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m Sectionl
= NFHS: The memory abstraction

m Section 2

" CachefFiEBEEFIF0I2{E Cache memory organization and
operation
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BS¥0i%ER{FE Writing & Reading Memory¥

m 5 Write

= MCPUBRRTFEIXEIE Transfer data from CPU to memory
movqg %rax, 8 (%rsp)

“TFE #2{E “Store” operation

A

m J3E Read

= MIRTFEEICPUIEIEZEE Transfer data from memory to CPU
movq 8 (%rsp), S%Srax

n AEHRME “Load” operation

From 5t lecture ,



{45 (2008 280) cPURIATFZIEMEES LN~
Traditional (pre-2008) Bus Structure Connecting CPM
Memory

n BEER—ARFTRIBF ERibiL, 2ETHEFESRISE Abusis
a collection of parallel wires that carry address, data, and control
signals.

s BEEEREZMEEBHER] Buses are typically shared by multiple
devices.

CPURSR CPUchip o
E1FE () Register fije——
V| ALU |

\ -V HERE

System bus Memory bus

BeEn <j §t> 0 <j [>> o
Bus interface Bridge 15 memory




RFEFRS (1)

Memory Read Transaction (1)

s CPUISHIIEARIBIRTFESEZ L CPU places address A on
the memory bus.

Register file

%rax <1,:| ALU

Jr

Bus interface

F<ak1%(E Load operation: movg A, $rax

Main memory
I/O bridge 0

g ———| Ny
N——

AN
K ———a




RFREESES (2) >
Memory Read Transaction (2) -

n EFEMNAFESEIRGHINEA, EENIMAYF X, FISELRY
BIS% I Main memory reads A from the memory bus,
retrieves word x, and places it on the bus.

Register file

: <20 2(F Load operation: movg A, %$rax

%rax <:| ALU
ﬁ Main memory
/0 bridge X 0

A1 N L N

Bus interface \I—I/I I\l—l/ " A




RFESS

(3)

Memory Read Transaction (3)

m CPUM B 2% AN FHE N B FSE2E%raxFHR CPU read word
X from the bus and copies it into register %rax.

Register file

%rax

JIC

'

: ALU

Bus interface

%<4 2(F Load operation: movg A, %$rax

Main memory

I/0 bridge

>

—=

0

A



RAESHES (1)

Memory Write Transaction (1)

= CPUISHBIEAREIS S £, EFREAUIHSSEUETF

ZlI3 cPU places address A on bus. Main memory reads it

and waits for the corresponding data word to arrive.

Register file

%rax y <:| ALU

Jr

Bus interface

_M_ﬂﬁ“c___
K.\.
-

g

1Z(i&IE(E Store operation: movqg %$rax, A

I/0 bridge

g —— Ny

NV

A N

N—

Main memory
0

A




RAEFES5HES (2)

Memory Write Transaction (2)

s CPUIGEL:

bus.

Register file

: ALU

%rax

5

i

R FVvEEI 22 CPU places data word y on the

1Zi&E{E Store operation: movq %rax, A

Main memory

I/0 bridge

S N
Bus interface N — /

YN
N

0

A



RAESHES (3)

Memory Write Transaction (3)

s EFEiEEEN

BEFyFISEEAMIEA Main

memory reads data word y from the bus and stores it at

address A.
Register file
%rax y <1':|

J1r

Bus interface

ALU

1Z(i&IE(E Store operation: movq %rax, A

main memory

—=

I/0 bridge

0

A

10
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o fEHRIEEMERS: EFIER RAM : main memory
building block

1
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fEtBIRAEF(RAM) o
Random-Access Memory (RAM) s

s EBYFE Key features
» (B EEEE/9— Nt/ RAM is traditionally packaged as a chip.
- B E R AZEISRMIEZEN /9 or embedded as part of processor chip

» HATFHEEITIERE R cell (B cell@— bit) Basic storage unit
is normally a cell (one bit per cell).

