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|6Lotnta tne Tormukotntac ota MNpoypaupato

e KoltwvTtog TG TPOCTIEAACELG VI NG OE EVAL OXETLKA LLLKPO XPOVLKO
rtapadupo, auteC ouvnBwc amevBuvovtal o OLleVBUVVOELC UE:
* Xpovikn Tortikotnta (Temporal Locality):

— TOANQTTAEC TTPOOTIEAACELC OTLC (HLeC BEDELC
— TL.X. EVTOAEC HEOQ O€ BpOY0, CUXVA XPNOLUOTT. LETAPANTEC

= nipoodata MpooTiel. AEEeLc £xouv aul. Bav. K VEOU MPOOTIEA.

* Xwpikn Tortkotnta (Spatial Locality):
— TIPOOTIEAACELC OE VELTOVIKEC BEOELC
— TU.X. ETIOML. EVTOAEC, TILVOKEC OELPLOKA TIPOOTL., Kopudn otoifog
= A&€elc Kovta o€ mpoodata POooTt. xouv aué. Bav. TPooTEA.

17a - lepapyio Mvnuwv (Memory Hierarchy) - HY-225 © U.Crete



H yvevikn doun pwac Kpuobdnc Mvnunc

* NA\NBo¢ «Becewv» MOAU ULKPO-
TEPO OO XwWpPo OHLlevBUVOoEWV V.
— cache “lines” or cache “blocks”
— cache “index”: n B€on (6tevB.) piag
YPOUMNAG pECQ OTNV KPU DI PvAN
* KaBe «Beon» meplExel dedopeva
(avtiypado yeltoviag) amo tn
uvnun, kabwc kat tn dtevBuvon
¢ pvnunc (“tag”) am’ omou tnv
bEPAUE QUTH TN YELTOVLA
* Avalntnon Baoet AteuB. MvAunc

171b - Kpupéc Mvriusc (Cache Memories) - HY-225 © U.Crete

Search

:

Memory
Address
("tag") Data block ("line")

000

001

010

011

100

101

110

111

cache line I
address Read/Write
"index")

—



[Mou erutpenetat kot rtov Ba Patoupue 6oBeioa Alsub.

e AoBeloag pac dtevBuvonc pvnune, Twc Payxvoupue eav
Kol TtoU TNV €XoupeE; Mou pmopet va Ppiloketal;
e Enitpenetal onovdnmote; (“fully associative”)

— uTtepBoAka damavnpn avalntnon
— TIEPLTTA LEYAAN gVEALELa

* MOvVoV 0€ OPLOUEVO LEPN Address Data blocks (lines)
ETUTPEMETAL VA TNV PAAAE;
— apkel va tnv Yagou e kel povov
— 000 AlyoTEpQA TA LEPN, TOCO EVUKOAOTEPO
10 Paciuo, aAAd KoL TOOO ULKPOTEPN

gveALéia molov «moaAov» Ba Stwéoupe i

Read/Write 4
171b - Kpupéc Mvriusc (Cache Memories) - HY-225 © U.Crete

Search




Movoonuavtn Artewkovion (Direct Mapped Caches)

* H kaBe 60Beioa OLevB. pvAung
Lovov o€ pia 6€on (cache index)
ETUTPETIETOL VO TOTtOOETNOEL
— TTOAU TIEPLOPLOTLKO

— ONUOWVTLKN amAomoilnon

— EEKWVALLE PE ALUTO, KOLL OTN OUVEXELDL
Ba SoUPE TNV KATIWC TILO EVEALKTN
KoL TtILO ouvnBLopEVN opyavwon

* Mwc tpoKUTTEL N pia, povn B€on;
 Index = Hash_ f (Mem.Addr.)

* JUVOPT. KOTOKEPUATLOMOU: apKEeLl
amAwWC pHePLKaA bits dtevb. — mowa;;

171b - Kpupéc Mvriusc (Cache Memories) - HY-225 © U.Crete

Search

:

Memory
Address
("tag") Data block ("line")

000

001

010

011

100

101

110

111

cache line I
address Read/Write
("index")



. . Block Addr. Memory
Block Addr. Memory Hash function: T 50000
‘ 08000 N /100001
0 LN ! . S 00010
00010 N rnoLa bits? S 00011 .
00011 SN S 00
00100 1 ) 01
00110 ) C 13
| . _ | 11 -
00111 L e S 701000
01000 : \\\\\\\ \\\ " d " ,// // /// : 01001
01 N ("index”) 01010
01010 | " RN Cache .~ .~ 01011
01011 : N 000 L 1701100
01100 1 : : 01101
01 < 010 01110
01110 011 o1111f |
,,,,,, 0,1-,1,,]:,1, -— ,\(' 100 10000
10000 : 10001
10 110 10010
10010 111 10011 —
ioo11f . o ey XA} o T 00
10100 01l
10 . 10 ‘
| 18%%2 Y h S Sl 101: 11
10111 R h'on as O : 11000 :
11000 T et MS | 11001 |
1 ‘ i i Address bits". . | 11010
11010 | Address bits N 11011
1%2%% 3 X . bléks v 11100
1 | blocks e neighbour blocks 11101 |
11 | ¢nelghbour ocC . lide | 1110 :
11110 ./~ do not collide will usually colli %1111 X 6
,,,,,, 11111 L e




Block Addr. Memory
000007 I'IapaSELvua ue Movoonu. ATteElkovion
00013 * KaBe block pvunc
00100 HEEN HOvo o€ pio BEon
00110 3 N . L
| Qo110 Cache ETUTPETETAL VOl UTTEL

701000 o gav/otav €ABeL otnV

| 01 TN N emory  Data , ,

01010 N TN S Address  blocks KpuPn pv. (xpwua)

01011 S L —

01705 | 903 Gl st | —gurme | * Kd&Be block péoa
111 : 1 A A

,,,,, 81112 1 812 0| garbage garbage otnv KPL,’(M MvNn Hn
10000 10011,00100 ouvodEeUETAL ATIO
10010 110[1[00110 ' .
1001 L] e n?\npo¢. 6Lsuqu0nq.
10100 - tivo¢ block pvnung
10110 7/ cacheline amnoteAel avtiypado;

