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adding associativity Al J=78L IvCL]

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag value valid| tag value
0 0 W 0

Crt
1 0 0

multiple places to put values with same index
avoid conflict misses




adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag value valid| tag value

0 0 set 0 0

1 0 set 1 0




adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag value _||valid| tag value -
0 ) 0 0
way 0 way 1
3 C1 el
WA




- - e e l (
adding associativity 3 x_@——%@j

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag value valid| tag value
0 0 0 BO ] B\
1 0 0

m B = 2 = 2" byte block size

S =2=2"sets b =1 (block) offset bits
s =1 (set) index bits t =m — (s +b) = 6 tag bits



adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag value |valid| tag value
em[0x00K| =
1 0 0
result
miss

01100001 (61)
01100010 (62)
00000000 (00)
01100100 (64)




adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag value valid| tag value
0 1 (00000052 0
q
OIS (6 ==

[

address (héx) result
JO0000Q0N(00) |miss
0000000T)(01) |hit
00C (63)
01100001 (61)
01100010 (62)
00000000 (00)
0110010060 (64)

b—)




adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag value valid| tag value

0 1 (000000 mem[OxOOE—E@ =

mem[0x01}~
"~ —hem [ OX 62
=i @conooo%[omﬁ 0
—

address (hex) result
00000000 (00) |miss
00000001 (01) |hit
Z@11000I1~(63) |miss O\WoDO\] = Ox 65
~=011606055(61) | Tt L ox o
01100010 (62) | oo

00000000 (00)
~01100100 (64)

Y

—F
¥




adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag

value

valid

tag

value

0 1 (000000

—_—

mem[0Ox00]
mem[0x01]

1

011000

mem[Ox60]"
mem[Ox61]

>1 | 1{oI%

Tiem[ 0x62]

mem[0Xx63]

0

=

address (hex)

result

00000000 (00)

miss

00000001 (01)

hit

01100011 (63)

miss

JO1100801 (61)

@iss>

—>B110007p (62)

00000000 (00)

0110010060 (64)
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adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag value valid| tag value
mem[0x00] mem[0Ox60]

(0] 1 |000000 mem[0x01] 1l |011000 mem[Ox61]
mem ¢

1 1l |011000 mem[0x63] 0]

address (hex) result
00000000 (00) |miss
00000001 (01) hit
01100011 (63) |miss
01100001 (61) |miss
0110001062 hit
00000000 (00)
0110010060 (64)




adding associativity

2-way set associative, 2 byte blocks, 2 sets

index
.@@

1

valid| tag value valid| tag value
mem[Ox00D mem[Ox60]
1 <\Ow mem[Ox01] 1 (011000 mem[Ox61]
mem[Ox62 ]
1 (011000 mem[0x63] 0

address (hex) result

<PBREAA00 (00) [miss

00000001 (01) |hit

01100011 (63) |miss

01100001 (61) |miss

01100010 (62) |hit

AY

000000 (00) At

—11100100 (64)




adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid

tag

value

valid

tag

value

0 1 (0000060

mem| Ox00 |
mem[0x01]

1

011000

memLéxG@

mem[0Ox61 ]

1 1 (011000

mem[Ox62 ]
mem[0x63]

0

address (hex)

result

00000000 (00)

miss

00000001 (01)

hit

01100011 (63)

miss

01100001 (61)

migs

01100010 (62)

00000000 (00)

hit needs to replace block in set 0!

hit

0110010060 (64)

miss




adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag value valid| tag value

o <> 1 (000000 mg%gigﬁ Czellooo 2?%8@) Leyu
1 1 |011000 22$E8§2§% 0

address (hex) result

00000000 (00)

miss

00000001 (01)

hit

01100011 (63)

miss

01100001 (61)

miss

01100010 (62)

hit

00000000 (00)

hit

~ 101100100 (64)

miss




cache operation (associative)

 |validtag |data valid tag |data
v 1 10 [e@11][ 1 o0 |AA BB

tap :~ 1 A1) [B4B5 | 1 /Gr |33 44
| B

~——"