= ZRAMG FFE— 1 NITFE Multiple RAM chips form a memory.

m RAMBFFHZEE! RAM comes in two varieties:
= SRAM(EEZRAM) SRAM (Static RAM)
= DRAM(ZIZSRAM) DRAM (Dynamic RAM)

12



RAM3$EZAR RAM Technologies S

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

m DRAM

== WU puie
{
isvEVENTEEEYI DY BTN NN

. SMLBEE— R, " SRR AT

&k . .
—/NBZS 1 Transistor + 1 (L= 6 transistors / bit

. . K LIS
capacitor / bit O Kﬂ‘%&r%,-@ Holds
= BIZSEEFEE T Capacitor state indefinitely

oriented vertically

HIRFIHBHERIBRIATS Must

refresh state periodically

13



SRAM vs DRAM Summary /M5

Trans. Access Needs Needs i

per bit time refresh? EDC? Cost Applications

SRAM 6o0or8 1x No Maybe 1000x Cache memories

DRAM 1 10x Yes Yes 1x Main memories,

frame buffers

EDC: ZEEMMFIZYIE EDC: Error detection and correction

m #8538 Trends

s SRAMPBEEHSNEI ANiHEE SRAM scales with semiconductor
technology

« IAZERPR Reaching its limits

» DRAMIEES&/NESIEIKFEF] DRAM scaling limited by need for
minimum capacitance

- HEEVIRHI TEE S BERYRE Aspect ratio limits how deep can

make capacitor

- 1AZE T EHRPR Also reaching its limits

14



I5EAIDRAM g
Enhanced DRAMs g
s DRAMERTCHUIEEM HRZBBFIRIZB3EE Operation of DRAM cell has

not changed since its invention
= 19705 InteliFMlI{t, Commercialized by Intel in 1970.
s BEEFEOZISHIERI/ORIDRAMEZIL DRAM cores with better
interface logic and faster 1/O :
= [E2DRAM (SDRAM) Synchronous DRAM (SDRAM)

- (FRESITHESSE R IEH] Uses a conventional clock signal instead
of asynchronous control

= NUSZEEEZREEDRAM (DDR SDRAM) Double data-rate synchronous DRAM
(DDR SDRAM)

« XUAGHTPES | EEEAIXM{ Double edge clocking sends two bits
per cycle per pin
- TRIE/NBIFIEN G P XA A/ NX A [RI2EEY Different types distinguished
by size of small prefetch buffer:
— DDR (2 bits), DDR2 (4 bits), DDR3 (8 bits), DDR4 (16 bits)

- F2010F, KZHARF[EFIRERFAVFMEECE By 2010, standard for

most server and desktop systems

= Intel Core i75243DDR3F]DDR4 SDRAM Intel Core i7 supports DDR3 and
DDR4 SDRAM

15



{E4EDRAMEEIS -
Conventional DRAM Organization —

m d xwDRAM:

» Fitd - wiZBZRBLd P wAYFEEETT d- w total bits organized as d

supercells of size w bits
16x8DRAM:|_,\)=|" 16 x 8 DRAM chip

0 1 2 3
2(3 2 bits 0
i —>
jthtik addr; |
SIS 13 rows 5 -
Memory 2 - : sjﬁfgl
(ZIM CPU)| controller i @1
(to/from CPU) : 3 : &1
81_1_8b|ts
%ﬁE data

PIERITEE M Internal row buffer !

. 1
________________________________________ 16



iZEEN DRAME ER7T %

oYX

Reading DRAM Supercell (2,1) a.g

$1a: TipahERE (RAS) 1®#ESE291T Step 1(a): Row access strobe
(RAS) selects row 2.

SE1b: 582{T7MDRAMIEREEFIZIITLEMH Step 1(b): Row 2 copied from
DRAM array to row buffer.