‘%g%%% ,,{;1/’ 3%%3)?"8) which of these carry o . ,

‘ 11 useful mformatzon, ° Valldlty blt VLOL oTavV
11010 | Hash/ on versus which of them , ,
11011 LS are redundant kKaveva block pvaung

| ‘ . since tney can oe 7 ’ 7
11100 - Address bits deduced from Sev Bplok. Twpa 5w

%i 110 other information)?
,,,,,, 11111 7




o oY MpoBAewua bits o000 * T LS bits

08oc T AweoBn © fhaes  Sepouv.
00011 SN ALEUGUVGHC 11000 HVAUNG
1 | 4 = hash
00101 . omnvkaBe - (= has
3 00111 3 \\\ e ’ /// /// funCt|On
- 01000 S 700010 =
3 01 N ﬂ 01010 ] ;ache
01010 | . 10010
01011 | e Cache -~ - 11010 Ir) ex),
8%100 | . -/ 000 o ELVOL
- 01110 e yvwota
10000 1100 - 00100 otnv Kaoe
10010 - i110 10100 OEON NG
10011 | /. ey 111 ---._. 11100 A
%8100 - T KP. HVNLL.,
10110 v - . Index \\\x\\\ apla. T[Epl'[-
%g%é% e Which memory 82%%8 TEVOULV
11 3 block addresses 10110 oTnv 7T7\f]-
11010 | can ever be placed 11110 ,
11011 3 Has/hfon within a given pod)opla
11100 - LS, cache location™. 00111 SEev0
11 . Address bits (cache index)? . 01111 LEVOUV.
| 11110 e . 10111 8
...11111 g 11111




Block Addr. Memory

00000 Tag & Avalntnon pe Movoo. ATELKOV.
- 00
00010 : -
00019 - e Tag: MEPLTTO VAL TIEPLE
00100 N XeL ta Index bits
88110 3 B The processor 1 /
100111 j Mrequests this address * AOGELO"(IQ AlEUGUVUHC
8%000 tag N index TTOV LI)(XXVOUlJEZ
01013 || vTag pata ¢ MeTO Index and authy,
01109 s ||t 9901 L perisa StaBaloupe: Tag, Valid,
iiiii 01115 00 5o —— Kol Tautoxpova ta Data
10000 100]1/00 h
10 111 * Eav V==1 kau
10016 -0 Tag _
10100 - P T Too T piyvovps
P4—>]1'8110 - 10 :{ agﬁplmcov,ua
10111 - 10TE Evotoyia (Hit)
11000 3
11010 1 ) * Exoupe kat ta Data
11011 - Hashon , £TOLUQ, EQV EVOTOXLA
%%100 LS . Hit vData
11110 Address bits o
,,,,,, 11111 i




Increased Line (Block) Size, to exploit Spatial Locality

Example: « Line (Block) Size = 4 Words = 16 Bytes
Address « Cache Size = 128 Bytes = 8 Lines (Blocks)
: o5 32 .3 2,2 e Lines (blocks) are a-lway.s‘properly’ Aligned
T 2 Byte o All or none words—in—Line brought in Cache
| N in Word Numbers inside boxes are addresses —not contents!
Tag l 3 Index TWord in Line (Block) 2
11 1 0001 00000
000 V| Taggoo | 1 01%0 01 100 | 11 01%0 oqxxoo 11 010 0011XX00 11 0181006)0(00
111 11 001
001 |V Tagoot | 4 01(()) o100 | 11 01(()) | oqxxoo 11 | 10 0011XX00 11 0110000(1))0(00
1011 101 010
010 |V Tago1o | 44 0100 01 00 | 11 0100 oqxxoo 11 | 10 0011XX00 11 0110100(1))0(00
1111 01110 011
o 011V Tagoy1 | (1)10 1011)0(00 11 118010(1))0(00 11 11800011)0(00 11 118000(1))0(00
100 |V Tag g0 11 | 1%0 01X\Xoo 11 10 | o1x\xoo 11 | 10 0011XX00 11 118100(1))0(00
10111 10110 101
101V Tagyo1 | | 19) 01100 | 1110 101 100 | 11 [ 10 0011XX00 11 11100(:)0(1))0(00
11011 11010 110
110 |V Tagyyg | | 100 01 100 | 111001 00 | 11 [ 10 0011XX00 11 1110100(1))0(00
11111 11110 111
111 v Tagq11 | 44 10 101100 | 1111001100 11 [ 1010100 | 1111001 00
32 32 32 32
+ Y Y +
Conceptual 11 10 01 00
‘Horizontal’
layout of the J{?’Z
words in a Line Data




Address

‘“Vertical’ Layout of the Words 1n a Line(Block)

A

25

32

.3 .22

Byte

A N—

Same example:

Tag

25

3
Line Index‘

000
001
010
011
100
101
110
111

—

Line & Word

N 2 in Word

Index [° .-~

Tag000 //*//

Tag001

Tag010 | -

Tag011

Tag100

Tag 101

Tag110

< I < < L L[ LI LI

Tag111

« Line Size = 4 Words = 16 Bytes
o Cache Size = 128 Bytes = 8 Lines




Block Size Considerations

Larger blocks should reduce miss rate

| _ They al
Due to spatial locality thg%ﬁ;g;?g?%gs

But in a fixed-sized cache hence speed up

Tag look-
Larger blocks = fewer of them J HP
More competition = increased miss rate

Larger blocks = pollution

Larger miss penalty
Can override benefit of reduced miss rate
Early restart and critical-word-first can help

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 28



They also reduce

the number of Tags,

hence speed up

Tag look-up


Example: Intrinsity FastMATH

Llne Slze — 64 By — Address (showing bit positions) CaChe S|Ze - 16 KBy —

31 -+ 1413---65---210
= 16/words x 4By/w = 256 lines x 64 By/line
Index Block offset
18 bits . 512 bits
V  Tag Data
256
* entries
|18 d 32 d.32 Jd.32
(=
1 Mux_>
4.32

