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ARMfKS (48) "
L.fetch decode m add r0,rl,#5

sub r2,r3,r6 ’l\fetch decode m
cmp r2,#3 ’Z Ett!l decode m

»
| | |

time
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AR IETE S — ADRyTE A ([0 i) :-
seudo real
/ ingtructcijons instrtictions

00008000/ | / ADR r1,table1

— ADD r1, pc, #0x88

0000 8004 ADR" r2.table2

— ADD r2, pc, #0x90

B N FPCHI A B /2 0x887

tablel 1000 8090 XXXXX
tablg2 1000 s09C yYyyy

o EFiTH BN T4 (PC-relative addressing)

e Example:
start MOV r0, #10
ADR r4, start

PC=PC+8 ? Why

=> SUB r4, pc, #0x0c
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4
PC=PC+8 ? Why ? :
start MOV r0, #10 start MOV r0, #10
ADR r4, start SUB r4, pc, #0x0c
ADD r0, r1, #5 ADD r0, r1, #5
SUB r2, r3, r6 SUB r2, r3, r6
SR RNEhKee

Latency: time it takes for an” instruction

——

Related to throughput
fetch decode executz;—'|

fetch decode execut:—I

fetch decode execute

| |
l l
1 2

L PC-relativeit E i ITRIAHE, PCE@J’E["JE B —%45% (PC+8)

Rather than pointing to the instruction being executed, the PC points to
the instruction being fetched.

fume

W —1
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Idmiar0, {r2,r3}

sub r2,r3,r6

cmp r2, #3
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iEIR 4> (delayed branch)

o NEUERKEHE, "HEHERDTIZHEAR,

o JERFFTERN TS EHKInEKIELS BRHIT, I
WA TS PITE R« IXFE, EHIRSPATHE
CPUREH 1L K& AEIB1T

o HE, NXIEL/EHARERTERIE-(NOP) . FRAL
TFIER4 % O (branch delay‘slot) H 354 %t
TFHEDPITEREHES R . KA RE CBHE R
A7, MFLFHNOP.




Four Branch Hazard Alternatives

#1:-Stall-until branch direction is clear
#2: PredictiBranch Not Taken

Execute successar instructions in sequence

“Squash” instructions in"pipeline if branch actually taken
Advantage of late pipeline state update

PC+4 already calculated, so use it to getnext instruction

#3: Predict Branch Taken
#4: Delayed Branch

Define branch to take place AFTER a following instruction



Delayed Branch

e Where to get instructions to fill branch delay slot?
Before branch.instruction (#4)
From the target address: only valuable when branch taken (#3)
From fall through: only’valuable when branch not taken (#2)

e Compiler effectiveness-for_single.-branch delay slot:
Fills about 60% of branch delay slots

About 80% of instructions executed in branch'delay.slots useful
in computation

About 50% (60% x 80%) of slots usefully filled

e Delayed Branch downside: 7-8 stage pipelines, multiple
instructions issued per clock (superscalar) (#1)



cooo
. o000
Scheduling Branch Delay Slots °oo
A. From before branch B. From branch target C. From fall throuﬁh
add $1,$2,$3 sub $4,85,56 < add $1,$2,53
1f ,$2=0 then — if $1=0 then —
71& ; delay slot
%@71. add $1,$2,$3 y
if $1=0 then
D ) delay slot sub $4,55,56%—
becomes { becomes+ becomes {
add $1,$2,$3
if $2=0 then — — if $1=0 then —
/
dd $1,$2,%3 b*$4,$5,56
Rl Sl add $1,$2,$3 % s i
if $1=0 then
D sub $4,$5,$6 <

e A s the best choice, fills delay slot & reduces instruction count (IC) (#1)
e In B, the sub instruction may need to be copied, increasing IC
e In B and C, must be okay to execute sub when branch fails
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o BLAZFIRYEE B2 BT I 1

o for(lI=0; I<N; i++)
o f =1+ c[i]* x[i];




FIRJEU: 2512 2

; loop initiation code

MOV r0, #0 :use r0 for i, setto 0
MOV r8, #0 ; use a separate index for arrays
ADR .r2/N ; get address for N
LDR r1, [r2] /.; get value of N for loop termination test
MOV r2, #0 use r2.forf,setto 0
ADR r3, c ; load r3 with address of base of c array
ADR 15, x ; load r5 with’address of base of x array
; loop body
loop LDR 4, [r3, r8] ; get value of cfi]
LDR r6, [r5, r8] ; get value ofx|i]
MUL r4, r4, r6 ; compute c[i]*x[i]
ADD r2, r2, r4 ; add into running sum
; update loop counter and array index
ADD r8, r8, #4 ; add one to array index
ADD r0, r0, #1 ;add1toi
; test for exit
CMP r0, r1
BLT loop ; if i <N, continue loop

loopend ...



FIRm&%%EI’JT |7 2

Variable WM
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CMP r0,#5

ADDNE r1,r1,r0

SUBNE r1,r1,r2
BYPASS = ....