16x8DRAMit: 1 16 x 8 DRAM chip

RAS = 2 | 0 1 2 3
2 :
— 0
ik addr:
| 1
REESIEE ﬁ' Rows
Memory ! y) _ _ _ _
controller |
8 3
— — = ]
#HiiE data: if if if if

__________________________________________

17



iZEEY DRAMIE 7T %

Sy M

Reading DRAM Supercell (2,1) ¥

S2a: HhiplahEE (CAS) #3ESE151 Step 2(a): Column access strobe
(CAS) selects column 1.

SH2b: @88k (2, 1) NERXEHIZIENEZ, RERIFICPU Step

2(b): Supercell (2,1) copied from buffer to data lines, and eventually
back to the CPU.

16x8DRAM:L,\H 16 x 8 DRAM chip

ZEFCPU | 1

ToCPu | RfEHIRE 1T Rows
Memory : 2

controller :

#3ER 7T supercll g 3

(2,1) — :
i dat;%

¥2EA7T supercéll RIEBTTER M Internal row buffer |
(21) e 18




RTFIRIR =2

Memory Modules -

itk addr (7 row = i, %l col = J)
O : supercell (i,j) #2ERTT
[
] A N eamBRaTRIER
— gl @ H1/\4*8Mx8DRAMSIB;
—— gl [ 64 MB
DRAM 7 . [l — memory module
gl @ — T consisting of
— S eight 8Mx8 DRAMs
—________
bits bits  bits bits  bits bits  bits bits
56-63 48-55 40-47 32-39 24-31 1623 815 0-7
63 56 55 4847 40 39 32 3 24 23 16 15 8 7 0 Wﬁ?&*ﬂ?“ﬁ%
Memory
LA RY64(UF ETF controller
64-bit word main memory address A

6443I=F 64-bit word
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= 5

FHEY

aB % Locality of reference

20



CPU-ITFZELE The CPU-Memory Gap 2

DRAM, BZERFICPUZIBLERERIZIENNA The gap widens
between DRAM, disk, and CPU speeds.

100,000,000.0
10,000,000.0 Disk

1,000,000.0
100,000.0 SSD
A
10,000.0 —o—Disk seek time
—— SSD access time
1,000.0 —-DRAM access time

wHE (%)) Time (ns)

100.0 - DRAM —e—SRAM access time
-+ CPU cycle time
10.0 M —O—Effective CPU cycle time
1.0
o1 o= —a gy

0.0

1985 1990 1995 2000 2003 2005 2010 2015
& Year

21
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Locality to the Rescue!

irrhcPu-RAFZ BEEEIBRXER T RIEFN—1E
A=, BIEERME

The key to bridging this CPU-Memory gap is a fundamental
property of computer programs known as locality

22



Fjﬁﬂ I% Locality g

REPEIRIE : ERRTERIRIHE R EFFE R {E .
ﬁﬁﬂﬁ&iﬂ:ﬂ%&,&*ﬂ?ﬁ@ Principle of Locality: Programs

tend to use data and instructions with addresses near or
equal to those they have used recently

n BS[BIBERTE Temporal locality: Q
= 5| AR E AT ReEA ARV KBRS | A

= Recently referenced items are likely
to be referenced again in the near future

C
n F|HEERIE Spatial locality:
= BEEHNHAHIAIIR B 1 ER e _E S RE s | A

" |tems with nearby addresses tend
to be referenced close together in time

23



R TE2E45 Locality Example :Lf;

sum = 0;

for (1 = 0; i < n; i++)
sum += a[i];

return sum;

n Z03E151F Data references
= RS |EMETE (SKEIEER) FERFEPE

Reference array elements in succession Spatial locality
(stride-1 reference pattern).

» FRES|FHEEsum  Reference B S
variable sum each iteration. Temporal |oca|ity

m IESIHTF Instruction references . .
% —
» |l@F75 |FH$8< Reference instructions in = EERIE

sequence. Spatial locality

m 114 =1 HA: = s
BT A EHREEES Cycle through loop BiE)S kS
repeatedly.