ND




cache operation (associative)

Lj.ﬂiéé)ii offset
. |[validltag [data |[validltag [data
[ 1 J10 [e@11]] 1 Jo0 [AA BB
|ndex
8 =TIl BAB5 || I 01 3344
data
(B5)
{ \4
o —
\':—\
“IAND Ve T>
= Jor >— is hit? (1)
AND




cache operation (associative)
111001

offset

e

. |[validltag [data |[validltag [data
| 1 |10 |00 11 1 |00 |AA BB

|ndeg
B8 LT 11 BABS|| I L 3344
data
(B5)
; 7 .
e
;ﬁ@ = ~ L
= Jor >— is hit? (1)
AND




associative lookup possibilities
none of the blocks for the index are valid

none of the valid blocks for the index match the tag
something else is stored there

one of the blocks for the index is valid and matches the tag



handling writes
what about writing to the cache?

two decision points:

if the value is not in cache, do we add it?
if yes: need to load rest of block L) )™ 7 N
if no: missing out on locality? > [

if value is in cache, when do we update next level?

if immediately: extra writing
if later: need to remember to do so




allocate on write?

processor writes less than whole cache block
block not yet in cache

two options:

write-allocate
fetch rest of cache block, replace written part
(then follow write-through or write-back policy)

write-no-allocate
don’t use cache at all (send write to memory instead)
guess: not read soon?



write-through v. write-back
option 1: write-through

®write 10
to OXABCD
CPU " Cache ™ RAM
< ABCD: FF
= g
- ([ABeo: FEP




write-through v. write-back
option 1: write-through

®write 10 ®write 10
to O©XABCD to O©XABCD
CPU Cache RAM
ABCD: 10
= 11CD: 42
=ABCD: 10




write-through v. write-back

option 2: write-back

®write 10
to OXABCD
CPU Cache RAM
ABCD: 10

ABCD: FF




write-through v. write-back

option 2: write-back

CPU

®write 10
to OXABCD

read
from
Ox11CD

(conflicts)

(

L1

] X

©)

write 10

to ABCD

D

.. when replaced — send value to memory

Y

RAM

11CD: 42
ABCD: 10




write-through v. write-back

CPU

®write 10
to O©xXABCD

Y

©)

write 10
to A

read
from

Ox11CD

(conflicts

Cach

rt

from
Ox11CD

)
7%ré;\d new value to store in cache

Y

l%lx 42

ABCD: 10




writeback policy

index

changed value!

2-way set associative, 4 byte blo 2 sets

valid| tag value |dirty||valid] tag [>wvalue |dirty |[LRU
1 | 000000 |memiores)| © 1 | 011000 |remtorerts] 1 1
1 | 011000 |memioxesl| © 0 0

1 = dirty (different than memory)

needs to be written if evicted




write-allocate + write-back

2-way set associative, LRU, writeback

index |valid| tag value |dirty| \valid| tag value |dirty||LRU

*

mem[0Ox00] mem[0Ox60]

—>0 1 | 000000 |memioxe1] O 1 | 011000 |memfoxerle 1 @

0x62]
1 1 011000 22$%0§63] 0 0 0

writing OxFF into address @x047? oo 01(0)

. F— =
index 0, tag 000001 00D ©



write-allocate + write-back

2-way set associative, LRU, writeback

index

0

1

valid| tag value |dirty| \valid| tag value |dirty||LRU
0x00 OXx60 P
1 | 000000 [nemforor] © 1 | 011000 |menforesle 1 1
0x62
1 | 011000 [remioreall © 0 0

writing OxFF into address Ox047
index 0, tag 000001

step 1: find least recently used block




write-allocate + write-back

2-way set associative, LRU, writeback

index

0

1

valid| tag value |dirty| \valid| tag value |dirty||LRU
0x00 OXx60 P
1 | 000000 [nemtorosy] © || 1 | 011000 |nemiorsle * 1
[0x62]
1 | 011000 |memfoxes] © (0] 0]