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 34



Cache Size = 16 KBy =
= 256 lines x 64 By/line

Line size = 64 By =
= 16 words x 4By/w


Write-Through Tautdxpovn Eyypadn

On data-write hit, could just update the block in

cache
But then cache and memory would be inconsistent

Write through: also update memory

But makes writes take longer
e.g., if base CPI =1, 10% of instructions are _stores,

write to memory takes 100 cycles Write-Combining:

: ~ _ sequential accesses
.EffectlvelCPI =1+0.1x100 = 11 to DRAM take shorter
Solution: write buffer for subsequent words

beyond the first one

Holds data waiting to be written to memory

CPU continues immediately
Only stalls on write if write buffer is already full

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 30



Ταυτόχρονη Εγγραφή

Write-Combining:
sequential accesses
to DRAM take shorter
for subsequent words
beyond the first one


Write-Back Etepdxpovn Eyypaodn

Alternative: On data-write hit, just update
the block in cache

Keep track of whether each block is dirty

When a dirty block is replaced
Write it back to memory

Can use a write buffer to allow replacing block
to be read first

Main Memory is inconsistent with Cache

We will revisit this when talking about 1/0, then about multicores...

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 31


Ετερόχρονη Εγγραφή

Main Memory is inconsistent with Cache

We will revisit this when talking about I/O, then about multicores…


Associative Caches ,
EPLKWC [NpOOETALPLOTIKEG

o Kpudeg Mvnpueg
Fully associative

Allow a given block to go in any cache entry
Requires all entries to be searched at once

Comparator per entry (expensive)

T "Block number" = MS part
n-way set associative of memory address, after

Each set contains n entries ~ discarding the LS addr. bits
corresponding to

Block number determines which set byte-within-block
(Block number) modulo (#Sets in cache) (line) offset

Search all entries in a given set at once
n comparators (less expensive)

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 40



"Block number" = MS part
of memory address, after
discarding the LS addr. bits
               corresponding to
               byte-within-block
               (line) offset

Μερικώς Προσεταιριστικές
Κρυφές Μνήμες


Set Associative Cache Organization

Address
3130---12111098---3210

422 48
Tag
Index
Index V Tag Data V Tag Data V Tag Data V Tag Data
0
1
2
® [ ] [ ] ® [ ] ® [ ]
253
254
255
Jd22 32
[ . \ 4 [~
(= (= (= (=
|
lé
®
|
# o1 mutiplex)
Hit Data

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 46




Mwc va mpoBAEPouUuE

Replacement Policy uénmov:

>uxva, To TpoodaTo
nmapeABOv anoTteAel

Direct mapped: no choice KaA) SvBELEN Yid TO

Set associjative MPOOEXEC HEAANOV!. ..
Prefer non-valid entry, if there is one
Otherwise, choose among entries in the set

Least-recently used (LRU)

Choose the one unused for the longest time

Simple for 2-way, manageable for 4-way, too hard
beyond that

Random

Gives approximately the same performance
as LRU for high associativity

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 47



Πώς να προβλέψουμε
το μέλλον;;
Συχνά, το πρόσφατο
παρελθόν αποτελεί
καλή ένδειξη γιά το
προσεχές μέλλον!…


2toyol Ewkovikne Mvnunc: 3 og 1

1. Ewovikil Mnxavn / Mpootaocia (Virtual Machine — VM,
Protection): kaBe Atepyaoia (Process) voulleL OTL €XEL
oAn tn punxovn (to xywpo dtevBuvoewv) dkn TN,
aveéaptnta (MPOOTATEVMEVN) OO TIC AAAEC

2. Emnimedo lepapyiac Mvriunc mpwv tnv AntoBnkevon/Aloko

3. EmiAuon tou mpoPAnpatoc Fragmentation: o StoBeooc
XWPOC LVAKNCG YA vea dlepyaoia lval KOUUATLUOMUEVOC

e Ataxelplon oo AELTOVPYLKO 2U0o. HE BonBeta amo to YALKO

12a - Ewovikny Mviun (Virtual Memory) - HY-225 © U.Crete 10



Address Space

2 DDy IXIXIXDA e 1o DXL e IXIXT 2 XX

Y

per-block

indirection (Translation) Table

Data blocks (pages) rEV[_Kr'] 60ur'] ELKOVLKTI]C MVﬁuﬂC

e Y& avtiBeon pe TNV opy. TWV KPUGWV

LVNUWV, OTtou PAXVOUE OTLC UTIOYN -

dLec Beoelc yLa TNV emMBuUpNTA YPAUUN

* Mivakog tou deiyvel, yua kaBe block (“page”),
niov Bploketal otnv (Hkpotepn) Guoikn Mvnun

* Edpkto emeldn edw ta blocks («oeAidec») eival
TTOAU HEYAAUTEPQ OTTO TLC YPOLUUEC KPUDWV V.

* KaL emeldn n Staxeiplon tomoBETNONC / AvILKa-
TAotTooNnC elvall o€ AoyLopko (Asttoupyko — OS)

* KOL VLA ETTITEVEN EEQALPETIKA LLKPOU Miss rate

12a - Ewovikny Mviun (Virtual Memory) - HY-225 © U.Crete 11



Process A
Virtual Memory

Physical

Physical Memory

Page Number—0

0
private data
e
= 2
g 2 | rw-
3 3
3 __
Q e | ="+ on disk
- 4
o private stack
a4 —W— g
2 5
S 5
6
6 output-only
7
7 , | rw—
8
Page Table of A >
V Prot D R Phy.Pg# 9
0l0| ——-
—1[1 ] ==X 8
2|1 | rw— 1 A
310 | r—— <disk addr>
41 | —w— 6
5|0 | ——- B
6|0 | ———
711 rw— 4

Two Processes, A and B,
instances of a same program,
1solated from each other,

except for a shared data page

Process B

Virtual Virtual Memory
Page Number——0
——x 1
_ 2
on disk < =% -
- r—— 3 L ]
shared data (input-only)
4
5
shared text (non—writable) 5
hysical address: B1C T
ie M T~

virtual address: 71C
private stack

1C is the offset—-within—page




Translation Using a Page Table

Page table register

Virtual address
47 46 45 44 43 -« ociiiiiiiiiiii 15 14 13 12 11 10 9 8 -+-«--- 3210
Virtual page number Page offset
436 \12
Valid A Physical page number
— Problem:
Index / Very Large Size
within ; : of single-level
Page  rpagetabie Page Table;
Table Solution:
Multi-Level
128 Page Tables.
If 0 then page is not
present in memory
39 38 37 ............................... 15141312 11 1098 ...... 321 0
Physical page number Page offset

Physical address

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 72



index
within
Page
Table

Problem:
Very Large Size
of single-level
Page Table;
Solution:
Multi-Level
Page Tables.