;if (r0'!='5)then
M=r¥+r0-r2

ADDNEFfISUBNE 2 1347354,

I AT

LS
HACMPi4 RAFB LR
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=R A
s Computer performance depends on:
— Processor performance

— Memory system performance

Memory Interface

CLK CLK
| |
4 N MemWrite )(WE )ZA
Processor Adc.jress Memory ReadData
WriteData
\_ J




2 5iE %7 (Processor-Mem Gap)::

[nprior chapters, assumed access memory 1n 1 clock
cycle’~ but hasn’t been true since the 1980°s
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2 FHEREAF

o FHATENIEZESS (SRAM) : KE—N R AHSSEMESE,
THERAL (B 5 F LDRAME .

o FAPENFfEE(DRAM) : IKIEHA B SLINBIE A1
CRERIFED , MR/MEESRAMEEE (5~104%)

o TFhEATHERE vs B ERR !
TPt a8 tLZ B B MR BB MBS 2 (L “TREiE” )

A, EEIEERPFHESLR 5

Gl F\“ﬂmﬁﬁ%‘%ﬁﬁ’lﬁﬁﬁ%@%@ﬁ

o AP RERAEHHIERFMEIR
SRAM7j i) ZEiR:2~25ns, #£%%:$100~$250 per MB
DRAM;{J5 5] ZEiR:60~120ns, #%%7:$0.05~$0.1 per MB
Diskif b ZEIR:10~20million ns, #%7:$0.05~$0.1 per MB
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Speed

B RS

Tt &4 (Memory Hierarchy) | :

o WA LRFlEasHEIR, EXAEEZRERES?
o HRAE:ME

. Access Bandwidth
Technology |Price / GB Time (ns) (GB/s)
SRAM $10,000 1 25+
Cache
DRAM $10 10 - 50 10
Main Memory
SSD $1 100,000 0.5
HDD $0.1 10,000,000 0.1

/ Virtual Memory \
>

Capacity

SREFRFIFC

JEIRY A ERIFE DL
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% RS (Memory Hlerarchy) :

; 3. Processor Chip }

B |

i | ain

: <«> Hard

‘| cPU |« >|/Tache | Memory Dive

§ A . ),E L )

____________________________________

Memory Hierarchy in Computer System -Today & Future

On-chip Memory Memory System Storage (l/O) System
L1(SRAM) eDRAM | DRAM NAND HDD
| s ] L 1
— 3 —_—t 1 ’ — =
21 23 25 : 27 29 211 2135 : 215 217 219 221 2235

Typical Access Latency in Processor Cycles (@4 Ghz)



ZZf7Caches

A cache holds commonly used memory data. The number of data
words that it.can hold is called the capacity, C. Because the capacity
of the cache.is smaller than that of main memory, the computer
system designer must.choose what subset of the main memory is
kept in the cache.

SERZTFRETFEHANAGFRRE EREESANBBERFHHENRASTE. B
TRENZENTEENEE, BETENAZRITELIIEAREEGFTF
FEEEFHWPIN TR

When the processor attempts to access data, it first checks the
cache for the data. If the cache hits, the data is available

immediately. If the cache misses, the processor fetches the data
from main memory and places it in the cache for future use.

SHOERAEDRRIEN, EEAREZFTNERE. MRETFGP, ¥
EMRAIATAH. MRESREFRGT, CEFENERFRERBFEHFH
TIN SR 77 P AR SR AEH .
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address

‘ registers \

p instructions
processor
instructions
and data
data
copies of
instructions address

copies of
data
cache memory

instructions

and data

FF..FF.,

00..00,
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EEAF

address i i 1 Einsiructiuna

copies of
instructions address
instructions
cache

registers

processor

address @ O

data

copies of
data

cache

address >

instructions

data

memory

FF.FFig

00..004¢
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mon

:

P (data block) : HHEAEEKBR/NET ~HEEFR Ncache

Iine;

EIEZFT (cache hit) : #IERKIBIEESEEFT;
EIRZFAMF (cache miss) : #FERMEIEAEFERTFH .
T/E4E (working set) : CPUZE—BYBTIE] N R FIVE B B udR & .



A HISRELR] 7

smbl R h (compulsory miss) , tHFRAESK G
B IR B B

F (cold/miss) , kA4

BEXRMGF (capacity miss) KR4

NI

= TE LT

e T

LS

wzEkdrd (conflict miss) /B &K4E 2

R Bl = I A7 K R — AN B e
S35 A5 IR I TE] oH B 3K
t = tcache + (1 h)tmain ’ hft?iﬁc

5K

AW

Ttk



Cachel) % 58-45111

A program has 2,000 loads and stores
1,250 of thesé-data values in cache

Rest supplied by other levels of memory

hierarchy

What are the hit and miss ratesfor the cache?



CachelJ % gE-

A program has 2,000 loads and stores
1,250 of théSedata values 1n cache

Rest supplied by other'levels of memory

hierarchy

25011

What are the hit and miss rates for the cache?