writing OxFF into address Ox047
index 0, tag 000001

step 1: find least recently used block

step 2: possibly writeback old block




write-allocate + write-back

2-way set associative, LRU, writeback

index |valid| tag | value |dirty||valid ta value |dirty [LRU
4
em[0%00] P
(0] @Of’&) )Zem xOl]/ 1 000001 |mem 0x05] 1
1 | 1 |o11000 frkred o || © 0

writing OxFF into address Ox047
index 0, tag 000001
step 1: find least recently used block
step 2: possibly writeback old block
step 3a: read in new block — to get mem[0x05]
step 3b: update LRU information




write-no-allocate + write-back

2-way set associative, LRU, writeback

index

0

1

valid| tag | value |dirty||valid] tag | value |dirty| |LRU
0x00 Ox60]p
1 |000000|mntores) O 1 |011000fmntoreslk 1 1
[06x62]
1 |011000|menfoxes] © 0] 0]

writin€0xEFE into address Ox047

step 1: is it in cache yet?

step 2: no, just send it to memory




exercise (1)

2-way set associative, LRU, write-allocate, writeback

index |valid| tag | value |dirty||valid] tag | value |dirty| LRU

[0x30] [0x40]*
0 1 |001100|mem(oxs11] O 1 |010000 memfoxarlk 1 0

3

[0x62] [0x32]
1 1 [011000|nemioxes]| © 1 [001100|nemioxssll 1 1

for each of the following accesses, performed alone, would it
require (a) reading a value from memory (or next level of cache)
and (b) writing a value to the memory (or next level of cache)?

writing 1 byte to 0x33

reading 1 byte from 0x52

reading 1 byte from 0x50

11



exercise (1, solution)

2-way set associative, LRUwrite=allocaté, writebac

index

0

1

valid| tag | value |dirty||valid] tag | value |dirty| LRU
0x30 0x40]*
1 |001100enioan) © 1 (010000 mentonasts| 1 0
[0x62] N [0x32]* "
1 |011000 xm[oim] 0] <’/l— 001100 2:2[o§33]* 1 1

writing 1 byte to 0x33: (set 1, offset 1) no read or write
00\\ 001\

reading 1 byte from 0x52:

reading 1 byte from 0x50:




exercise (1, solution)

2-way set associative, LRU, write-allocate, writeback

index

0

1

valid| tag | value |dirty||valid] tag | value |dirty| LRU
0x30 0x40]*
1 |oo1100[mmi3l o 1 [010000|mmionasts| 1 0
mem[0Ox62] em[0x32]
1 |011000 memiox6s] O* 1 (001106 mem[o§3£12>l }9
LR

writing 1 byte to 0x33: (set 1,\oﬁ;set~l)w{é

reading 1 byte from 0x52:

reading 1 byte from 0x50:




exercise (1, solution)

2-way set associative, LRU, write-allocate, writeback

index |valid| tag | value |dirty |valid| tag | value |dirty|LRU
0x30 0x40]*
0 1 |001100/mntoael O 1 [010000|mmionasts| 1 0
7 -
0x62 0x32]*
1 1 [011000[mniores) © 1 [001100|menfonsats| 1 l 1

writing 1 byte to 0x33: (set 1, offset 1) no read or write

reading 1 byte from 0x52: (set 1, offset 0) write back 0x32-0x33;

reading 1 byte from 0x50:



exercise (1, solution)

2-way set associative, LRU, write-allocate, writeback

index |valid| tag | value |dirty |valid| tag | value |dirty|LRU
0x30 0x40]*
O | 1 |oo1100/mmiocl @ 1 [010000|mmionasts| 1 0
0x62 0x52
1 1 (011000 xﬁoiw% 0 1 |101000 22%0?53% 10 10

writing 1 byte to 0x33: (set 1, offset 1) no read or write

reading 1 byte from 0x52: (set 1, offset 0) write back 0x32-0x33;
read 0x52-0x53

reading 1 byte from 0x50:



exercise (1, solution)

