﬂl' " l Stations 1 . |+ + > :
ache ns ' : ysical |y |
Buffer ‘lL Decoder | I RS Entry — Register L ALU 41 | CDB :
i | I L File |l | I
Instruction — : R R > i ‘ !
Cache == | PC || I 1 I — —>! |
| |i |Freelist RS Entry —> 1 + i
Controller B YR By | | ‘ ‘ |
A 1 t dif- — - + —-— - A 4 ? 4 — I v |
¢_|= Reofder Buffer (ROB) : _
Mer:;ory Data Cache N ‘ '_H L :
1 Load Store Queue (LSQ) | —

Main

<«—— Rewind Message Flow
Memory

.

Controller 4= “Controller™ ~
I
i Data Cache

<«—— Normal Message Flow

{£552

HFFEMIPS RISC-StyleiE$EERYSuperscalar Out-of-Order Processor
SUEIS] s %@#@ <4 >



T e RN

- Lab 13E38{E5SRIN

e&‘«"\“’e »
@S e 55

PEKING UNIVERSITY

FIRERHIRBRBURNRRSA, RAFIEESKRNRIREIELIT 44
(£531: ALU

{£532: DCACHEMEM

{£533: RAT/RATTABLE

{£534: SUPER RS

iR A4 MRIRPERK NI ER T IRFERE, REA BRI RENT:

// ============Start ===================
// ==========Descriptions of Functions=========
/*
HEFTRIIBIRER
*/
// =============End===================
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1. feverilog/aluviEs {4, E MERALUERRIINEERTT, TREDREA, BiE. UBMoitEINEE, EREARL
BRIES % RE MU Project BB BIRRINBEN B, ALUOp FE T AIINBETE sys defsvhip, BT BT
testbench_alu viSsRHITIIIGUE, alu.viRRER43MUIBIR, F—MUIEIRKLI10~2017E4;

2. fEverilog/dcachemem.viE3 {4, H#h2-Way CacheRITHEEIRTT, STRAWIRIEH. SANEE, JEITHE
testbench_dcachemem viEHHTIERIGIE, dcachemem.viREEIER2MEIER, S—MEBRAL20174ER;

3. Txverilog/ratable.viE3{4h, ExMTRKEERATTABLEFEIRAIINEER T, S $FArchitectural Register5Physical
RegisterfVBRGT SEIKINGE, FTEEAITMURER, KE1017ER; Everilog/rat.viFs {4, EilMreelistiBXiZ1E
SCHIXGZSAPhysical RegisterfIRSINSEFT, mal&%testbench/testbench rat vigEEMifiEHRIEITIONE, FEEH
A1MEBIR, KL2301TEFA;

4. fEverilog/superrs.vF2fSUPER RSIEHRAITNAESCER, IEHEERRS (rs.vep) EASUPER RSHERLASIEHBIRE =2/978
SKRIITNEE, AJSEtestbench RSVIEEIMIIARRIAITIGNE, HEEFAITMUEEIR, KLD301745%;
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---Makefile
---Make.*

---debug out
---vS-asm

---pipeline_gold

---program.mem
---run_tests.sh

---sys defs.vh
---test progs
---testbench
---verilog

BIEEH FREHE

C I »
~ ) oA D
NELFEE
3o PEKING UNIVERSITY

B & B make command
B & FERAImake command, BJFEFIRREGUE RIS ERIRICUF R FIRIR
~ME: make all B BaE{Tprogram.memNBYFERF
make clean MIBREF B JmiEr =434
(FEFER . outs i, RAEAEBRN T CIIERRATFKEAVIRS
MIPS RISCFESHIAssemblerdmiFEas, TS test progsigR FABES Lim{CraEmFE
FYHEXIETL, A program.mem3X{&ittestbench 3A4IE AItbI1EEEN
25: vs-asm test progs/fib.s > program.mem
Exia BRI Ak &kigit, P RERRIERY S write_back.outFdmemory.out,
SFRMBEL R TEIRESER AT
CIRE<SUABAIHEXIETU IS, BtbisEBYE RicacheAYHIN
BITIZIA D] —) R4S Etest_progsABIRTBI LIRS IEEITREER,
FrE BRI ES ISP/ EHYCPI
EXZEAITNNERESEH, TEE)
B EEBFURIEIEAIMIPS RISC-StyleiCZRm L3
88T HE FrENEWIEt S AFIRT I T35S04
BB MEIEZRMEIEIT Verilogia X4, BiERENERTA
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BIEEH FREHE

SRR
B REIL

~ee

Insn Status

Map Table

Insn

Reg (T

1df X(rl),fl

f0

mulf £0,£f1,£2

f1

stf £2,%(rl)

f2

addi rl,4,rl

rl

1df X(rl),fl

mulf £0,fl,f2

stf £2,%(rl)

Reservation Stations

FU

busy

op

T1

12

V1 V2

ALU

no

LD

no

ST

no

FP1

no

e lw|/NdIFk |-

FP2

no

2
> —
{593

N) It 7 5

PEKING UNIVERSITY
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SRHE

| bt |
~ee

SEF R
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{EFRSFSAFARGIE

 Tomasulo@hiSig S & 513LH1
Insn Status Map Table CDB
Insn D[ s | x| w]| [Reg|T T P
1df X(rl),fl | c1 £0
mulf £0,fl,£2 £f1 |RS#2_ |
stf £2,Z(rl) £2
addi rl,4,rl rl \
Tomasulo: laf X(rl), £l
mulf £0,fl,f2
stf £2,Z(rl)
Cycle 1
Reservation Stations
T [FU |busy |op R |T1 T2 V1 V2
1 |ALU |no
2 |LD yes |1df |f1 |- - - [r1l] |allocate
3 |ST no
4 |FP1l |no
5 |FP2 |no