Hit Rate = 1250/2000 = 0.625
Miss Rate = 750/2000 = 0.375 = 1 — Hit Rate



Cache )14 Be-251512

* Suppose processor has 2 levels of hierarchy:
cache and mamn memory

. = 1 cycle, t,,;,7=/100 cycles(Main Memory)

cache

 What is the average data access time of the
program from Example 1?



Cache )14 Be-251512

* Suppose processor has 2 levels of hierarchy: cache
and main/memory

. =1 cycle, #y;;,7 100 cycles (Main Memory)

cache

 What is the average data‘access time of the
program from Example 1?

Tav — tcache T MRcache(tMM)
=[1+0.375(100)] cycles
= 38.5 cycles
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A
CPU che |*"| 1.2 cache L2 Lache

/// Main Memory \\\

Speed

-_-gZigi%a%F !! Z?%%%E%?%E //r Virtual Memory \\\
. vy S—t N ‘ Capacit 2
2359 A 1) B TR A 3K -

., = tL1+ (1-h1)tL2 + (1-h1-h2)tmain

h ZRRm—REFMTER, h RN H ZREAF MR
F— R ZAF R
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FRE AW

o AbFEMIBHE=AHE:

(1) What data is held in the cache?
EMNMARIEFENBRERSEREZFT? (WHERRGH? )
(2) How is data found?

IMREREZET, AT HREE?

(3) What data is replaced to make room for new data when the
cache is full?

o MREFW T, BATZE GBI AFILTER =R ?

-&M%é—A%ﬁ$%%¥
o BWHRHIKPA—DFT;

B iEMEt (direct mapped) EiEEET
N

B MR R — RN E— N SR E T
OB R I — R B




(Y X
'YX X
'YXX
o000
——a —_a - o0
(=] Q ®
BT TR AT BN
Address
11 gon. [ Famer ik
) memjuUx
1141110106 mem[OxFF__F4] Memory = Tag TE ggq %%Set
1111440000 |/ memfexFF.FO] | Address smm— n .
11..11101100 mem[OXEF.. EC] FEFFFE E 4
11...11101000 mem[0xFF._. .
1 100100 mm{ﬁw Cache fields for address OxXFFFFFFE4
11...11100000 mem[OxFF...E0] | “}( When mapping to the cache
. . \,
. . '
00...00100100 mem[0x00...24] i
00...00100000 mem[0x00..20] Set Number
00...00011100 mem[0x00..1C] 7 (ImM)
00...00011000 mem[0x00...18] 6 (110)
00...00010100 mem[0x00...14] \ L 5(101)
00..00010000 |  mem[0x00.10] f "\ \ : - | 4(100)
00...00001100 mem[0x00...0C] 3 (011)
00...00001000 mem[0x00...08] o 2 (010)
0o..00000100 | wmemield 081 0N @ = = = = 1(001)
00...00000000 mem[0x00...00] 0 (000)

230 \Ward Main Memorv 23 Word Cache
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I— 1 REZRE

(Y X )
o000
'YX X
-4
—
)
%Hy%ﬁf BREFSES
\* \]'E ?g Byteﬁiz_g
Memory — 29 Set %fget EREFIR
Address
;27 ] V Ta g;h—lE DataﬁzE
3’&*1]?13 Set7
Set 6
Set 5 8-entry X
get"r (1+27+32)-bit
et3
- Set 2 SN
Set'1
Set 0
' (07 32
|
Hit Data

, RS|ME—HE T ZRERR.
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¢ o

A.particular.memory item is stored in a unique location in the cache.

To cheek if @ particular memory item is in cache, the relevant address bits
are usedto access.the cache entry.

The top address bits.are then-eompared with the stored tag. If they are
equal, we have got a hit.

Two items with the same cache address/field will contend for use of that
location.

Only those bits of the address which are not used to select within the line
or to address the cache RAM need be stored in thestag field.

When a miss occurs, data cannot be read from the cache. AcSlower-tead
from the next level of memory must take place, incurring a miss-penalty.

A cache line is typically more than one word. It shows 4 words in the
diagram here. A large cache line exploits principle of spatial locality -
more hits for sequential access. It also incurs higher miss penalty.
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o HERfRtLIRBRIER R, FIABNEREFrREZFM
7 (BUR - Zd7 ) KINE

o WP E BRI

BE (write through) 4 FXREBEIEE R [F B L

R RIEE A A EFHI. PR IRIE | RIEEF
MEFR—BE, HP AP EFER.