Virtual Address

Virtual Page Number |5

—
o
o

One-Level Page Table

R G N N R Y T QT QT G Qi G Y
a0 a0 0000
—_ ek ek L OO OOt —
el oleoYSYeleo YY)

Physical Page Numbery

00000:
00001:
00010:
00011:
00100:
00101:
00110:
00111:
01000:
—01001:
01010:
01011:
01100:
01101;
01110:
01111;
10000:
10001:
10010:
10011:

Virtual Address

Two—-Level Page Tables

0100 A 5 C 0100 A &5 C

12 {32 12
B/ Phy.P# © 000: R1°°t F:Q 1Dl pointer to second-level
25 ] oow |5 001:[0 page table
1T 5C 1 |000 - 010:1]_o+— .
0 S 011:[0 00-.0
0 group 10110 10:[1] 3C
0 001 110:[0 11:[0
0 1114
B+ |orow

! 00:[1]_EE

1 05 010 —>01:[1]_B7 ¢
8 - 10:{1] 05 D
2 group 11:10 N
0 011 O
0 - ()
0 00:[0 &
0 group 01:[0 o
0 100 10:[1_8D
0 Pl 11:(1] FA
8 group
0 101 ! !
8 B 7 A5 C
8 ?qo(t;p Physical Address
0 o .
8 group 5 In this ex.ample:
1T 8D 111 o o Page size: 4 KBytes

(@) .
11 FA 1) 3 e Virtual Address Space: 128 KBytes

v => 32 virtual pages per process

. sica ress Space: te
B 7] A5 C | Physical Address Sp 1 MBy

Physical Address

=> 256 physical pages



Replacement and Writes

—_—
To reduce page fault rate, prefer least-

recently used (LRU) replacement

Reference bit (aka use bit) in PTE setto 1 on
access to page

Periodically cleared to 0 by OS

A page with reference bit = 0 has not been
used recently

Disk writes take millions of cycles
Block at once, not individual locations
Write through is impractical

Use write-back

Dirty bit in PTE set when page is written

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 74



Fast Translation Using a TLB

PID "
(rocess D) TLB (often/usually fully-associative)
Virtual page as well? Physical page
number ValidDirty Ref / Tag address
| |
1(0[1] / .
1 1 } / .~ Physical memory
Y >
~(1]0[1 [ virl. page num. | phy. page nun:
0[0]0
110(1 o
Page table
TLB — Physical page
Valid Dirty Ref or disk address
Translation USLIN —
. 1010 o« Disk storage
- 110(0 (
Look-aside olol — — — o
0[0][0 — —
Buffer 1101 -/// "] |
110(1 o~ | |
0/(0]0 ——~7
(a cache of 00 = k |
111]1
- \—_—__‘/
Page-Table ofolol e —
entries)

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 76



(often/usually fully-associative)

virt. page num.

phy. page num.

PID
(process ID)
as well?

TLB =
Translation
Look-aside
Buffer
(a cache of
Page-Table
entries)


Virtual address

31 30 29 ccerevrreiiiiiiiiiiiiieaaa, 14 13 12 11 10 Q-vvvvv--- 3210
l Virtual page number Page offset
+12
Valid Dirty Physical page number
TLB Q
[©)
TLB hit <—e o
(Ol
[©)
o—
420
Physical page number |
Physical address
Physical address tag I Cache index |
\\8
412 Data
Valid Tag

Cache

r:
Cache hit

—

This is why we want

large pages, else
forced to increase Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 80
associativity of L1

{32

Data

TLB and Cache Interaction

If cache tag uses
physical address
Need to translate
before cache lookup
Alternative: use virtual
address tag

Byte

e Complications due to

aliasing
Different virtual
addresses for shared
physical address

Often we want: physical addr. cache, and TLB
access in parallel with tag read from cache.
This requires cache index to be fully contained
in page offset bits, which means:

Cache Way Size = Page Size


Often we want: physical addr. cache, and TLB access in parallel with tag read from cache. This requires cache index to be fully contained
in page offset bits, which means:

Cache Way Size ≤ Page Size 

This is why we want large pages, else forced to increase associativity of L1


EkteAeon Aepyaoiac A, o User Mode

, S i
>e User mode anayopevovrat: & |@EP“§7[$§L§E'|T$VEC|
] ! 8
* EkteAeon «lpovoulouxwv» |z &
evtoAwv (privileged instruct.) <% [Reg-Fie
’ . = Addr
* NMpoomnélaon pe MS bit 212 pageos

—h
—
©

ELKOVIKNG 6leuBuvong ==

v.page num.

__( User pg.tbl.ptr.
i

Physical Memory

Privileged Instructions only

¢ AT[OT[El-pa T[apaBl-ao-nql r] W kernel pg.tbl.ptr.

Xtrap

page fault, n ecall emupepet:

=> Exception/trap: eilco8oc oto AELTOUPYIKO
(kernel/supervisor mode) otn 6tevB. TVEC

12b - lpootaocia, User/kernel, Eéaipéoeig/Atakonég - HY-225 © U.Crete

Y

user A
page tbl

user B
page tbl

kernel
page tbl.

12



Elcoboc o Kernel (Supervisor) Mode

user/kernel bit
| EPC ‘ICAUSEIIT\ﬁECI

e ArtoOnkevon tou PC tng

Processor

— amayopevetal elcodoc aAlo !