Temporal locality

24



BERESET R

Qualitative Estimates of Locality

s = WFEWEFRRER, EBREENEHEE
HITETERE —IRXH:

AR

4% HE, Claim: Being able to

look at code and get a qualitative sense of its locality is a
key skill for a professional programmer.

s (& PMHEIFHHBRIFE

aRIENS?

Question: Does this function have good locality with

respect to array a?

IRas: BBMmRXEA
1Tl
Hint: array layout

is row-major order

int sum array rows(int a[M] [N])
{

int i, j, sum = 0;

for (i = 0; i < M; i++)
for (j = 0; j < N;
sum += a[i] []]’

3++)

. return sum;
Z2Z: B Answer: yes }
a a a a a a
[0 [ ¢ < | [O] | [1] [1] [M-1]| « + - |[M-1]
[0] [N-1]] [O] [N-1] [0] [N-1] 2




R TE 36 Locality Example NG
m [AJEE:

XN RHIFEHBRIFHIR

l’\q‘g

e T
g s

T _//‘

ablENS?

Question: Does this function have good locality with

respect to array a?

int sum array cols(int a[M] [N])
{

int i, j, sum = 0;

for (J = 0; j < N; j++)
for (1 = 0; i < M;
sum += a[i][j];

return sum;

it++)

&% 8 BE ..

Answer: no, unless...

MIER

I\ M is very small

a a a a
[0] | ¢« « | [O] | [1] | « = - | [1]
[0] [N-1]f [O] [N-1]

[M-1]| « < - |[M-1]
[0] [N-1]

26



l’\q‘g

e T
g s

i /
- r//

BER ¥ Locality Example =

n [E: IZEeEHIITEIR, LUEZEREERTSK-15| BRI
= EEH (EBRFZEESE) ?
Question: Can you permute the loops so that the function
scans the 3-d array a with a stride-1 reference pattern

(and thus has good spatial locality)?

int sum array 3d(int a[M] [N] [N])
{

int i, j, k, sum = 0;

for (1 = 0; i < N; i++)
for (j = 0; j < N; j++)
for (k = 0; k < M; k++)
sum += a[k][1i][]]’
return sum;

=22 1Lk AEATES Answer: make j the inner loop

27
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[ |
s FEESEIREENE The memory hierarchy

28



FHEE X451 Memory Hierarchies .
—

o TEEFFIERERI—EERFIFAISE: Some fundamental and

enduring properties of hardware and software:

" REFERATFTONAER, BEE/)N, AEFEEEAIR (&
1 ) Fast storage technologies cost more per byte, have less capacity,
and require more power (heat!).

» CPURIFFEZIBRNEEZEIEIE{EY K The gap between CPU and main

memory speed is widening.
 51ETFHRERFTETEES RIFAIBERE Well-written programs tend to
exhibit good locality.
s WFFSHBINER, XEEETLIRIFEEEY .
These properties complement each other well for many types
of programs.

o {B)RE T —MBRAEHNERRRNRGZE, MAEHERE

IRZEFS They suggest an approach for organizing memory and
storage systems known as a memory hierarchy.

29
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=IRGENIZEH] Example Memory Hierarchy

A E/J\\ E’H&*D LO Reas
E%(/é?_'ﬁ)ﬁg g CPU registers hold words
ﬁﬁ%lﬁ% L1 11l sl retrieved from the L1 cache.
Smaller, (SRAM) L1 cache holds cache lines
faster, retrieved from the L2 cache.
and | 2 L2 cache
E:O;[“berte) (SRAM) L2 cache holds cache lines
P y retrieved from L3 cache
storage L3: L3 cache
devices (SRAM)

o L3 cache holds cache lines
Ekﬁ@%ﬂ_ retrieved from main memory.
BEEEFY) | . =
NFERE ' Main memory
Larger, (DRAM) Main memory holds
slower, disk blocks retrieved
agd | ANHi R TR (Zﬁi{ﬂﬁﬁﬁ) from local disks.
¢ erager LS: Local secondary storage
(per byte) (local disks) Local disks hold files
storage . :