2-way set associative, LRU, write-allocate, writeback

index |valid| tag_| value |dirty | |valid| tag | value |dirty||LRU
X
[0x30] [0x40] %
0 001100 m[@im_y 1 |010000|memfoxa1l«| 1 0
0x62 0x32]*
1 1 |011000[mntores] © 1 [001100|mmtoats| 1 1

writing 1 byte to 0x33: (set 1, offset 1) no read or write

reading 1 byte from 0x52: (set 1, offset 0) write back 0x32-0x33;
read 0x52-0x53

reading 1 byte from 0x50: (set 0, offset 0) replace 0x30-0x31 (no
write back); read 0x50-0x51

13



exercise (1, solution)

2-way set associative, LRU, write-allocate, writeback

index |valid| tag | value |dirty||valid] tag | value |dirty |LRU

[0x50] [Ox40]%
0 | 1 [tereeeferiotll o || 1 [010006|memronnis| 1 || ©1

0x62 0x32]*
1 1 |011000[mntores] © 1 [001100|mmtoats| 1 1

writing 1 byte to 0x33: (set 1, offset 1) no read or write

reading 1 byte from 0x52: (set 1, offset 0) write back 0x32-0x33;
read 0x52-0x53

reading 1 byte from 0x50: (set 0, offset 0) replace 0x30-0x31 (no
write back); read 0x50-0x51

13



exercise (2)

2-way set associative, LRU, write-no-allocate, write-through

index |valid| tag | value ||valid| tag | value ||[LRU

mem[0x30] mem[0x40]

0 l @@ll@o mem[0Ox31] l @l@@@@ mem[0Ox41] @
mem[0Ox62] mem[0x32]
l l 011000 mem[Ox63] l 001100 mem[0x33] l

for each of the following accesses, performed alone, would it
require (a) reading a value from memory and (b) writing a value to
the memory?

writing 1 byte to 0x33

reading 1 byte from 0x52

reading 1 byte from 0x50



exercise (2, solution)

2-way set associative, LRU, write-no-allocate, write-through

index |valid| tag | value ||valid| tag | value |[LRU

mem[0x30] mem[0x40]

0 l G@ll@@ mem[0Ox31] l @l@@@@ mem[0Ox41] @
mem[0Ox62] mem[0x32]
1 1 |011000|memfoxes]|| 1 [001100|nemexss]l| 1

writing 1 byte to 0x33: (set 1, offset 1) write-through 0x33
modification

reading 1 byte from 0x52:
reading 1 byte from 0x50:



exercise (2, solution)

2-way set associative, LRU, write-no-allocate, write-through

index |valid| tag | value ||valid| tag | value |[LRU

mem[0x30] mem[0x40]

0] 1 |001100 mem[©x31] 1 |010000 mem[0x41] (0]
mem[0Ox62] mem[0x32]
1 1 |o11000[mni>¢2l| 1 |oe1100fmemiocl| 10

writing 1 byte to 0x33: (set 1, offset 1) write-through 0x33
modification

reading 1 byte from 0x52:
reading 1 byte from 0x50:



exercise (2, solution)

2-way set associative, LRU, write-no-allocate, write-through

index |valid| tag | value ||valid| tag | value ||[LRU

mem[0x30] mem[0x40]

0 l @@ll@@ mem[0Ox31] l OlGOOO mem[0Ox41] @
0x62 0x32
1 1 |011000mntoreadl| 1 |001100[mmioas| 1

writing 1 byte to 0x33: (set 1, offset 1) write-through 0x33
modification

reading 1 byte from 0x52: (set 1, offset 0) replace 0x32-0x33; read
0x52-0x53

reading 1 byte from 0x50:



exercise (2, solution)