Bl FEAFE

<10 >
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Insn Status Map Table CDB
Insn D[ s | x| w]| [Reg|T T P
1df X(rl) ,fl | cl| c2 £0
mulf £0,fl,f2| c2 f1l |RS#2 |
stf £2,Z(rl) £2 |[RS#4
addi rl,4,rl rl
Tomasulo: laf X(rl),£1
mulf £0,fl,£2
stf £2,Z(rl)
Cycle 2
Reservation Stations
T [FU |busy |op R |T1 T2 V1 V2
1 |ALU |no
2 |LD yes |1df |f1 |- - - [rl]
3 |ST no
4 |FPl |yes [mulf |f2 |- RS#2 |[£0] |- allocate
5 |FP2 |no

Bl FEAFE

SRHE

| bt |
~ee

2
> —
{593

N) It 7 5

PEKING UNIVERSITY
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Insn Status Map Table CDB
Insn D[] s x| w]| [Reg]|T T P
1df X(rl) ,£f1l cl| c2| c3 £f0
mulf £0,fl,£f2| c2 fl |RS#2 |
stf £2,Z(rl) c3 £f2 [RS#4
addi rl,4,rl rl
Tomasulo: laf X(rl) £l
mulf £0,f1,£2
stf £2,Z2(rl)
Cycle 3
Reservation Stations
T [FU |busy |op R |T1 T2 V1 V2
1 |ALU |no
2 |LD yes |1df (f1 |- - - [rl]
3 |ST |yes |stf |- |RS#4 |- - [rl] |allocate
4 |FPl |yes |mulf £2 |- RS#2 |[£0] |-
5 |FP2 |no

Bl FEAFE

<12 >



TomasuloflTSIES R HIR

« Tomasulof&

Tomasulo:

Cycle 4

i}

BIEEH FREHE

C

| bt |
~ee

éx"‘”% »
NELTE®

PEKING UNIVERSITY

a8 S A HTSER

Insn Status Map Table CDB

Insn D[ s | x| w]| [Reg|T T P

1df X(rl),fl | cl| c2| c3| c4 £0 RS#2 |[£1]

mulf £0,fl,f2| c2 | c4 fl |RS#2 <« |

stf £2,Z(rl) c3 £f2 |RS#4

addi rl,4,rl cd rl |RS#1

1df X(rl),fl

i3 LAY, B 14 finished (W)

stf £2,2(r1)  clear £1 RegStatus
. . CDB broadcast

Reservation Stations

T |FU |busy |op R |T1 T2 Vi1 V2

1 |ALU |yes |addi |rl |- - [rl] |- allocate

2 |LD |no free

3 [ST |yes |stf |- RS#4 |- + |- [r3]

4 |FPl1 |yes |mulf f2 |- RS#2 |[£0] |CDB.V|RS#2 ready —»

S5 |FPZ2 |no grab CDB value

<13 >
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 Tomasulo@hiSig S & 513LH1
Insn Status Map Table CDB
Insn D[] s | x| w]| [Reg|T T P
1df X(rl) ,£f1l cl| c2| c3| c4 £f0
mulf £0,fl,f2| c2 | cd4 | c5 f1 |RS#2 *
stf £2,Z(rl) c3 £f2 |[RS#4
addi rl,4,rl cd | c5 rl |[(RS#1
Tomasulo: 1df X(rl),fl | c5
mulf £0,fl,£f2
stf £2,Z(rl)
Cycle 5
Reservation Stations
T [FU |busy |op R |T1 T2 V1 V2
1 |ALU |yes |addi |rl |- — [r1l] |-
2 |LD |yes |1df [f1 |- RS#1 |- - allocate
3 [ST |yes |stf |- RS#4 |- - [rl]
4 |FPl |yes |mulf |f2 |- - [£0] [[£f1]
5 |FP2 |no

Bl FEAFE

<14 >
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- TomasuloEiZSi§ S &YIsLHl (& multf FEE34 cycle5ERk
< sk
Insn Status Map Table CDB
Insn D| S X | W Reg (T T
1df X(rl) ,£f1l cl|{c2| c3| c4 £0
mulf £0,£f1,£f2| c2 | c4 | c5+ fl
stf £2,Z(rl) c3 £f2 |RS#4RS#5
addi rl,4,rl cd| c5| c6 rl |RS#1l
Tom lo: 1df X(rl) ,fl | c5
omasuio mulf £0,fl,£2]| c6 no D stall on WAW: scoreboard would
stf £2,7(rl) overwrite £2 RegStatus .
Cycle 6 anyone who needs old £2 tag has it
Reservation Stations
T [FU |busy |op R T1 T2 V1 V2
1 |ALU |yes |addi |rl |- - [r1l] |-
2 |LD |yes |1df [f1 |- RS#1 |- -
3 |ST |yes |[stf |- RS#4 |- - [rl]
4 |FP1l |yes |mulf |f2 |- - [£0] |[£f1]
RS A 5 FP2 yes mulf [£2 - RS#Z [fO] - allocate 5