__0 user pg.tbl.ptr.
—

A

A

Physical Memory

A

dlakormeioac eVtoAnC oTtov N 7
. s | S LFPC |
katay. EPC (exception PC) = E——
S| 2
* véoc PC = TVEC (trap vector) § Lo
, , , > 1; page offs.
— TOV £XEL OPLlOEL TO AELTOUPYLKO S 1/19( vpage num.
5
:

kernel pg.tbl.ptr.
|

L

* set Kernel mode (& save prev. mode)

==1

* CAUSE reg. «— kwdwog attiag e€aipeong/dlakort.

* >¢ kernel mode smitpENovIOL TTPOVOULOUXEC
evtoAeg Kat rpooTiel. o€ kernel addr. space

12b - lpootaocia, User/kernel, Eéaipéoeig/Atakonég - HY-225 © U.Crete

Y

user A
page tbl

A

user B
page tbl

Y

kernel
page tbl.

13




[Mpostowacia alhayng o Atepyaoia B

oplopoata, SedouEVD, KATL.

* Otav TPEXEL TO AEITOUPYIKO G| [iduserikemel bi
O| LEPC |[CAUSE|[TVEC]
(o€ kernel mode, pe MS addr. g —
. I/ ’ o< <
bit == 1), BAETEL KOL TOV XWPO |5 |5
’ ’ 2 |<2 |Reg.Fil
6leuBuvoewv Tou mponyoUU.  |§| £, ——
r] ’ET[OIJ'EVOU )’(pnctlnl T[pOKEL_ ‘§ _32 1; page offs.
LEVOU va TtallpveL 1 Sivel S [ 1ol voage nup
S0
:

kernel pg.tbl.ptr.
|

L

__p user pg.tbl.ptr.
—

A

A

Physical Memory

A

user A
page tbl

A

==1

—

* 2TO OXNUQ, TO AELTOUPYLKO
eTolpaletal va aAaéel otnv dlepyaoia xp. B:
— aAAayn tou User Page Table Pointer
— entovadopa KaTtoxwpentwy Tou xpnotn B

12b - lpootaocia, User/kernel, Eéaipéoeig/Atakonég - HY-225 © U.Crete
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page tbl
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kernel
page tbl.
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Ermtiotpodn o Atepyacio B (User Mode)

e Set User mode

* Enavadopa tou PC o€ 0,TL
elxe owBei otov EPC otav eiye
Sdtakormei n diepyaoia B

* Movov ol oeAibec tou
TEPLEYOVTOL OTOV page table
Nnc dlepyaoiog B eival twpa
OPOTEC ATO TOV EMEEEPYAOTN

Processor

Privileged Instructions only

@ user/kernel bit
[ EPC |[CAUSE|[TVEC]

Reg.File

>
o
o
=

All .
@ Instructions

12 page offs.

—h
—
©

v.page num.

"1 kernel pg.tbl.ptr.

Xtrap

__( User pg.tbl.ptr.
i S

Physical Memory

user A
page tbl

_—

12b - lpootaocia, User/kernel, Eéaipéoeig/Atakonég - HY-225 © U.Crete

user B
page tbl

kernel
page tbl.
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Awakoréec (Interrupts) kat E¢opeoeic (Exceptions)

* Interrupt: yeyovoc uPnAotepnc npotepaLlotnTac (T.y.
NMEPLPEPELOKI) CUOKEUN) EXEL AVAYKN VO XPNOLLOTIOLNOEL
Tov eneéepyaotn, Ko yU auto SlakomteL tnv dlepyacia
XOLLNAOTEPNC TIPOTEPALOTNTOC TTOU TPEXEL EKEL TWPA

* Exception: KATLTIAYE oTpaPa otnv tpEYovoa dlepyaoia,
KOlL N EKTEAEON TNC OEV UITOPEL VOL CUVEXLOTEL WC EXEL,
aAAd TIPETEL va OLOKOTIEL, €T TEAEOLOKO, ELTE
npoocwpwva HEXPL S10pBwon Kol EMOVEKKLVNON

* [MapOMOLOC LNXOVLOMOC KoL VLA TLC SU0 TIEPLITTWOELC,
AVEEOPTATWC ALTLOC

12b - lpootaocia, User/kernel, Eéaipéoeig/Atakonég - HY-225 © U.Crete 16



AtevBuvon Elwoobou, Vectored Interrupts

e TVEC (Trap Vector (f “Supervison Trap Vector” — STVEC)): AlteUBuvon
£L0000U 0TO AELTOUPYLKO, OXL UTIO TOV EAEYXO TOU Xpnotn (wote va
LN UTTOPEL AUTOC VAL TIOPAKAUTITEL TOUC EAEYXOUC aodaAeiac), Tt..
aTto €LOLKO KOTOXWPENTH TTOU TO AELTOUPYLKO 2U0. BETEL Ao Mpwv

e CAUSE Register (1 “Supervisor Exception Cause” — SCAUSE): KwWOLKOTIOLN-
LEVN TAnpodopia yLd To rola n attio tng Stakomng N e€aipeonc

* Vectored Interrupts — evoaAAAKTLIKOC TpOTIOC cuvduaopoU Twv dUo:
dladopetikn StevBuvon eloodou yla tnv kAbe dladopeTikn aLtia
— KAtL oav Switch Statement Bdoel attiac yid eloodo oto AELTOUPYLKO
— TIAEOVEKTNMOA: YALTWVOULE VO TO KAVOUE o€ software
— MELOVEKTNHO: KOWOC KWOLKAC 0TNV apXH, O€ OAEC TLC TEPUTTWOELC, YL CWOLUO
KOTOXWPNTWV KATL. TTPOETOLHAOLEC, KL UoTEpa To Switch Stmt. BdoeL attiag