Y devices —a e - retrieved from disks
e iEsEE RS (a0 WebfRS5ES) on remote servers

Remote secondary storage

(e.g., Web servers)
30
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SIEL%ETE Caches =

s 7 —HR, BRIRVEF#ESS, BIFRX. Eﬁ'tiiﬁ%%‘
FUEFERNEFXIS,., Cache: A smaller, faster storage device

that acts as a staging area for a subset of the data in a larger,
slower device.

s FiESEREEBNEARELIE: Fundamental idea of a memory
hierarchy:

= TFENK, KBAER, BNNREFRIRAIA+1RTEX, B8

REBRILETE For each k, the faster, smaller device at level k serves as a
cache for the larger, slower device at level k+1.

s A ATFHESEBIREIEBY? Why do memory hierarchies
work?

= HTESENRRE: R mETEekRaIEuE, mAEak12%AY
234 Because of locality, programs tend to access the data at level k more
often than they access the data at level k+1.

= EIE, k+1IRRIFERERRERIE, EIFEEE K. BUSRINARE
{k. Thus, the storage at level k+1 can be slower, and thus larger and
cheaper per bit. a1




r\’»"g

o —

ISR E{F Caches =

s KBS FSERGHEEET -1 KHFEt, BEia
S5iEafRERNMEFE—FSS, (BELUBEIREAYIRIEFEE
R b s

m Big Idea: The memory hierarchy creates a large pool of
storage that costs as much as the cheap storage near the
bottom, but that serves data to programs at the rate of the
fast storage near the top.

32



Cache—H%#k:&:. General Cache Concepts

Cache

RF

Memory

B/, BRIESIFHERET—EHIR

Smaller, faster, more expensive
memory caches a subset of
the blocks

SURLARA(EMEBALHTE

BX., BIEIEEENAFES
B9 BXRY“4R”

Larger, slower, cheaper memory
viewed as partitioned into

4 9 10 3
10 Data is copied in block-sized
transfer units
0 1 2 3
4 5 6 7
8 9 10 11
12 13 14 15

“blocks”

33



General Cache Concepts: Hit —
5K E=
Reqfest: 14 %qgﬂﬁﬂb
Data in block b is needed
R bfFcache A
Cache 8 9 14 3 aSdal
Block b is in cache:
Hit!
Az 0 1 2 3
Memory 4 5 6 7
8 9 10 11
12 13 14 15
000000000000 OCGOOGOOOS

34



Cache—HRHES:

General Cache Concepts: Miss

Cache

RF

Memory

5K
Request: 12
8 12 14 3
12 5K
Request: 12
0 1 2 3
4 5 6 7
8 9 10 11
12 13 14 15

ZEHER D

Data in block b is needed

R b;EfF cache
AaHA!

Block b is not in cache:
Miss!

MPIZER R b
Block b is fetched from

memory

Cache FA{ZHEHIR b

Block b is stored in cache
- IERES . HBELHIEMR
Placement policy:
determines where b goes

- BIATRES . TREIKEMBANR (47
#4£) Replacement policy:
determines which block

gets evicted (victim)
35



Cache—fRHLE: CacheAfpHEEY N
General Caching Concepts: Types of Cache Misses N

m 2 (5EF]) AdsHR Cold (compulsory) miss
* EFHNcache =M AL SAEEF Cold misses occur because the cache is empty.

m HSEATH Conflict miss
= RESHEFERBRRIRRFI AR ERN—NFE (BRIEEMIE)
Most caches limit blocks at level k+1 to a small subset (sometimes a singleton)
of the block positions at level k.