C
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Tomasulo:

Cycle 7

i}

BIEEH FREHE

C

| bt |
~ee

éx"‘”% »
NELTE®

PEKING UNIVERSITY

clear r1 RegStatus

8 &2 94schl {218 multf FEE 34 cycle5ERk
Insn Status Map Table CDB
Insn D[ s | x| w]| [Reg|T T P
1df X(rl) ,f1l cl| c2| c3| c4 £f0 RS#1 ([rl]
mulf £0,fl,f2| c2 | cd |c5+ f1 |RS#2 |
stf £2,Z(rl) c3 £f2 |[RS#5
addi rl1l,4,rl cd| c5| c6| c7 rl |RS#1
1df X(rl),fl | eS| c7 no W wait on WAR: scoreboard would
mulf £0,f1,£f2| c6 anyone who needs old r1 has RS copy
stf £2,2(rl) D stall on store RS: structural
Reservation Stations addi finished (W)
T |(FU |busy |op R [T1 T2 V1 V2 CDB broadcast
1 |ALU |no
2 |LD yes (1df (f1 |- RS#1 |- CDB.V|Rrs#1 ready —
3 (ST yes |stf |- RS#4 |- - [rl] grab CDB value
4 |FPl |yes |mulf |f2 |- - [£0] [[£1]
5 |FP2 |yes [mulf f2 |- RS#2 |[£0] |-

<16 >
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Tomasulo:

Cycle 8

i}

BIEEH FREHE

C

| bt}
e

ék\lef‘ »
NELTE®

PEKING UNIVERSITY

Ceg iEs] {Ri& multf FE3 P cycle5Ehk
Insn Status Map Table CDB
Insn D[ S| x[w]| [Reg]T T
1df X(rl) , £l cl| c2| c3| c4 £0 RS#4 [[£2]
mulf £0,fl1,£f2| c2 | c4 |c5+| c8 £f1 |RS#2
stf £2,Z(rl) c3| c8 £f2 ([RS#5
addi rl,4,rl cd| c5| c6| c7 rl
1df X(rl) ,fl1 | c5| c7| c8 mul f finished (W)
mulf £0,f1,£f2| c6 don’t clear £2 RegStatus
stf £2,Z(rl) already overwritten by 2nd mul £ (RS#5)
CDB broadcast
Reservation Stations
T [(FU |busy |op R |T1 T2 V1 V2
1 |ALU |no
2 |LD yes |(1df |f1 |- - - [rl]
3 [ST |yes |stf |- RS#4 |- CDB.V|[rl] |RS#4 ready —
4 |FP1l |no grab CDB value
5 |FP2 |yes |mulf f2 |- RS#2 |[£0] |- <17 >
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Tomasulo:

Cycle 9

i}

BIEEH FREHE

C

(& multf FEE34 cycle5ERk

éx"‘”% »
NELTE®

Insn Status Map Table CDB

Insn D] s | X|w]| |[Reg|T T P
1df X(rl) ,f1l cl| c2| c3| c4 £0 RS#2 [[£f1]
mulf £0,fl,f2| c2 | c4 |c5+| c8 f1 |RS#2 '

stf £2,Z(rl) c3| c8| c9 £f2 |RS#5

addi rl,4,rl cd | c5| c6| c7 rl

1df X(rl) ,£f1 cS5 | c7| c8| c9 2nd 1df finished (W)

mulf £0,£1,£2| c6| c9 clear £1 RegStatus

stf £2,2(rl) CDB broadcast

Reservation Stations

T [FU |busy |op R |T1 T2 Vi1 V2

1 |ALU |no

2 |LD no

3 |[ST yes |stf |- - - [£2] |[rl]

4 |[FPl Ino RS#2 ready —»
5 |FP2 |yes |mulf f2 |- RS#2 |[£0] |CDB.V

grab CDB value

PEKING UNIVERSITY

<18 >
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Tomasulo:

Cycle 10

Bl FEAFE

SRHE

| bt |
~ee

\) e 7K

PEKING UNIVERSITY

2
> —
{593

=S4 B S0ME) (i multf FEZE 34 cycle5ERk

Insn Status Map Table CDB

Insn D[ s | x| w]| [Reg|T T
1df X(rl) ,£f1l cl|{c2| c3| c4 0]

mulf £0,f1,£f2| c2 | c4 |c5+| c8 f1l

stf £2,Z(rl) c3| c8| c9|cl0 £f2 |RS#5

addi rl,4,rl cd| c5| c6| c7 rl

1ldf X(rl) , f1 cS5| c7| c8| c9

mulf £0,fl,£f2| c6| c9 |cl0 stf finished (W)

stf £2,Z(rl) |c10 no output register > no CDB broadcast
Reservation Stations

T [FU |busy |op R |T1 T2 V1 V2

1 |ALU |no

2 |LD no

3 |ST |yes |stf |- |RS#5 |- - [rl] |free — allocate
4 |FP1l |no

5 |FP2 yes mulf (£2 |- - [£0] [[£f1]

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

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

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

BIEBEH FEHE <20>
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« Superscalar select logic: W—N priority encoder
— Somewhat complicated (N2 logW)
« Can simplify using different RS designs
« Split design
 Divide RS into N banks: 1 per FU?
« Implement N separate W/N—1 encoders
+ Simpler: N * logW/N
— Less scheduling flexibility
* FIFO design
« Can issue only head of each RS bank
+ Simpler: no select logic at all
— Less scheduling flexibility (but surprisingly not that bad)

REER FEHE <21>
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« When can Tomasulo go wrong?