12b - lpootaocia, User/kernel, Eéaipéoeig/Atakonég - HY-225 © U.Crete 17



Kootoc Ekkivnonc — MNapoyxn (Owovouio KAlpokoc)

ns 4
® 30 | Napadeypo DRAM:
E 1 o et .+ ONUOVTIKO KOOTOC EKKIVNONC
S 25| et L Ih_'j‘?_l:'gh_l?_‘!t _____ e TIOAU LIKPO KOOTOC YLa. YELTO-
% (1] GHz DDR 2 Gw/s, o 5 VIKEC AEEELC Ao OLa ypapLun
g 20 " 2 words: per ns, or; % Pineline:
3 1 word per 0.5 ns). Napaoetypa Pipeline:
15 ' ' : * KAOTOC €KKivnoNC = 4
| | * Mapoxn (puBuOC oAokAn-
> Start— .
10]] . Stair:24ut5 205?]‘:; pwonc) = 1 evtoArj/KUKAO poA.
5 ' | = AmnooBeon Kootoug
| , | | LECW auénaong tou
o] | | | . '
o 2 '4 6 '8 10 12 14 16 neyeboug block tng

Number of Words read—out £pyaoLoC

13a - DRAM, Memory Interleaving - HY-225 © U.Crete



Opolwce Kot Tor AlKTua KoL oL ypnyopec Aptnpleg

* Napadeypa: Omtkn iva 2 km, 100 Gbits/s
— Tay. dpwtog (SinAektp.) = 200 Mm/s = T, mpwtou bit = 10 ps
—Mapoxn = 100 Gb/s = 10 GBy/s = 10 By/ns = 1 By ava 0.1 ns
 amAomnouwntikn tapadoxn: 8b/10b line encoding (onuepa: 64b/66b)
* Napadeypa: Aptnpia cav PCle (x1), 20 cm, 25 Gb/s
— T4 mpwtou bit @ 200 Mm/s = 1 ns
—Mapoxn = 2.5 GBy/s = 2.5 By/ns = 1 By / 0.4 ns (am\omn.: old encoding)
— Eav Packet Header = 12 Bytes (6teuBuvoelg, format, size, kAmt.) =
t, mpwtou data (“payload”) Byte = 1 (xmit del.) + 4.8 (hdr) = 6 ns
— Eav 64 By payload = 6 (startup cost) + 26 (payload) = 32 ns total
— Eav 4 KBy payload = 6 (startup) + 1640 (payload) = 1.65 ps total

13a - DRAM, Memory Interleaving - HY-225 © U.Crete 9



NoapaAAnAtopoc Mvnunc: AtaduAAwon (Interleaving)

Requests (Addresses), e.g. at the rate of one every 10 ns

Y Y Y Y
e—[ 4 & L < <
§ \ Y Y \/
g oo °c oo o« oo o« oo
S |A000 A040 A080 A0CO
2 A100 A140 A180 A1CO
2 A200 A240 A280 A2CO
= A300 A340 A380 A3CO
o A400 A440 A480 A4CO
7 A500 A540 A580 A5CO
o A600 A640 A680 A6CO
§ A700 A740 A780 «|A7CO
o o o e o o o o o X o o o
C
Rate: 1 cache line Rate: 1 cache line Rate: 1 cache line LSS Rate: 1 cache line
(64 By) per 40 ns (64 By) per 40 ns (64 By) per 40 ns (64 By) per 40 ns
Memory Bank O I\/Iemory Bank 1 Bank 2

Yeg.: 64 @400 MHz Y DDR
Responses (Data): one cache line (64 By = 512 b) every 10 ns 64 + 64 bits every 2.5 ns

MoAAaTAEC pvrReC o€ tapAAANAN Aettoupyia, Staomtopd Sedopevwy HETAEL TOUG
13a - DRAM, Memory Interleaving - HY-225 © U.Crete 12



1/0O Instructions versus Memory-Mapped I/O

Exouv umtapéel oto apeABOV LOLKEC EVIOAEC:
* Input: avayvwon mAnpodopiog amo eEwTEPLKN INYN
e Output: amootoAn nAnpod. o€ e€WTEP. TPOOPLOUO
>ApEpa cuvnBwc: Memory-Mapped Input/Output (1/0)
(Arteikovion Mvnipung twv Movadwv Eloodou/EE660u (E/E)):
* load: avayvwaon Omwc arno puvnpn, aAAd amo eEwTt. mnNyn
» Store: onwc eyypadn oe pvnun, aAAa oe e€wtep. poop.
* Atadopornoinon Movadwv E/E amo kavov. pviun Pacet
AlevBuvonc: TuNpa Tou Ywpou [(puoikwv) dtevBuvoewv
APLEPWLEVO OE CUOKEVEC ETILKOLVWVLAC, aVTL uvr']ur]q/

13b - Erukowwvia pe Tic Mepippelaxéc Suokevéc - HY-225 © U.Crete [1p00f. peow OS, yia Npootaocial 2



Manolis GH Katevenis
Προσβ. μέσω OS, για Προστασία!

Manolis GH Katevenis

Manolis GH Katevenis

Manolis GH Katevenis


Polling (AswypatoAnwia), Busy-Wait kot eVOAAAKTLIKEC

* Polling («6etypatoAnilar, N «mepltodevon»):

— O tpomoc avapovncg ya vea dedopeva etoodou, 1 yia Suvato-

TNTA EMOUEVNC €€E000UV, HECW ETIAVELANUUEVNC AVAYVWONC TOU
Status Register — Ready/Busy bit, HéxpLc auTto va yivel £ToLuo

* Busy-Wait:

— JUVEXNC avayvwaon tou, ou dev adnvel
Tutota AAAO XpNOLUO va YIVEL, LEXPLC
otou to Ready bit deitel etolpoTNTO

— EvaAAaktikd: to Stafaloupe epLlodika,

Status Register [fg

:I:E:‘ during transmission)
o Vi
poll/wait —— Busy|R!

Oa

Error (e.g. parity/CRC,

oVerflow (e.g. 2nd write
before 1st read)

Ready — poll/wait

/
@,

Q.
S,
IR @
Read

»

VW eVOLAUECO KAVOUUE Kol AAAEC EpYAOLEC.
Mo e€aodpalion otL mote dev Ba apyrioouvpe uTtepPBoOALKA, TT.X.:
o€ KaBe interrupt amno to real-time clock (kaBe ~10-20 ms)

13b - Emkowvwvia ue tig Mepuppelakes Zuokeveg - HY-225 © U.Crete
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O ywpoc 6teuB. I/0 mpemel va eivatl Non-Cacheable

Processor Memory
store
poll k& wait...
Cache 1234.abc0[ 13
Jlew writelback 1234.abc4|-27 :
1234.abc[66 313-27/13]-----\-- ventlally) |~ 1234-abc8212/old Input Device
c 8 4 0 Y[ 1234.abcc|66 ,
Ziay ffif ooolg)ev? Status R

if the 1/O #.000 | T[]0 |t o RN N L otatus Reg.
cxlglri;ezil g]}zggzl&“ c 8 4 0 . . ffff.0004| O |Data Reg.