2-way set associative, LRU, write-no-allocate, write-through

index |valid| tag | value ||valid| tag | value |[LRU

mem[0x30] mem[0x40]
0 l G@ll@@ mem[0Ox31] l @l@@@@ mem[0Ox41] @

0x62 [0x52]
1 1 |011000 ﬂiﬁoﬁeg% 1 |101000 2:3[0;3] 10

writing 1 byte to 0x33: (set 1, offset 1) write-through 0x33
modification

reading 1 byte from 0x52: (set 1, offset 0) replace 0x32-0x33; read
0x52-0x53

reading 1 byte from 0x50:



exercise (2, solution)

2-way set associative, LRU, write-no-allocate, write-through

index |valid| tag | value ||valid| tag | value ||[LRU

mem[0x30] mem[0x40]
0 l @@ll@@ mem[0Ox31] l @l@@@@ mem[0Ox41] G

mem[0Ox62] mem[0x32]
l l 011000 mem[Ox63] l OOllOO mem[0x33] l

writing 1 byte to 0x33: (set 1, offset 1) write-through 0x33
modification

reading 1 byte from 0x52: (set 1, offset 0) replace 0x32-0x33; read
0x52-0x53

reading 1 byte from 0x50: (set 0, offset 0) replace 0x30-0x31; read
0x50-0x51 16



exercise (2, solution)

2-way set associative, LRU, write-no-allocate, write-through

index |valid| tag | value ||valid| tag | value ||[LRU
[0x50] [0x40]
0 1 [1e1000fntootl 1 |o10000[mmioad | ©1
0x62 0x32
1 1 |011000mntoreadl| 1 |001100[mmioas| 1

writing 1 byte to 0x33: (set 1, offset 1) write-through 0x33
modification

reading 1 byte from 0x52: (set 1, offset 0) replace 0x32-0x33; read
0x52-0x53

reading 1 byte from 0x50: (set 0, offset 0) replace 0x30-0x31; read
0x50-0x51

16



fast writes

write 10

to @X|ABCD —wrﬁte buffer

Y

| ' Ox1234: 20

CPU write 20

to Ox1234

' OxABCD: 10
-

RAM

memory can be much slower

write appears to complete immediately when placed in buffer

17



cache miss types H Cs

common to categorize misses:
roughly “cause” of miss assuming cache block size fixed

compulsory (or cold) — first time accessing something
adding more sets or blocks/set wouldn't change

conflict — sets aren’t big/flexible enough
a fully-associtive (1-set) cache of the same size would have done better

capacity — cache was not big enough

coherence — from sync'ing cache with other caches
only issue with multiple cores

18



making any cache look bad "

1. access enough blocks, to fill the cache
2. access an additional block, replacing something
. access last block replaced

3
4. access last block replaced
5

. access last block replaced

but — typical real programs have locality
19



cache optimizations

(assuming typical locality 4+ keeping cache size constant if possible...)
miss rate hit time miss penalty

increase cache size better worse —
increase associativity better worse worse?
increase block size depends  worse worse
add secondary cache — — better
write-allocate better — ?
writeback — — ?

LRU replacement better 7 worse?
prefetching better — —

prefetching = guess what program will use, access in advance

average time = hit time 4 miss rate X miss penalty



cache optimizations by miss type

(assuming other listed parameters remain constant)

capacity
increase cache size  fewer misses
increase associativity —
increase block size more misses?

LRU replacement —
prefetching —

conflict compulsory
fewer misses —

fewer misses —

more misses? fewer misses

fewer misses —
— fewer misses

21



another view

page table entry —‘

»

second-level
page table

physical page

VPN part 1 VPN part 2 page offset
first-level
i page table L page table entry :

-

Y

page table base register

23



two-level page table lookup

bpage talble virtual address
ase reg'Sterlll 0101 01 00 10|11 T S — .
&OOOO cause fault? cause fault? '
:Z Y
X
PTE | | valid, etc? pTE | | valid, etc?
Slze J\ phys phys | size J\
page addr
l] split P x : split
> PTE parts | ifzg: ’F PTE parts ;
yy Jy A4
1st PTE 2nd PTE [1101 0011 11 00 1101 1111]
addr. addr. 3
17 ¥ physmal‘address

memory (really cache)




cache accesses and multi-level PTs

four-level page tables — five cache accesses per program memory
access

L1 cache hits — typically a couple cycles each?

so add 8 cycles to each program memory access?

not acceptable

25



program memory active sets

Used by OS

OxFFFF FFFF FFFF FFFF

OXFFFF 8000 0000 0000

OXTF..
Stack

Heap / other dynamic

Writable data
Code + Constants

small areas of memory active at a time
one or two pages in each area?