 Branches

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

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

i}

,EE*EEE %@#@ <23>
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» Direction Predictor (AT
« For conditional branches
« Predicts whether the branch will be taken
« Examples:
« Always taken; backwards taken

» Address Predictor (Ibmm))

« Predicts the target address (use if predicted taken)

« Examples:
« BTB; Return Address Stack; Precomputed Branch

« Recovery logic

i}

,EL',H*EEE %@#@ <24 >
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« 1-bit history (direction predictor) « 2-bit history (direction predictor)

« Remember the last direction for a branch

branchPC branchPC

How big is the table? How big is the Table?

i}

,EL',H*EEE %@#@ <25>
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- ~80 percent of branches are either heavily TAKEN or
heavily NOT-TAKEN

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

complex predictor

« Example: gcc has a branch that flips each time

Using History Patterns

BB/ FFaHE <26 >

i}

C
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Local history

Branch History
Table

Pattern History
Table

g10101010

What is the prediction
for this BHT 10101010?

When do I update the tables?

Using History Patterns
FEEE F5HE

2
<] ~
{593

N) It 7 5
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Branch History Local hIStOI'y

Table Pattern History
Table

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 flip/flop branch 0101010101010...?

Using History Patterns

,EL',H*EEE %@#@ <28 >

i}

C
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Global history

Pattern History
Branch History Table

Register

01110101

if (aa ==2)
aa=0;
if (bb ==2)
bb = 0;
if (aa!=bb) {...

How can branches interfere with each other?

Using History Patterns

REER FEHE <29>
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Hybrid predictors

Local predictor Global predictor

(e.g. 2-bit) (much more state)

Prediction Prediction
1 2
Selection table R
(2-bit state machine) Prediction

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

Using History Patterns

i}

BIEEH FREHE

C
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Branch PC Target address
0x05360AFO0 0x05360000

« BTB indexed by current PC
« If entry is in BTB fetch target

address next

i}

BIEBEH FEHE <31>

C



ST IR Derr?
- WFIRFZ iKbb iEER, WELFRITHRZIMIMIIE
Tamosulo
4R 2=
I 25 ik e - Recovery seems really hard
. Squash and restart fetch with right « What if instructions after the branch finish
before we find that the branch was wrong?
address  This could happen. Imagine
- Just have to be sure that nothing has R1=MEM[R2+0]
. itted” its stat ¢ BEQ R1, R3 DONE < Predicted not taken
committe ILS State yel. RA=R5+R6
- In our 5-stage pipe, state is only « So we have to not speculate on branches

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

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

resolves.

committed during MEM (for stores)

i}

BIEBEH FEHE <32>
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« When can Tomasulo go wrong?

 Branches

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

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

i}

,EE*EEE %@#@ <34 >
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« Adding a Reorder Buffer, aka ROB

C I »
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AITEY,
{308 PEKING UNIVERSITY

« Why need Reorder Buffer

« ROB is an /n-order queue where instructions are placed.

Instructions complete (retire) in-order

Instructions still execute out-of-order
Still use RS

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

« Rename is to ROB entry, not RS.

« When execute done instruction leaves RS

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

i}

,EL',H*EEE %@#@ <35>
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- Adding a Reorder Buffer, aka ROB

IF | ID |Alloc Sched

Any order

In-order

:EXM

CT

In-order

ARF

e Reorder Buffer (ROB)

PC ROB
Dst regID T T
Dst value Head Tail
Except?

— Circular queue of spec state

— May contain multiple

definitions of same register

BIEEH FREHE

CUNITIN »
~ @ N
S IIEY

PEKING UNIVERSITY

« @ Alloc

« Allocate result storage at Tail

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

- @ WB
« Write results/fault to ROB
* Indicate result is ready

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

< 36 >
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« Adding a Reorder Buffer, aka ROB

Map Table

Architectural Reg File ( ARF)

R value

Dispatch:

 Simple Tomasulo+ROB

* Too much value movement(regfile/ROB—RS—ROB—redfile)

i}

BIEEH FREHE

C

Head

f——

Retire

Tail

Dispatch

« Multi input muxes long buses complicate routing and slow clock

G »
£ ) - J, A
- »
N e 7 2
l59%

PEKING UNIVERSITY
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« MIPS: An alternative implementation

Map Table E

.
g MY
1

Kl CNECT

Head

——

Retire

iy

Dispatc h

Free
List

Tail

Dispatch

ROB |

CDhB.T

iy

-y

« One big physical register file holds all data - no copies

» + Register file close to FUs — small fast data path ROB

« ROB and RS

i}

BIEEH FREHE

C

“on the side”

used only for control and tags

T\(\'»‘Hvé, »
NELF TR

PEKING UNIVERSITY
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MIPS: Bir=2+aISiES ks

« MIPS: An alternative implementation
« Architectural register file? Gone

Map Table E Ih m E « Physical register file holds all values
! ticad « #physical registers = #architectural