05 (write back) : REERKRE =S NEES
Frf et ﬁ%’ﬁ%fﬁ (F|FHdirty bit &AW .
X AP R] DAY FR 1% B 0% Y T R S A7 2 BT R
BEHITRZ REH8RIE.
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fﬁliil VS. flifﬁl:j oo

o TLATH:
® F)ﬁﬁ’r‘?éﬂ’ﬂ . BEZTEBREEEIEDLESE.
o BEARMT

o %f‘ CPU, MEFEFREBAEL, 1G53 FHEELE,
:Ei%‘f)*'ah
o By

° TU%&mﬁ%ﬁ%ﬂiﬁﬁPE’lﬁﬁ GEE)

o /\J%ﬁﬁ%')\mﬁ%ﬁ (FHEBAER
o ERfN

° J%%Aﬁ%ﬂ%&)\mﬁ%ﬁ RIEEEAT




Loop:

done:

HZE

addi
beq
ldr
ldr
ldr
add
bl

LR B PR RE

Byte
Tag Set Offset
Memory 5 =60 T001700
Address 3
V Tag Data
0
0
r0, r0, 5 0
r0, $0, done 0
1 100...00-~ mem[0x00...0C]
rl, 0x4 1 1 0000~ mem[0x00...08]
r2, 0xC Bl 1 | 00...00" | 'mem[0x00::04]
r3, 0x8 0
r0, r0, -1 . o
Loop Miss Rate = 7

Set 7 (111)
Set 6 (110)
Set 5 (101)
Set 4 (100)
Set 3 (011)
Set 2 (010)
Set 1 (001)
Set 0 (000)



(YY)
Ty
T
ss
—a .
BB M e :
Byte
Tag Set Offset
Memory 556557001100
Address 3
V Tag Data
0 Set 7 (111)
0 Set 6 (110)
addi r0, r0, 5 0 Set 5(101)
Loop: beq r0, $0, done 0 Set 4 (100)
1dr rl. Oxd4 1 1400...00~{ mem[0x00...0C] | Set 3 (011)
’ 1| 00...00~| mem[0x00...08] | Set 2 (010)
ldr r2, O0xC 1 | 00..00" |imem[0x00::04] | Set 1 (001)
ldr r3, 0x8 0 Set 0 (000)

add r0, r0, -1

bl loop Miss Rate = 3/15
done: =20%
Temporal Locality

Compulsory Misses



H R BRE HI R

Byte
Tag Set Offset
Memor
Y 700...011001]00
Address 3
V Tag Data
0
0
addi r0, 0, 5 0
Loop: beq r0, 0, done 0
ldr rl, 0x4 0
0
1dr r2, 0X24 _»1 00..00 mgmgégggj
add r0, r0, -1 e 0%00. +24]

bl loop .
Miss Rate = ?

done:

Set 7 (111)
Set 6 (110)
Set 5 (101)
Set 4 (100)
Set 3 (011)
Set 2 (010)
Set 1 (001)
Set 0 (000)



Loop:

done:

H 21

addi
beq
ldr
ldr
add
bl

PINES

Byte
Tag Set Offset
Memor
Y 00...011001]00
Address 3
V Tag Data
0
0
r0, r0, 5 0
r0, 0, done 0
rl, 0x4 0
0
ro et o1 00 00| (RGO
rol rol -1 0 memiUxUU, 24
loop

Miss Rate =10/10

::10096

Conflict Misses

Set 7 (111)
Set 6 (110)
Set 5 (101)
Set 4 (100)
Set 3 (011)
Set 2 (010)
Set 1 (001)
Set 0 (000)



B RS B J5 PR 4

b b

o ERMRN FIEEZAFHER, FEFAHXTBIK,

o HEHUNRIES TS
igaeRi AU

e Array a[] uses locations0, 1, 2, ...

o FIIEMMRR

IR, B —ERIRMR .

o Array b[] uses locations 1024, 1025, 1026, ...
o THH& ali] + b[i] K= R HRIE.

o WIERSNE; ] KA TT]
BATTR TEVEFE 73 F)

nq

AR L

R SaEE
| B IR 3

k? 77

| —ANRIRZAEIR,



A7I°H bR i AT

% (fully-assomatlve) RIEZF: EBENHNF

EEA k.

“ @J Iﬁlﬁ%ﬁtj B,J’

vahd tag
ii |':|:'| Fﬁ' ﬁ valid
EIEEF
REVFRIC valid tag

valid tag

tag

v é“
Wtk 2 45 AFRIE IR _ %
EMWmEY, CTEERT, hit

-m /N

// E(J*T\'IE.':' 2

data
data

data
( 1ata

AR g—\




2 AH B JR) PR 14 oo

o EHER/ IR | EFEIEE S EEZFFHHERNE,
R b R KR RVENE, P EREE .

o {HE, HTEMHBERE FEXRHNAR FHGFM#
s (CAM) , IS AN, BEEFXREED

i1 s LB T B IC T, HBEE, feftt
illiajt
o ﬁl%"tt% SHBEEZT R R A TR IMNEESR

b b




UL T R R it

L1 4 1 L1 ~ £ d
e Teed N | e V4 T 1T
. u?ll.- A o = X ' W LA
y 4 ) N
y 4 ~F N
I ) ) |
I ) » W |
Fg T o
v | Y 4 Y
—.‘\_-_‘-{_ —
e - .II . " -
e T ) S o
T s e
\\“x .[’ T T
T 1 Y T
e
b | ™
b i . .
Y / " -~
./ by
hit data

o HiHEE (Set Associative) & B LS RI£ABEEZ
BT, 20 (Set) HILEF—ZRT| KA A

o HENHKREZFRNECRINR, NEHME.