OXx0000 0000 0040 0000

26



page table entries and locality
page table entries have excellent temporal locality
typically one or two pages of the stack active
typically one or two pages of code active

typically one or two pages of heap/globals active

each page contains whole functions, arrays, stack frames, etc.

27



page table entries and locality
page table entries have excellent temporal locality
typically one or two pages of the stack active
typically one or two pages of code active

typically one or two pages of heap/globals active
each page contains whole functions, arrays, stack frames, etc.

needed page table entries are very small

27



page table entry cache

caled a TLB (translation lookaside buffer)

very small cache of page table entries

L1 cache

TLB

physical addresses

bytes from memory

tens of bytes per block
usually thousands of blocks

virtual page numbers

page table entries

one page table entry per block
usually tens of entries

28



page table entry cache

caled a TLB (translation lookaside buffer)

very small cache of page table entries

L1 cache

TLB

physical addresses
bytes from memory

tens of bytes per block
usua||y thousands of hlacks

virtual page numbers
page table entries
one pageﬂable entry per block

usuallv t6 \s of entriec

only caches the page table lookup itself
(generally) just entries from the last-level page tables

28



page table entry cache

caled a TLB (translation lookaside buffer)

very small cache of page table entries

L1 cache

TLB

physical addresses

bytes from memory

tens of bytes per block
usually thousands of blocks

virtual page numbers

page table entries

one page table entry per block
usually tepsof entries

not much spatial locality between page table entries
(they're used for kilobytes of data already)
(and if <snatial localitvy mavbe 1ice |arcer pace size?)

28



page table entry cache
caled a TLB (translation lookaside buffer)

very small cache of page table entries

L1 cache TLB

physical addresses virtual page numbers

bytes from memory page table entries

tens of bytes per block one page table entry per block
usually thousands of blocks | usually tens of entries

few active page table entries at a time
enablec hichlv associative cache decions

28



TLB and multi-level page tables
TLB caches valid last-level page table entries

doesn’'t matter which last-level page table

means TLB output can be used directly to form address

29



TLB and two-level lookup

virtual address

TLB hit

[110101 01 00 1011 00J00 1101 1111}

Y

TLB

cause fault?

valid, etc?
A

split
PTE

parts
A

\
(1101 0011 11

A4
00 1101 1111

physical

yaddress

data or instruction cache

B



TLB and two-level lookup

page table
base register

virtual address

TLB

0x10000 | [11.0101 01 00 1011 00J00 1101 1111}
[exa0000 | [IT0T I

cause fault?

Y v
X cause fault? valid, etc?
PTE TLB | 4 I
size X
PTE split
Y Pgé’s size PTE
L + addr
split | : X : parts
PTE [—»| page | + ! L v
BT | parts hoe 2nd-PTE [1101 0011 11 00 1101 1111
Y Y addr. physicakaddress

data or instruction cache

B



TLB organization (2-way set associative)

VPN pagerstet
@ﬂi@d@l@ll@ (program address)

-— -7 -

' |valid|tag |physical |write|... valid tag |physical |write|...
index page # page #
: 1 |10 |0x123 |1 1 |11 |0x12F |1

N D| [ —
Qﬂ Hoo—  page

shitp Lot
entry,

AA




TLB organization (2-way set associative)

VPN pagerstet
@ﬂi@d@l@ll@ (program address)