A

Y "bus

A
Y

" A
Y

* Onote B€oelg «puvnunc» mpoorneAalovtol amnod moAAanAouc mapayovieg (I/0
noAvemneepy.), TUXOV avtiypada oe KPUDEC UV EC amatouv 0Lk ppovtida

* Edw: ZeAideg non-cacheable (amayopeletal to caching). AAoU: Zuvoxn Kp. Mv.

* JnUEwwOoTE: TO Write-through gival NULUETPO — HLOVO OTOCTOANR, OXL AVAyvVWaon

13b - Emkowvwvia ue tig Mepuppelakes Zuokeveg - HY-225 © U.Crete



Interrupt-driven I/O (E/E Bdoel Stakomwv)

* To Polling ouyva eivat acupudopa xpovoPopo
— WSlaitepa otav puBuOC adLEnc motkiAAeL eupewc (ampoBAemtol xpovol)
— avayvwon I/0 Status reg. 10-100’6e¢ kUkAouc poAoy. (non-cacheable!)
* |/O Interrupts: o cuvnONC eVOAAAKTLKOC UNXOVLIOUOC
— Interrupt (Alokomnn) mapopotla pe Exception (E€aipeon) — §12.3
— ACUGOYETLOTN LLE TO TIPOYPOLLLLOL TTOU TPEXEL OTOV AUTH CUMLPBOLVEL
— Aev UTTAPXEL ALVAYKN ALKUPWONG KAKLAC EVTOANC otnV pipeline
— ATTAOC INXOWVLOULOG: EVal cUPULOL OVA TIEPLPEPELAKI) OUCKEUN, TO
OR 0Awv touc npokaAel tnv amobnkevon & aAlayn tou PC KA.
— JUXVA LLE TIPOTEPALOTNTEC = EVOEXOUEVN CUCCWPEUON SLAKOTIWVY
XOLUNAOTEPNC IPOTEPALOTNTAC = Ttpocoxn otov katay. CAUSE

13b - Emkowvwvia ue tig Mepuppelakes Zuokeveg - HY-225 © U.Crete 13



Direct Memory Access (DMA)

(1) set up and... ...go!2@) T
\
Memory \Fast /0O Devicel
Processor DMA | Engine Buffer
- :
s Other work T ' Ctrl FSM
l V4 —rFrom Addr. T .|
: Sz
L —rTo Addr.Reg.
Cache . L
Mpoooxn —rSize/count
TUXOV QvTi- SZ
TUTIa €dW!...
© ]
1 "bus" 1 _ burst transactions

13b - Emkowvwvia pe tic Nepippelakéc Suokeveg - HY-225 © U.Crete
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Manolis GH Katevenis
Προσοχή
τυχόν αντί-
τυπα εδώ!…


AntAO mapadsyua MoAunmupnvou Enteéepyaotn

Core 0 Core 1 Core 2 Core 3
Processor Processor Processor Processor
everchycle everchycIe everchycIe everchycle
Private Private Private Private
L1 (D) Cache L1 (D) Cache L1 (D) Cache L1 (D) Cache

on missesTon/y on missesTonly on missesTonly on missesTon/y
v v Bus Y " —
| Arbiter

Shared Memory

(Shared rest—of-Memory Hierarchy)

* Emkolvwvio/ouvepyooio LECW KOWVOXPNOTNC LVALNG
—yla VoL apKel Eva kolvoXpnoto Bus yLa TIC CUVOALKEC OLOTOXLEC:
£wc =8 enetepyaotec (A =16 €av kat oL L2 caches sival private)

14a - Kowvoypnotn Mvnun, Zuvoxn Kovpwv Mvnuwv - HY-225 © U.Crete



To npoBAnua tnc 2uvoxnc (Coherence) Kpudwv M.

Core A Core B
Processor Processor
loc\zd st0|re load loaa’ 77
1 3
U\ Ul—zz U\ U"?'?
1c0400/-2|13 1c0400[-2]|13|117
Private \ Private/(
Cache Cache
@\ Bus /@ Arbiter
miss\ /miss
\ /
1c0400-2/13

14a - Kowvoypnotn Mvnun, Zuvoxn Kovpwv Mvnuwv - HY-225 © U.Crete
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7Y

Shared Last-Level Cache & Memory

e MoAAammAd avtituma tng
(dlac mAnpodopioc

e Otav to €va aAAAlel, ta
AAAQL TL KAVOUV;

* Mpog MvAun/LLC ¢po-
vtileL to write-back

* Mpoc aAAec Caches??

* Z€peL O A OTL Kol AAAEC
caches €xyouv avtituna
¢ ypapuuncg 1c0400 ?