o RIHZEF] Iﬂta?ﬁ?ﬂ,m%'?élf“ Ao NPT A7,
AW St . SNMHBH—NEMHEKREEFEI.




o000
o000
o000
o000
» » . S o0
] — ()
H A BR B IR 22 A7
Byte
Memory Tag Set Offset
00
Address Way 1 Way 0
28 2 | | |
V Tag Data V Tag Data
.>
28 32 28 32
| I
Hit, Hit, | o At
Tsz
Hit Data
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PR i ZH AR BK R S AR PR BE 45

addi r0, 0, 5
Loop+: /beq x0O, 0, done

1d 1, .0x4 .
IR Miss Rate = ?
ldr r2,.-0x24

add 0, r0, '—-1

bl loop
done:
Way 1 Way 0

I\/ Tag Data | I\/ Tag Data I

0 0 Set 3
0 0 Set 2
0 0 Set 1
0 0 Set 0




A Y

PR 5% 2H A BE e TR 2R A M e 2 5] :s

addi r0, r0, 5
Loop: /beq x0, 0, done

1dr /¥, 0x4 Miss Rate = 2/10
ldr r2,.-0x24 =20%
dd r0, r0, =1 c e .
) o Associativity reduces
J loop
done: contlictmisses
Way 1 Way 0
| | | |
V Tag Data V Tag Data
0 0 Set 3
0 0 Set 2
11 00...10 | mem[0x00...24] | 1 | 00...00 | mem[0x00...04] | Set 1
0 0 Set 0




o000
Y XX
o000
237 > N o0
Cache(Z[B] #H3<14:) o
Block Byte
Memory Tag Set Offset Offset
addrass 1100"].100 1| 11 00
800000 9 C
Cache fields fro address 0x8000009C
Block Byte )
Memory —Tad__ Set Offset Offset when mapping to the cache
Yy 00
Address , ;
A27 A2
V Tag Data
al Set 1
Set0
I e 32 Jaz 7 A p o
4&\ = —~ = S /
A32
Hit Data

Direct mapped cache with two sets and a four-word block size



Cache: Put-it-together

e Caches are organized as two-dimensional
arrays. The rows are called sets, and the
columns arecalled ways. Each entry in the
array consists of adata block and its
associated valid and tag bits.

o ZHBHL N HEM ., XEATHENF NS (Set),

XL HIEFR AL (Way). S KR %HE

— A ¥#E e (cache block) X E
RN (tag) ZH A -

ORI R (Valid)



Cache address format

[-tag | index(set) | block or line offset | byte offset ]

Quiz 1: for a 256-byte cache block and 4-byte accesses the block
offset would be ? bits and the byte offset ? bits.

4-byte access (wordaccess)
256/4=64 so, 6 bits block’offset
2bits byte-offset to spevcific which hyte inside a word

Quiz 2: for direct-mapped cache 128KB/in'which each block has 8 32-
bit words, How many bits are needed for thetag and index fields,
assuming a 32-bit address ?

(128K*8)/(8*32)=4096, so Index = 27212

Block offset = 3bits, byte offset = 2bits

Tag bits = 32-12-3-2=15
Quiz 3: for 4-ways cache 128KB in which each block has 4 32-bit
words, How many bits are needed for the tag and index fields,
assuming a 32-bit address ?
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o B¥IKNE: EEEREF “W” HFEBAFREIEAT,
f%%%@ﬁﬁmﬁﬁwﬁﬁﬁﬁ%ﬂm@%ﬁi

o E BN NEAERHORIS I, RS BIEERNT MM
— WL, B R itk R
o MBS EMRBIESTF TR A Z HARNE:

o FENLE#H (Random) : TEZH PN L4 AHBX = 3 2247+ FE L
W ANEIERE S 050 T FBSRE. B
i 2R A X B

o HiTE/DERERE (Least Recently Used, LRU)“Y 48
PN B A B i B SR A P B /DA F I BEE B
E: R E. . BEERK.

o FNSEHIERE (First In First Out, FIFO) : ! Trade off




LRU & # 5K H&

1dr-r0, #0x04
1dr/xl, /#0x24
1dr r2, #0x54

Way 1 Way 0
V U Tag Data V' Tag Data
00 0
00 0
1101 00..010| mem[0x00...24] | 1 | 00...000 | 'mem[0x00...04]
00 0
(@)
Way 1 Way 0
V U Tag Data V Tag Data
0|0 0
0|0 0
1] 1]00..010| mem[0x00...24] | 1| 00...101 | mem[0x00...54]
00 0

(b)

Set 3 (11)
Set 2 (10)
Set 1 (01)
Set 0 (00)

Set 3 (11)
Set 2 (10)
Set 1 (01)
Set 0 (00)




LRU % # 5K K 3

Discards the least recently used items first. This algorithm requires
keeping-track of what was used when, which is expensive if one wants to
make sure the algorithm always discards the least recently used item.
General implementations of this technique require keeping "age bits" for
cache-lines and track the."Least Recently Used" cache-line based on age-
bits. In such an implementation;-every time a cache-line is used, the age of
all other cache-lines changes.