1 - registers + #ROB entries
F ispatch . : : .
Eﬁ(ﬂ IL{S‘ie T B Map architectural registers to physi

Srssateh ==1== cal registers
RS 11 - Physical Regfile - Removes data hazards (physical
S iE registers replace RS copies)

« Fundamental change to map table/RAT
« Mappings cannot be 0 (there is no architectural register file)
* Free list keeps track of unallocated physical registers
« ROB is responsible for returning physical registers to free list
« Conceptually, thisis “true register renaming” without value moving
BIEBEH FEHE <39>
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MIPS: BEiRE+ISESARY
« MIPS: An alternative implementation

Parameters
e Names:rl,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 FreeList Raw insns Renamed insns
rl [r2 |r3

pl |p2 |p3 p4.,pS,p6.p7 add r2,r3,rl add p2,p3.p4
p4 |p2 |p3 po., p6,p7 sub r2,rl1,r3 sub p2,p4.pd
p4 |p2 [pS p6.,p7 mul r2,r3,rl mul p2,pd,p6
P66 |p2 |pd p7 div rl1,r3,r2 div p4,pd.p7

Question: how is the insn after div renamed?
e We are out of free locations (physical registers)

e Real question: how/when are physical registers freed?
,EL',H*EEE %@#@ <40 >
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New tags (again)
* Tomasulo+ROB: ROB# > MIPS: 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

Bl FEAFE <41 >
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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)
BIEBEH FEHE <42>

i}

C



MIPS #_* E"'ﬂ]lu\ B@&Qﬂ

« MIPS R10K DispatchZ

Map Table E

K8

Dispatch:

Free
List

Head
Retire

Tail

— =D spatch

ROB

F

y

h

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

FIEBH FEAE
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2
> —
{593

N) It 7 5

PEKING UNIVERSITY

<43 >



MIPS: #_*-.FE ﬂ]lu\ B%EQ?

« MIPS R10K CompletesZ &

BIEEH FREHE

Map Table E

Free
List

Head

i ——

Retire

Tail

ROB

Dispatch'

Dispatch

CDB.T

Set insn’s output register ready bit in map table

Set ready bits for matching input tags in RS

2
> —
{593

N) It 7 5
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« MIPS R10K Retirez> 38

BIEEH FREHE

Map Table E

>

ROB

Dispatch'

Head
Retire

Tail

Dispatch

CPB.T

Return Told of ROB head to free list

2
> —
{593
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ROB Map Table CDB
ht |# |Insn T Told | S| X | C Reg |T+ T
1 |[1df X(rl),fl fO |PR#1+
2 [mulf £fO,f1,f2 1 |[PR#2+
3 |stf f2,Z(rl) 2 |PR#3+
4 laddi r1.,4,r1 r1 |PR#4+ +: Readv bit
5 [1df X(r1),f1 ———— y
6 ([mulf fO,f1,f2 PR#5 PR#6
7 |stf £2,Z(r1) PR#7 PR#S
Reservation Stations
# |FU  |busy lop |T T1 T2 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

FIEBH FEAE < 46 >
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MIPS:

Cycle 1

BIEEH FREHE

BS AR

) A¢ 7 x. 'ﬁ
I50% PEKING UNIVERSITY

Reservation Stations

ROB Map Table CDB
ht |# |Insn T Told | S| X | C Reg | T+ T
ht|1 |[1df X(r1),f1 |PR#5PR#2 fO |PR#1+

2 [mulf £O,F1,f2] TN £1 |PR#5

3 |stf f2,Z(r1) ™ £2 [PR#3+

4 |laddi rl,4,rl N r1 [|PR#4+

5 [1df X(r1),f1 \Q%J;th

6 |mulf fO,fl,f2 Ipr#5, PRA#G

7 |stf f2.2(rD / PR#7 , PR#8

FU

busy

op

12

ALU

no

LD

yes

1df

PR#5

PR#4+

ST

no

FP1

no

G20 BV SVN WS I = = =

FP2

no

Allocate new preg (PR#5) to f1

Remember old preg mapped to
f1 (PR#2) in ROB

<47 >
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MIPS:

Cycle 2

BIEEH FREHE
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ROB Map Table CDB
ht |# [Insn T Told | S| X | C Reg [T+ T
h |1 |1df X(rl),f1 |PR#5 PR#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+
5 |1df X(rl),.f1 “‘\Fre{é =
6 [mulf fO,f1,f2 PR#6 PR#7
7 |stf £2,Z(r1) ,/M’ ’
Reservation Stations //
# |FU |busy jop |T 11 |17 Allocate new preg (PR#6) to 2
1 |ALU [no P
2 |ID |yes |1df’ |PR#5 ,/ PR#441  Remember old preg mapped to
3 ST no “ f3 (PR#3) in ROB
4 |FP1 |yes |mulf |PR#6 |PR#1+|PR#5
5 |FP2 |no

<48 >
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MIPS:

Cycle 3

FIEBH FEAE

SRS

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+
5 [1df X(rl),f1 F—Tiet
6 (mulf fO,f1,f2 PR#7 . PR#8
7 |stf f2,Z(r1)
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

2
> —
{593

N) It 7 5

PEKING UNIVERSITY

<49 >



MIPS: BiFE+aiS

. MIPSZBISHR

MIPS:

Cycle 4

i}
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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 £2,Z(r1) £2 |PR#6
t |4 |addi rl1,4,r1 |[PR#7PR#4 r1 |PR#7
5 [1df X(rl),fl T
6 lmulf fO,f1,f2 PR#7 PR#8
7 |stf £2,Z(r1) —
Reservation Stations \df completes
# |FU |busy |0 T T1 T2 .
1 |ALU yesy aZdi 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

<50 >
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MIPS:

Cycle 5

i}

BIEEH FREHE

C

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
t |5 |1df X(rl1) ,f1 |PR#8|PR#5 \?r\ge\b'&g
6 lmulf fO,f1,f2 PR#8  PR#2
7 |stf £2,Z(r1) -
Reservation Stations df retires
# |FU |busy |0 T T1 T2 .
T ALU yesy a?l 41 [PR#7 |PR#44 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

éx"‘”% »
NELTE®

PEKING UNIVERSITY
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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)
BRREE FE5HE <52>
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ROB Map Table CDB
Replace witha  |ht [# [Insn T Jtold] s | X | c| [Reg]|T+ T
taken branch 1 |1df X(rl),fl1 |PR#5/PR#2| c2| c3| c4| |fO |PR#1+
_ N h |2 PR#6|PR#3| c4 | c5 f1 |PR#8
MIPS: 3 |stf £2,Z(rl) 2 |PR#6
4 laddi r1,4,r1 |PR#7|PR#4| c5 r1 |PR#7
Cycle 5 t |5 |1df X(r1),f1 |PR#8PR#5 it
6 lmulf fO,f1, 2 PRES PRAZ
7 |stf £2,Z(rl) —
Precise
Reservation Stations
# |FU |busy |o T T1 T2 } j
State 1 |ALU yesy acpldi PR#7 |PR#4+ U’;Idg '"If’.‘fs.3'5 using
2 |LD |yes |1df |PR#8 PR#7 ro t:lfenl b'gsn"cﬁ s d
3 |[ST |yes |stf PR#6 |PR#4+
4 |FP1 [no
5 |FP2 |no

REER FEHE <53>
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MIPS:

Cycle 6

BIEEH FREHE
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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 imp fO 1 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
5 [1df X(rl1),fl PR#SER#Q\ Free List
6 (mulf fO,f1,f2 J{PR#2 PR#8
7 |stf £2,Z(r1)
Reservation Stations undo Idf (ROB#5)
# [FU Jbusyfop T 1 [12 1. free RS |
1 |ALU |yes |addi |PR#7 |PR#4+ 2. free T (PR#8), return to FreeList
3. restore MTI[f1] to Told (PR#5)
2 LD Ino 4. free ROB#5
3 |ST |yes |stf PR#6 |PR#4+|
4 |FP1 ) :
- Insns may execute during rollback
5 |[(FP2 |no
(not shown)

<54 >
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MIPS:

Cycle 7
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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 (I EZE7Z PR#6| PR#3| c4 | c5 £1 |PR#5+
t |3 |stf £f2,Z(rl) £2 ,|PR#6
4 laddi rl1.,4,r1 PW cS r1 |PR#4+
5 |1df X(rl),f1 — =
6 (mulf fO,f1,f2 \"‘PR#Z,PR#S,
7 |stf £2,Z(rl) PR
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

< 55>
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MIPS:

Cycle 8
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BIEEH FREHE

C

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 £2,Z(r1) 2 |PR#6

4 laddi r1.,4,r1 r1 |PR#4+

5 |1df X(rl),f1 T

6 [mulf fO,f1,1f2 PR#2 PR#8.

7 |stf £2,Z(rl) PR#7
Reservation Stations undo stf (ROB#3)
# [FU Jbusyfop [T 11 |12 1. free RS
1 |ALU lno 2. free R(_)B#B

3. no registers to restore/free

2 |ID Ino 4. how is D$ write undone?
3 |ST no
4 |FP1 Ino
5 |FP2 |no

éx"‘”% »
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1 cycle access (early in pipeline)

1-4 cycle access

L2 Cache (%-32MB) 6-15 cycle access

Memory (128MB - fewGB) 100-500 cycle access

Disk (Many GB)
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« Principle of Locality:

« Programs tend to reuse data and instructions near those

they have used recently.

« Temporal locality: recently referenced items are likely to be

referenced in the near future.

« Spatial locality: items with nearby addresses tend to be

referenced close together in time.

Locality in Example:
 Data
— Reference array elements in succession (spatial)
 Instructions
— Reference instructions in sequence (spatial)
—Cycle through loop repeatedly (temporal)

FIEBH FEAE
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sum = 0;
for(i=0;i<n;i++)
sum += ali];

*V = sum;

<59 >
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« Main Memory

« Stores words
A-Z in example

« Cache

« Stores subset of the words
4 in example

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

« Access

« Word must be in cache for
processor to access

i}

BIEEH FREHE
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Processor

Small,
Fast Cache

A
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Big, Slow Memory

B
G
H

N|<|e « <|o|m|>

PEKING UNIVERSITY

<60 >



CacheiZitHRISE] NI EY

PEKING UNIVERSITY

« Cache Size, Associativity, Block Size, Number of Set, etc.