-— -7 -

' |valid|tag |physical |write|... valid tag |physical |write|...
index page # page #
: 1 |10 |0x123 |1 1 |11 |0x12F |1

N D| [ —
Qﬂ Hoo—  page

shitp Lot
entry,

AA




TLB organization (2-way set associative)

VPN pagerffset
@ﬂi@d@l@ll@ (program address)

-— -7 -

' |valid|tag |physical |write|... valid tag |physical |write|...
index page # page #
: 1 |10 |0x123 |1 1 |11 |0x12F |1

N D| [ —
Qﬂ Hoo—  page

shitp Lot
entry,

AA




TLB organization (2-way set associative)

VPN pagerstet
@ﬂi@d@l@ll@ (program address)

-— -7 -

E valid|tag |physical |write|... valid tag |physical |write|...
. index I page table entry | page #
ag 1 eee oee « oee ooe ooe soe
: 1 |10 Jjox123 |1 |l 1 [11 [0x12F |1

@D| [ —
@L’—l page

shitp Lot
entry,

AA




TLB organization (2-way set associative)

VPN page offset

1110@@1@110 (program address)

”T’

' |valid|tag |physical |write|... valid tag |physical |write|...
index page # page #
tag : philebbiehl— esbiiesssbbisssesesliiesssssssbblehll—
| 1 (10 |6x123 |1 1 (11 |O0x12F |1

s

| I

AA

W’ 1
is hit?

page
table
entry,



address splitting for TLBs (1)
my desktop:

4KB (2'? byte) pages; 48-bit virtual address
64-entry, 4-way L1 data TLB

TLB index bits?

TLB tag bits?
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address splitting for TLBs (1)
my desktop:

4KB (2'? byte) pages; 48-bit virtual address
64-entry, 4-way L1 data TLB

TLB index bits?
64/4 = 16 sets — 4 bits

TLB tag bits?
48 — 12 = 36 bit virtual page number — 36 — 4 = 32 bit TLB tag
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address splitting for TLBs (2)
my desktop:

4KB (2'? byte) pages; 48-bit virtual address
1536-entry (3 -27), 12-way L2 TLB

TLB index bits?

TLB tag bits?
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address splitting for TLBs (2)
my desktop:

4KB (2'? byte) pages; 48-bit virtual address
1536-entry (3 -27), 12-way L2 TLB

TLB index bits?
1536/12 = 128 sets — 7 bits

TLB tag bits?
48 — 12 = 36 bit virtual page number — 36 — 7 = 29 bit TLB tag

33



exercise: TLB access pattern (setup)
4-entry, 2-way TLB, LRU replacement policy, initially empty
4096 byte pages

how many index bits?

TLB index of virtual address 0x123457
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exercise: TLB access pattern
4-entry, 2-way TLB, LRU replacement policy, initially empty
4096 byte pages

type virtual physical

read |0x440030 0x554030
write |0x440034 0x554034
read |0x7FFFEQO8 [0x556008
read |OX7FFFEOQOO |[Ox556000
read |0x7FFFDFF8 |[Ox5F8FF8
read |0x664080 OX5F9080
read |0x440038 Ox554038
write |[OX7TFFFDFFO |Ox5F8FF0

which are TLB hits? which are TLB misses? final contents of TLB? 35



exercise: TLB access pattern

4-entry, 2-way TLB, LRU replacement policy, initially empty

4096 byte pages

VPNSs of PTEs held in TLB

type virtual physical  |result|set O set 1
read |0x440030 0x554030|miss |0x440

write |0x440034 0x554034hit |0x440

read |OX7FFFEOO8 |0x556008|miss |0x440

read |OX7FFFEOOO |[0x556000hit [0x440, Ox7FFFE

read |Ox7FFFDFF8 |Ox5F8FF8miss [0x440, 0x7FFFE |0x7FFFD
read |0x664080 Ox5F9080|miss |0x664, Ox7TFFFE |0x7FFFD
read |0x440038 Ox554038|miss |0x664, 0x440 Ox7FFFD
write |OX7TFFFDFFO |0x5F8FF0Olhit |0x664, 0x440 Ox7FFFD

which are TLB hits? which are TLB misses? final contents of TLB?
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exercise: TLB access pattern