A(0)
¥ E(4) B(1) 'LC(E] D(3)
A(D) | B(1)
v
v E4) | B(1) | c(@~] D(5)
A(0) B(1) C(2)
v
| E(4) | F(6) | C(2) | D(5)
A0) | B(1) | C2) | D(3)
| From Wiki “Cache replacement policies”




Cache Summary

e What-data is held in the cache?
Recently used/data (temporal locality)

Nearby data (spatial’ locality)
e How is data found?
Set is determined by address of data

Word within block also determined by address
In associative caches, data could be in one of several ways

e What data is replaced?
Least-recently used way in the set (LRU)



3 FHEE

18 TR

o ‘fFf B BT /ECPUAI A B =

Hh k247 B s bk 2 18] )2
o WE ML (physical address) :

S F 2 JH],

A

LB R

LTS

)58

PO R AR N AR

ok, 5EFRMRAME TR
Hibt (logical address/virtual address)

o 1%}

R Ik

CPU

T
Mk

| wrER

LS

Yy

st

8T A 5 2B B RAMEE TR B .

EFF

main

memory

il

AT

F T A AFC Fr % /5

yadi)

(Memory Management Unit, MMU)

&




JAl

24U YA

HaRmm it 7 7
B BT 42 7 2




JAl

Speed

000
0000
o000
000
o o0
,j;ll p<
. Access Bandwidth
Technology | Price / GB Time (ns) (GB/s)
SRAM $10,000 1 25+

Cache

DRAM $10 10 - 50 10
Main Memory

SSD $1 100,000 0.5
HDD $0.1 10,0004000 0.1
Virtual Memory
>

Capacity p

Magnetic
Disks

DRAM (Main Memory)
Hard drive
— Slow, Large, Cheap

Read/Write
Head



)MLK:J;U\ ljil ﬁ _JMJH%‘IHZ

o xm NAFRITENRGENGF BRI SERBREY
BB MR . ERERN
%@?mﬁ E AR E S T Another
FEBINF (— P EESEE RN PR
AR , WStk B e
ﬁ%%?ﬁﬁﬁ%}&%&%ﬁ W ) @ - ..
W, BN F <
IR E e £, EF
BN BEATEIE AL

— from wikipedia

B Sk (virtual addressing) 38 5 H b5 B
Huhk F S HEAE




KEFUL N 17

¢ Virtual addresses
Programs use virtual addresses (f2/71% B Bl N 1F)
Entire virtual'address space stored on a hard drive
Subset of virtual address,data in DRAM

CPU translates virtual addresses into physical addresses
(DRAM addresses)

Data not in DRAM fetched from hard drive

e Memory Protection
Each program has own virtual to physical mapping (V'to P)
Two programs can use same virtual address for different data
Programs don’t need to be aware others are running
One program (or virus) can’t corrupt memory used by another




AN 5 CachekL o

Cache Virtual Memory Virtual Address

302928 ..14 1312 11109 .. 210
Block Page VPN Page Offset
Block Size Page Size {19
C Translation ) 1o

Block Offset |Page Offset {15

: PPN Page Offset
Miss Page Fault 26 2524 1. 1342 11 109 .. 210
Tag Virtual Page Number Fhigsicsl Sdopess

Physical memory acts as cache for virtual memory



KEFUL N 17

e/ Page size: amount of memory transferred from hard disk
to DRAM at once (28It Cache Block size)

e Address translation: determining physical address from
virtual address

e Page table: lookup table'used to translate virtual
addresses to physical addresses

Virtual memory size: 2 GB = 237 bytes
Physical memory size: 128 MB = 227 bytes
Page size: 4 KB = 212 bytes



KEFUL N 17

¢( Virtual memory size: 2 GB = 2" bytes
Physical.memory size: 128 MB = 2°' bytes
Page size:4 KB =2'- bytes