- Fla0k+1ERERIVIETEKERIER (imod 4) T E.g. Block i at level k+1

must be placed in block (i mod 4) at level k.

= SKREEFRBEKR, ESNEUENSREPRSIZEIE— 1 KEIRE, MarER
ZEAAETER Conflict misses occur when the level k cache is large enough, but
multiple data objects all map to the same level k block.

- fHlgns|FALko. 8. 0. 8, 0. 8. FXREPS=AART E.g. Referencing blocks
0,8,0,8,0,8, ... would miss every time.
R §§$ﬁ¢ Capacity miss
ENEFIRE (T1EE) KTFEEFRT AL Occurs when the set of active

cache blocks (working set) is larger than the cache. 3
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FhitssEREGIRAYCacheZEH e

Examples of Caching in the Mem. Hierarchy
CacheZ3EY FZEFHA? EERIMIL? fER (JFER) (=§51
Cache Type What is Cached? | Where is it Cached? | Latency (cycles) | Managed By
Registers 4-8 bytes words CPU core 0 | Compiler
TLB Address translations | On-Chip TLB 0 | Hardware

MMU

L1 cache 64-byte blocks On-Chip L1 4 | Hardware
L2 cache 64-byte blocks On-Chip L2 10 | Hardware
Virtual Memory 4-KB pages Main memory 100 | Hardware + OS
Buffer cache Parts of files Main memory 100 | OS
Disk cache Disk sectors Disk controller 100,000 | Disk firmware
Network buffer Parts of files Local disk 10,000,000 | NFS client
cache
Browser cache Web pages Local disk 10,000,000 | Web browser
Web cache Web pages Remote server disks 1,000,000,000 | Web proxy

server

37




s FEEAFIEEEE Sstorage technologies and trends

38



{Fi&3E AR Storage Technologies '
e EZK (UF) =iE:8

Nonvolatile (Flash) Memory

m 7552 Magnetic Disks

B —

v -

chipworks

m KA ETFE Store as persistent
O ﬁﬁ%ﬁﬁﬁﬁ,ﬁt Store charge

on magnetic medium o« FH=4Z5$95CI Implemented

- %;*nmiﬁl‘ﬂ with 3-D structure
. = 100LA ERYER TR Bl 100+ levels of
Electromechanical s
access » BEIT3-4EHE 3-4 bits data

per cell 39



IR IRENIESAIEBBITA? What's Inside A Disk Drive,__?t?

BEA rm EEEEHSpdee

2 EPlatters

FE IR (BE—

. MIBZEFNA
=
’J\it'l'%mgﬁ;gn Electronics
ﬁsj('-:ESI (including a
g rocessor
connector ER e IER P

Image courtesy of Seagate Technology an d memo ry ! 1o



{EEE 451 Disk Geometry i
s HEREFRIEE, S/1MNSM 1 EH Disks consist of platt%‘

each with two surfaces.

s 5NN EARBRECERERL, #7608 Each surface consists of

concentric rings called tracks.

s BNMGERBEXIER, FaE8IfsES g Each track consists of

sectors separated by gaps.
W48 Track

Z=H Surface
ffiEk Track k |E|I!§ Gaps

Splndle >\ /
\ //

| ]

B3 Sectors

4



_ﬂ*’““

St Ea - . =k
2 Disk Capacit -
mﬁﬁ'i P Yy ==

s 55 JUFEBRRAAIZL capacity: maximum number of
bits that can be stored.

» HWEERRBELIGBAEN, HA1 GB = 10° =15 Vendors express
capacity in units of gigabytes (GB), where
1 GB = 10° Bytes.

s SEHXLEILAREZETE Capacity is determined by these
technology factors:

» EREENY/EY): —PMIEPIRT EREFMEAIREL Recording
density (bits/in): number of bits that can be squeezed into a 1 inch
segment of a track.