 Performance Measures

« Miss rate
« % of memory references which are not found in the cache.

Total cache size - A related measure is #misses per 1000 instructions

* (block size x # sets x - Average memory access time
associativity) e MR*T,. + (1-MR)* Ty,
. ASSOCiatiVity (Number of o Thi & Tyies —-Access time for a hit or miss
‘ways” ) + But what do we want to measure?
 Block size (bytes per block) - Impact on program execution time.
« Number of sets « What are some flaws of using
« Miss Rate?

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

« Misses per 1000 instructions?
BIEEH REHE < 61>

i}
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 Jotal cache size?

— Positives:
 Should decrease miss rate

— Negatives:
« May increase hit time
* Increased area requirements
 Increased power (mainly static)

— Interesting paper:

» Krisztian Flautner, Nam Sung Kim, Steve Martin, David Blaauw, Trevor N.
Mudge: Drowsy Caches: Simple Techniques for Reducing Leakage
Power. ISCA 2002: 148-157

i}
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- Block Size
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* Bigger block size?

— Positives:
« Exploit spatial locality ; reduce compulsory misses
« Reduce tag overhead (bits)
* Reduce transfer overhead (address, burst data mode)

— Negatives:
« Fewer blocks for given size; increase conflict misses

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

i}
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» AssociativityA{i%iE
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* Increasing associativity

— Positives:
» Reduces conflict misses
» Low-associativity cache can have pathological behavior
(very high miss)
— Negatives:
* Increased hit time
« More hardware requirements (comparators, muxes,
bigger tags)
« Minimal improvements past 4- or 8- way.

i}
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- Cache ReplacementRHg
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* Replacement Strategy: (for associative caches)

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

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

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

i}
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« Write Policy: How to deal with write misses?

— Write-through / no-allocate
» Total traffic? Read misses x block size + writes
« Common for L1 caches back by L2 (esp. on-chip)
— Write-back / write-allocate
* Needs a dirty bit to determine whether cache data differs

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

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

REER FEHE <66 >
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Direct-Mapped Cachei&it

Address Cache
01101 Vd tag data
A 0

0
0
0

Block Offset (1-bit)
Line Index (2-bit)

> Tag (2-bit)

3.C’s Compulsory Miss: first reference to memory block

Capacity Miss: Working set doesn’t fit in cache

Conflict Miss: Working set maps to same cache line




2-Way Set Associative Cacheifzit

Address

Cache

Vd tag data

01101

== [==—) (==} [

> Block Offset (unchanged)

> 1-bit Set Index

> Larger (3-bit) Tag

Impact on the 3C’s?

NETEE]

PEKING UNIVERSITY
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 Write-back & Write-allocate

Processor Cache
vVd tag data
ld RLeM[ 1 ] 0
Ld R2« M[ 5 ]
St R 5>M[ 7 ] 0
St R1->M[ 4 ]
Ld R3«< M[ 0 ]
Lld R2¢« M[ 8 ] 0
0
RO
R1 Misses: 0
R2
R3 Hits: 0

Memory
0p 78
1] 29
2] 120
31 123
4 71
5| 150
6| 162
7\ 173
8 18
9 21
10 33
11 28
12 19
13] 200
14 210
15} 225

10
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 Write-back & Write-allocate

Processor

#Ld R1 ¢« M[

Ld R2 « M|
St R2 > M[
St R1— M[
Ld R3 « M|
Ld R2 « M|

OO b~ U1 =
L R WP ey —

Cache

Vd tag data

0

0

0

RO

R1

R2

R3

Misses: 0
Hits: 0

Memory
0p 78
1] 29
2l 120
3] 123
4 71
5| 150
6] 162
7 173
8l 18
9 21
10 33
11 28
12 19
13] 200
14 210
15 225

11
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
qLdm(—M[l] 1/10] O 78
Ld R2<~M[ 5 ] 29
st R2o>M[ 7] |s 0
st R1o>M[ 4] |-
Ld R3« M[ 0 ]
Ld R2< M[ 8 ] 0
0
RO
R1 23 Misses: 1
R2
R3 Hits: 0

Memory
0 78
1] 29
2| 120
3] 123
a4 71
5| 150
6l 162
7\ 173
8| 18
9 21
10 33
11 28
12 19
13] 200
141 210
15} 225

12
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
ld RLeM[ 1 ] 11/0] O 78
Ld R2« M[ 5 ] 29
St R2o>M[ 7 ] :,IO I
st Ri->M[ 4] |-
Lld R3«< M[ 0 ]
ld R2« M[ 8 ] 10] |
o] |
RO
R1 29 Misses: 1
R2
R3 Hits: 0

Memory
0p 78
1] 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

13
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
ld Ri«M[ 1] |2]1]0] O 78
ld R2<M[ 51 [ 29
St R > M[ 7 ]
St RL>M[ 4 ] 1j0] 1 71
ld R3< M[ 0 ] 150
Ld R2« M[ 8 ] 0
0
RO
R1 29 ) _
> | 150 Misses: 2
R3 Hits: 0

Memory
0 78
1 29
2| 120
31 123
4 71
5| 150
6l 162
7\ 173
8l 18
9 21
10 33
11 28
12 19
13| 200
141210
15} 225
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache

Vd tag data
Rriem 1] [2[1]0] O 78
ld R2¢~M[ 5 ] 29
St R2o>M[ 7 ]