Virtual address: 21 bits

Physical address: Z/ bits

Page offset: 72 bits

# Virtual pages = 231/212 = 219 (VPN = 19 bits)
# Physical pages = 227/212 = 215 (PPN = 15 bits)
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o 19-bit,virtual page numbers

e 15-bit.physical page numbers Virtual Addresses

Physical
Page
Number

Physical Addresses

0x7FFFF000 - Ox7FFFFFFF

O0x7FFFEQQQ - OX/FFFEFFF

0x7FFFDO00 - Ox7FFFDFFF

Ox7FFFC000 - OX7FFFCFFF

0x7FFFB0QO0 - Ox7FFFBFFF

0x/ZFFFAQQQ - OX7/FFFAFFF

OX7FFF9000Q - OX7FFFOFFF

0x00006000 - 0XO0006FFF

7FFF

O0x7FFFO00 - OX7FFFFFF

0x00005000 - 0Xx00005FFF~

7FFE

Ox7FFEQQO - OX7FFEFFF

0x00004000 - 0x00004FFF

0x00003000 - OxO0003FFF

0x00002000 - 0x00002FFF

0001

0x0001000 - 0xO001FFF

0x00001000 - Ox00001FFF

0000

0x0000000 - Ox0000FFF

0x00000000 - 0x00000FFF

Physical Memory

Virtual Memory

© 2007 Elsevier, Inc. All rights reserved

Virtual
Page
Number

7FFFF
7FFFE
7FFFD
7FFFC
7FFFB
7FFFA
7FFF9

00006
00005
00004
00003
00002
00001
00000
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What is the physical address
of virtual,address 0x247C? Virtual Addresses

0x7FFFF000 - Ox7FFFFFFF

O0x7FFFEQQQ - OX/FFFEFFF

0x7FFFDO00 - Ox7FFFDFFF

Ox7FFFC000 - OX7FFFCFFF

0x7FFFB0QO0 - Ox7FFFBFFF

0x/ZFFFAQQQ - OX7/FFFAFFF

Physical 0x7FFF9000;0x7FFF9FFF
Page -

Number  Physical Addresses 0x00006000 - OXO0006FFF
7FFF [Ox7EFFO00 - OX7FEFEFE 0x00005000 - 0X00005FEF
7FFE [ 0x7FFE00O - Ox7FFEFFF 0x00004000 - OXO0004FFF

. ; 0x00003000 - OXO0003FFF
. . 0x00002000 - 0X00002FFF
0001 | 0x0001000 - 0x0001FFF 0x00001000 - 0x00001FFF
0000 | 0x0000000 - OXO000FFF 0x00000000 - 0XO0000FFF

Physical Memory Virtual Memory

© 2007 Elsevier, Inc. All rights reserved

Virtual
Page
Number

7FFFF
7FFFE
7FFFD
7FFFC
7FFFB
7FFFA
7FFF9

00006
00005
00004
00003
00002
00001
00000
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What is the physical address

of virtual address 0x247C?

VPN =0x2

VPN 0x2 maps to PPN.OxX7FFF
12-bit page offset: 0x47C
Physical address = 0x7FFF47C

Physical
Page
Number  Physical Addresses

7FFF [[OXx7FFF000 - OX7FFFFFF
7FFE | Ox7FFE000 - Ox7FFEFFF

0001 | 0x0001000 - 0x0001FFF
0000 | 0x0000000 - 0x0000FFF

Physical Memory

Virtual Addresses

0x7FFFF000 - Ox7FFFFFFF

O0x7FFFEQQQ - OX/FFFEFFF

0x7FFFDO00 - Ox7FFFDFFF

Ox7FFFC000 - OX7FFFCFFF

0x7FFFB0QO0 - Ox7FFFBFFF

0x/ZFFFAQQQ - OX7/FFFAFFF

OX7FFF9000Q - OX7FFFOFFF

0x00006000 - 0XO0006FFF

0x00005000 - 0x00005FFF

0x00004000 - 0x00004FFF

0x00003000 - OxO0003FFF

0x00002000 - 0x00002FFF

0x00001000 - Ox00001FFF

0x00000000 - 0x00000FFF

Virtual Memory

© 2007 Elsevier, Inc. All rights reserved

Virtual
Page
Number

7FFFF
7FFFE
7FFFD
7FFFC
7FFFB
7FFFA
7FFF9

00006
00005
00004
00003
00002
00001
00000
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o SCHURBILIFHE: HRITEH B A E ALk

o FILLK IR BAMIFHERS, JAEFPITEERN,

HREREAEF.

o 71 (page fault) B&: CRUER—NAFEXFEHHdE.
o BRI RE EHENHIFKM:

o FTENACEIREEFF;

o MMUZRC&HAT 1 AHMN KT
o LRUZBHLIKH,




Hhnk BT :

o ThEEIIA AT A LR R EIEH 1
HuhER Y st 2 6] AT B page ,
o PFPEA N FHR T IE - e

o B SRR M RNTT
LR AN

RC IR HLEE+ KN memory
o I SCRFBUM. R/MESE 20

H A DX 3
o BN FUAARA: KRBk
T BBk 3 7y BOPS 28 B J
IERESL .