4-entry, 2-way TLB, LRU replacement policy, initially empty

4096 byte pages

which are TLB hits? which are TLB misses? final contents of TLB?

t B

type | oy, V [teg physical page  |writeuser? |~ [LRU?|
read 0 1 |Ox00220 (ox440 > 1) Ox554 1 1 - no
Wit 1 |OXO00332 (ox00664 > 1) |OX5F9 1 1 yes
reag
read 1 |OX3FFFF (ox7FFFD > 1) |OX5F8 1 1 no
read 1 — S _ _

0 yes
read
rea Ox440038 Ox554038|miss |0x664, 0x440 Ox7FFFED
write |OX7TFFFDFFO |Ox5F8FFOlhit |0x664, 0x440 Ox7FFFD
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changing page tables

what happens to TLB when page table base pointer is changed?
e.g. context switch

most entries in TLB refer to things from wrong process
oops — read from the wrong process’s stack?
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changing page tables

what happens to TLB when page table base pointer is changed?
e.g. context switch

most entries in TLB refer to things from wrong process
oops — read from the wrong process’s stack?

option 1: invalidate all TLB entries
side effect on “change page table base register” instruction
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changing page tables

what happens to TLB when page table base pointer is changed?
e.g. context switch

most entries in TLB refer to things from wrong process
oops — read from the wrong process’s stack?

option 1: invalidate all TLB entries
side effect on “change page table base register” instruction

option 2: TLB entries contain process ID

set by OS (special register)
checked by TLB in addition to TLB tag, valid bit

37



editing page tables
what happens to TLB when OS changes a page table entry?

most common choice: has to be handled in software
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editing page tables
what happens to TLB when OS changes a page table entry?

most common choice: has to be handled in software

invalid to valid — nothing needed

TLB doesn’t contain invalid entries
MMU will check memory again

valid to invalid — OS needs to tell processor to invalidate it
special instruction (x86: invlpg)

valid to other valid — OS needs to tell processor to invalidate it
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backup slides
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inclusive versus exclusive

L2 inclusive of L1 L2 exclusive of L1

everything in L1 cache duplicated in L2 L2 contains different data than L1
adding to L1 also adds to L2 adding to L1 must remove from L2
probably evicting from L1 adds to L2

L2 cache L2 cache

L1 cache

7 77777727727227777

L1 cache

7777772777 7277777

77772777777 77 Ry
227777777772777777 Ry
77777777777777777 227 722777777777777
Ry ey
77772777777 777777 77 777777777777777
Ry oy
77777777777777777 2727 z 77777

227 777777777777777
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inclusive versus exclusive

L2 inclusive of L1

everything in L1 cache duplicated in L2

adding to L1 also adds to L2

L1 cache

L2 cache

77777777777777777

inclusive policy:
no extra work on eviction
but duplicated data

easier to explain when
Lk shared by multiple L(k — 1) caches?
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inclusive versus exclusive

exclusive policy:

avoid duplicated data
sometimes called victim cache
(contains cache eviction victims)

makes less sense with multicore

L2 exclusive of L1

L2 contains different data than L1
adding to L1 must remove from L2
probably evicting from L1 adds to L2

L2 cache

L1 cache

77 77777777777777277

227 777777777777777
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Tag-Index-Offset formulas (direct-mapped)

(formulas derivable from prior slides)

S=2° number of sets

S (set) index bits
B=2 block size

b (block) offset bits

m memory addreses bits

t=m—(s+0b) tag bits

C=BxS cache size (if direct-mapped)
41



Tag-Index-Offset formulas (direct-mapped)

(formulas derivable from prior slides)

S=2° number of sets

S (set) index bits
B=2 block size

b (block) offset bits

m memory addreses bits

t=m—(s+0b) tag bits

C=BxS cache size (if direct-mapped)
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