-St Ril>M[ 4 ] Il OI 1 71
Ld R3¢ M[ 0 ] 150
Ld R2< M[ 8 ] o] |

o] |
RO
R1 29 . .
= [ 150 Misses: 2
R3 Hits: 0

Memory
0 78
1] 29
2l 120
3] 123
a4 71
5| 150
6] 162
7 173
8 18
9 21
10 33
11 28
12 19
131 200
141 210
15 225

15
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
ld RleM[ 1 ] gll o] o 78
ld R2¢~M[ 5 ] 29
St R2>M[ 7 ]
qSt Ril>M[ 4 ] Il OI 1 71
Lld R3< M[ 0 ] 150
ld R2« M[ 8 ] 1111] 1 162
150
=Zlo] |
RO
R1 29 . i
0 [ 150 Misses: 3
R3 Hits: 0

Memory
0p 78
1 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

16

i}

BIEEH REHE

C

NPT TS

PEKING UNIVERSITY

<75>



2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
ld RieM[ 11 [2]1]0] O 78
ld R2«<M[ 5] | 29
St R25>M[ 7 ]
St R1>M[ 4 ] 1 0 1 71
Ld R3< M[ 0 ] 150
Lld R2« M[ 8 ] 111] 1 162
150
=lo
RO
R1 29 ) _
> | 150 Misses: 3
R3 Hits: 0

Memory
0 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
131 200
144 210
15 225

17
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 Write-back & Write-allocate

Processor Cache Memory
0p 78
1 29
2| 120
Vd tag data 3] 123
dRri<mM 1] |2[1]0] O 78 4 71
ld R2« M[ 5 ] 29 5| 150
St R2>M[ 7 ]
~St Lo O T [1]1] 1 29 6] 162
ld R3« M[ 0 ] 150 71 173
ld R2«~ M[ 8 ] [1]1] 1 162 8] 18
150 9 21
=[] 10 33
RO 11 28
R1|__ 29 . ) 121 19
= | 150 Misses: 3 13" 200
R3 Hits: 1 14 210
15 225 18

i}

BIEBEH FEHE <77>

C



2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
Wriem 1] [2[1]0] O 78
ld R2« M[ 5 ] 29
St R2o>M[ 7 ]
St R1->M[ 4 ] I1I1I 1 29
-Ld R3« M[ 0 ] 150
Lld R2« M[ 8 ] 1111] 1 162
150
2|o] |
RO
ﬁ; 12590 Misses: 3
R3 Hits: 1

Memory
0p 78
1] 29
2] 120
3 123
a4 71
5| 150
6] 162
71 173
8| 18
9 21
10 33
11 28
12 19
13] 200
141 210
15 225
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
WrieM 1] |2[1]0] O 78
ld R2Z< M[ 5 ] 29
St R2>M[ 7 ]
St R1->M[ 4 ] I1I1 1 29
-Ld R3« M[ 0 ] 150
Ld R2« M[ 8 ] 11]1] 1 | 162
150
£|o]
RO
R1 29 . )
0 [ 150 Misses: 3
R3 78 Hits: 2

Memory
0p 78
11 29
2| 120
3] 123
4 71
5| 150
6] 162
71 173
8 18
9 21
10 33
11 28
12 19
131 200
14} 210
15 225

20
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
ld RL&M[ 1 ] 11]0] O 78
ld R2« M[ 5 ] 29
St R2o>M[ 7 ]
St R1>M[ 4 ] gllll 1 29
Ld R3¢ M[ 0 ] 150
‘Ld R2< M[ 8 ] (1]1] 1 | 162
150
=|o]
RO
R1 29 . ]
0 [ 150 Misses: 3
R3 78 Hits: 2

Memory
0 78
11 29
2l 120
3l 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

21
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 Write-back & Write-allocate

Processor Cache Memory
0 78
1| 29
2] 120
Vd tag data 3 123
ld Rl~M[ 1 ] [1]0] O 78 al 29
Ld R2« M[ 5 ] 29 5 150
sorom 7] AT T 20 11 of e
Ld R3« M[ 0 ] 150 71 173
-Ld R2« M[ 8 ] 11]1] 1 162 8 18
150 of 21
2ol | 1033
RO 11} 28
29 . 12y 19
ﬁ; 150 Misses: 3 13200
R3| 78 Hits: 2 141 210

| 150 225 22
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
ld RLe-M[ 1 ] 11]0] o 78
Ld R2« M[ 5 ] 29
St R2>M[ 7 ]
o riom 2] |212l0] 2 18
Lld R3« M[ 0 ] 21
ﬂLd reem 81 | [1]2] 1 | 162
150
Zlo
RO
R1 29 . .
- 18 Misses: 4
R3 78 Hits: 2

Memory
0p 78
1] 29
2] 120
3] 123
4 29
5] 150
6| 162
"\ 7Y 173
8 18
9 21
10 33
11 28
12 19
13| 200
141 210
15 225

23
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For a 32-bit address and 16KB cache with 64-byte blocks, show the
breakdown of the address for the following cache configuration:

A) fully associative cache B) 4-way set associative cache

Block Offset = 6 bits

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

#sets = #lines / ways = 64
Set Index = 6 bits

C) Direct-mapped cache
Tag =32 -6 - 6 =20 bits

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