B bk ¥%

Egx Bk

1Z4E I

seggg){’(g& se/address

logical address

EZ & segment lower bound
EZ E#& segment upper bound

physical address

HIEE I
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/~1
g
=
=

Physical
Page
vV Number
0
0
1 0x0000
1 Ox7FFE
0
0
.
0
0
1 0x0001
0
0
1 Ox7FFF
0
0
Page Table

Page
Number

7FFFF
7FFFE
7FFFD
7FFFC
7FFFB
7FFFA

00007
00006
00005
00004
00003
00002
00001
00000

1ZAE Mk

[ RBE
page offset

page i base

Page Table (T 3%)

ﬂL(:1,£&*§;>

bt — AF
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M k% R

Virtual
Address

Page Table is stored in Physical Memory.
It is indexed by the Virtual Page Number(VPN)

Virtual
Page Number

[ 0x00002 [ 47C

19

000
00
L
®
Page
Offset
|
12
Physical
V Page Number
0
0
1 0x0000
1 Ox7FFE
0 )
0 o
o ©
o =
b o
0 S
0 o
1 0x0001
0
0
> 1 OX7FFF
0
(‘)
Hit 15 12
Physical  7FFF | 47C |

Address
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Hu bk

What is the physical

address of virtual
address 0x5F207?

Physical

V Page Number
0

0

1 0x0000
1 OX7FFE
0

0

0

0

1 0xQ001
0

0

1 Ox7FFF
0

0

Page Table
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What is the physical
address of virtual
address 0x5FK207?

— VPN =5

— Entry 5 1n page table
VPN 5 => physical
page 1

— Physical address:
0x1F20

Virtual
Page Number

Page
Offset

| 0x00005 | F20 |
19 12
Physical
\ Page Number
0
0
1 0x0000
1 Ox7FFE
0 (0]
0 5
@
I—
(O]
0 3
0 o
1 0x0001
0
0
1 Ox7FFF
0
?
Hit 15 12
Physical = 0001 | F20 |

Address
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' descripto
page descriptor :

||
I~
|

a1 254 SEAE
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NIRRT A7

R IX

(Translation Lookaside Buffer,

TLB) : SfFHHR, HFEIR/D.

Virtual Address

Physical Address, | Dirty | Ref | Valid |Access

Valid: RRZEBRBEZEN A2 BT ENFe
Dirty: R ZBRHZAEROHNE.

Ref&Access:

BURRAL .



TLB(Translation Look-aside Buffer) :¢
{5 | Cache 45 14 17 T8 #ec i f3 FH A TR I

Virtual Page
: Numb Offset
Virtuat RPage Number se

AddreSSLOxooooz N47C |
119 A12

Entry 1 Entry O
| | |
Vitual Physical Virtual Physical
V Page Numiber /Page Numbers\, Page Number Page Number

1] Ox7FFFD | 0x0000 #}1[) 0x00002 | 0x7FFF | TLB
. (19 A15 119 A15

— O .
Hit, w Hit, \ //— Hit
Physical I ‘(L

Hit Address L_OX7FFF [ 47C |




TLB(Translation Look-aside Buffer)

e Page-table accesses: high temporal locality

Large page size, so consecutive loads/stores likely
to access same page

o [LB
Small: accessed in < 1 cycle

Typically 16 - 512 entries

Fully associative (&HE¢)
> 99 % hit rates typical

Reduces # of memory accesses for most
loads/stores from 2 to 1



TLB(Translation Look-aside Buffer)

Virtual Page
Virtdal Page Number Offset

Addresst 0x00002 | 47C |
19 12

Entry 1

Entry O

Virtual Physical

Virtual

Physical
V ‘Page Number, ' Page Number v Page Number Page Number

*19 15

19

I1‘\ 0x7EFFD.] .0x0000 [ 1] 0x00002 | 0x7FFF | TLB

15

Hit

Hit, @ Hit,
Physical

Hit Address

15

12

|

Ox7FFF_| 47C |

2-Entry TLB 7=



RN F/NES

e Virtual memory increases capacity
e A subset of virtual-pages in physical memory

e Page table maps virtual pages to physical
pages — address translation

e A TLB speeds up address translation

e Different page tables for different programs
provides memory protection



ARMEI A EH

o FHAEME LA — A IEF M, CFRFEI b A
NIRRT ¢ ARMEIMMU SRR T3 N 77 X I 2R 7Y .
1MB 4 77 SR IR AN B
64KB 1K T (16bits)
4KB 1]/ (12bits)
o Hiuhil W DLAFE 0 3¢ B B S B D BRE .
o XF 2k H .




ARMP 2% T2 3= Hh bt 4% # 2

SREEUTE
T

—




ARM P

Virtual
Address

R R T

IRZEIES

J3IT

Page Table  Page Table Page
Number Offset Offset
[ ox0 | 3FE | FBO |
9 110 112
Physical Page
Vv Number
ﬂ 1 0x1003
“ 1 0x23F1
H| 0
HI 1 Ox7FFE 0
H1 0 2
o 3
Page Table j‘ 0 :
V Address " o
0 2 : -
1 0x40000 8 0 =
. o H 0x0073 -
° ©  HO Lo}
p o
s flo 3
0 o 1 0x72FC 3
0 % W0
| 0x2375000 [0
| H1 0
Valid1 m 1. 0x00C1
" Valid2 18 12
Physical 5 >3F1 T FBo

Address