* No ta evnUEPWOEL
N VOl TOL AKUPWOEL;



— I ° I I I I
Lo KaBe cache line pou, €epw gav TNV £Youv Kol aAAoL;
Core A Core B Core C Core A
Processor Processor Processor Processor Processor Processor Processor Processor
store store
| |
1-22 1-22
400 A7 ] 400[[[117]] | | 400[[[117]] 400 [ IA7]]
Private '\ Private Priv. [ Priv. [ Private \\ Private Priv. Priv.
Cache \ Cache Caehe Caehe Cache D Cache Cache Cache
I N_ J[Bus ~ J| _— [|l— '~ |[ Bus [ _»??7  Jl—
~ = _— Arbiter| | o~ —— Arbiter
future write—back Do "somethiplg" — what?? future write—back \ Wasted| pction!...
4 4
| 400[ [ [117]] Shared LLC (& Memory) | 400 [ [117]] Shared LLC (& Memory)

e Eav urntapyxeL n mAnpodopia OtL N
cache line 400 sival “Shared” =
* ] VOL EVNULEPWOOULLE

N VO LKUPWOOUE

TOL UTTOAOLTTOL AVTLTUTIA TNG

e Edv OpWC EEPOUE OTL EXOUE
tnv cache line 400 “Exclusive” =

* Ba Atav oaTtaAn va amna-
oXoAoU e To Bus aveu Aoyou

14a - Kowvoypnotn Mvnun, Zuvoxn Kovpwv Mvnuwv - HY-225 © U.Crete




Write-Update versus Write-Invalidate

Core A Core B Core C Core A Core B Core C
Processor Processor Processor Processor Processor Processor Processor Processor
SZOII’E stolre
1-22 1-22
200[T[Z#71] 400[T 37T | | 400 B 400[TZ#71] 20 IR]] | | 2e0( 3R]
22 22
Private '\ Private Priv, Priv Private '\ Private Priv, Priv.
Cache A Cache Cache Caehe Cache A Cache Cache Caehe
I N JlBus ~ || _— Jl— L N JlBus ~ [ _— Jl—
—~ = —— Arbiter| I —~ = ——— Arbiter
future write=back\  Update: brogdlcast Address, new Value future write=back\  [nyalidate: brpadcast the line Address
1 )
| 400[ [ [117]] Shared LLC (& Memory) | 400 [ [117]] Shared LLC (& Memory)

* Write to Shared: Update all others < Write to Shared: Invalidate others

* Onwc to write-through, petadepel  * «Ag amoteAelwow eyw tn OOUAELA
AEEN-AEEN, avTi OAOKANPN YPOUUA LLOU TOTTLKQ, KOl LETA OTIOLOC AAAOG
* AEV TO TPOTIUAME: cuyxva n xpron  ta BeAeL ag ta {avalntnoew

véwv data amno6 aAloug emes. apyel o To guvnOLopEVO NPWTOKOANO

14a - Kowvoypnotn Mvnun, Zuvoxn Kovpwv Mvnuwv - HY-225 © U.Crete 10




Snooping Coherence — Zuvoyn neow MapakoAouOnonc

* Snoop: NMapakoAouvBw, Kpupokoltalw, KATACKOTIEU W

* Kowvoxpnoto Bus, tou oAec ot Kpudpec Mvripeg
TO TtapatkoAouBouv, Kal OoTtou OAeC SLaAaAoUV

(broadcast) oAa 6oa rtpemeL ot AAAEC va EEpouv Englo?y,
— To amAouotepo MPwTokoAAo Zuvoxng Kpudpwv Mvnuwv M. schulz
— ATTOS0TLKO yla EwG Tiepimou 8 KpudEC [ Fueee, v | [ Prosesser

LVALEG — TIEPAV TOUTOU N Kivnon | T e
yivetat amayopeutikd moAAR T — j Tm o
— O Awowtntic (Arbiter) opiteL tnv W D gl e
KOALOOALKN) OELPA TWV YEYOVOTWVY - vl ll o
(Memory Consistency — Zuveneia) -

— Tags: 600 avtiypada — birmoptn avayvwon — BAéne endpevn Sadavela

14a - Kowvoypnotn Mvnun, Zuvoxn Kovpwv Mvnuwv - HY-225 © U.Crete 11



Kataotaon (State) kaBe MNoapunc: opoAoyia “MOESI”

Obliged to Write—back

my copy is up to date;
M . O the memory version is outdated;
odified wned I am responsible to write back to
memory, and also to provide this
up to date version to other caches

Free to Evict

I |: S Ehe mei,lmory or danother cache
1 ave the up to date version,
xclusive hared and I have a copy of that, which
I am free to evict at any time

Guaranteed Exclusive  Potentially Shared
it 1s guaranteed that my copy other caches may have I 1
is the only copy currently copies of this line nvalid
existing in any cache (not known for sure)

nothing in this cache line

e Enéktaon twv Valid-Dirty (per line) bits: Tt E&€pw yLad TNV ypopun avtn

14a - Kowvoypnotn Mvnun, Zuvoxn Kovpwv Mvnuwv - HY-225 © U.Crete 13



Dynamic Multiple Issue

“Superscalar’ processors

checks dependencies and

CPU decides whether to issue 0, 1, 2, ...
each cycle

Avoiding structural and data hazards

Avoids the need for compiler scheduling
Though it may still help

Code semantics ensured by the CPU

Allows executables to run on newer processors,
with same ISA but different pipeline,
without needing to be recompiled

Chapter 4 — The Processor — 111



checks dependencies and

Allows executables to run on newer processors, with same ISA but different pipeline,
without needing to be recompiled


Dynamic Pipeline Scheduling

Allow the CPU to execute instructions out
of order to avoid stalls

But commit result to registers in order

Example Out-of-Order (0o0) Execution
1d 20(x21) In-Order Commit
’ (so as to flush results of mis-
add x1 ’ ’ X2 speculated instructions, and
sub x23,x23,x3 also allow precise exceptions)

andi x5,x23,20
Can start sub while add is waiting for Id

Chapter 4 — The Processor — 112



Out-of-Order (ooo) Execution

In-Order Commit

(so as to flush results of mis-speculated instructions, and also allow precise exceptions)


One "thread of control" = one

i - (traditional) sequential program.
M u Itlth read I n g Multiple threads = parallel program.

- Performing multiple threads of execution in
mimic para||e| but Share the

multiple S Uit
hus: = Replicate registers, PC, etc. unctional units
R - ° and the Caches

Fast switching between threads

Fine-grain multithreading
Switch threads after each cycle
Interleave instruction execution
If one thread stalls, others are executed

Coarse-grain multithreading
Only switch on long stall (e.g., L2-cache miss)

Simplifies hardware, but doesn’t hide short stalls
(eg, data hazards)

Chapter 6 — Parallel Processors from Client to Cloud — 16



but Share the Functional Units and the Caches

mimic multiple cores, thus:

One "thread of control" = one (traditional) sequential program.
Multiple threads = parallel program.