- EEER/EAEY): ERREERENT
(bits/in2): product of recording and track density.
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BURIRE (REAWE) i
Disk Operation (Single-Platter View)
i/ BLEEIENEXRIR, BiF

R FRELABE g RERm L
HEEEIRE e The read/write head

is attached to the end

of the arm and flies over
the disk surface on

a thin cushion of air.

The disk surface
spins at a fixed
rotational rate

spindle

B =R, EELNE
ISk S EHIIE L.

By moving radially, the arm can
position the read/write head
over any track.



/
(g
ety

BEEHEE (SRATE) ~
—

Disk Operation (Muliple-Platter View)

s [RIOESERRE—/MEM Aligned tracks form a cylinder.
#EMHk Cylinder k

2= 0 Surface 0
ZiE1 Surface 1 — = > £2 0 Platter 0

2512 Surface 2
2= 3 Surface 3 KC:DE &1 Platter 1
Z=1H4 Surface 4
255 Surface 5 KQ’)> 22 Platter 2

Iiﬁpindle

44



HRBIRE (ZERWUE) g
Disk Operation (Multi-Platter View) ~— %

/B —HTRI MEEREE
Read/write heads

move in unison

from cylinder to cylinder

P
———

— W
< v\% 5% Arm
T E =

~——

FE4H spindle

45



185X Recording zones

o RIS 53 X A EIZRIF
£, /9icH X Modern disks
partition tracks into disjoint subsets
called recording zones

" EXAB N HEERFRIEXEL, 5
BN BRI R FEMETE Each track in a
zone has the same number of sectors,
determined by the circumference of
innermost track.

BN XERESEBXE, JMIXEL
MM XBEZHEER X Each
zone has a different number of
sectors/track, outer zones have more
sectors/track than inner zones.

» FH T ESENTERIERFYEE
FE[X %4 So we use average number of
sectors/track when computing
capacity.

F4h
Spindle




TR S = Computing Disk Capacity

BE =FPH/EX x FIIEKE/MIE x
BHEH/HE x FEE/BR x BRE/MHE
Capacity = (# bytes/sector) x (avg. # sectors/track) x
(# tracks/surface) x (# surfaces/platter) x
(# platters/disk)
l80: Example:
" 512 bytes/sector FTEY/EX
= 300 sectors/track (on average) FEXE/MEE (1Y)
= 20,000 tracks/surface BBEEY/E

= 2 surfaces/platter FREAZ/EH
= Splatters/disk R EUHEE

Z3E Capacity = 512 x 300 x 20000 x 2 x 5
= 30,720,000,000
=30.72 GB

/
(&
—

47



BT R H T -

Disk Structure - top view of single platter

i

)

pS

£

/
(3
K‘;-—'ﬂ— =

R HR RGNS

Surface organized into tracks

853 PR X

Tracks divided Iinto sectors

48
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HEE2iG1a) Disk Access e o

I
NS

Sk EwGE ERAMUE

Head In position above a track

49



Wt EE1h1a) Disk Access

I

pS

£

LAYt hiEES

Rotation I1s counter-clockwise

)

50



HEE2i1h518)-iZE Disk Access — Read

s
NEY

HEENEEREX

About to read blue sector

W
_NE >

51
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HEE2i1h518)-iZE Disk Access — Read ——

AN
NEY

FEEEEXE
After BLUE read

ENEeREXZE

After reading blue sector

52
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HEE2i1h518)-iZE Disk Access — Read ——

AN
=

FEEEEXE
After BLUE read

TREXRAEIBRERX

Red request scheduled next

53



EE2i518)-5h8 Disk Access — Seek

iz

N

=

EEeERE 2 SKICEE
After BLUE read Seek for RED
Sk anha

Seek to red’s track

54
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B ERiAIE)-BESEEER Disk Access — Rotational Latency=

iz
N e

IZEERE SO aHE DEEIEIR
After BLUE read Seek for RED Rotational latency

FEEEIIaRX

Wait for red sector to rotate around
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g
HEE2i1h518)-iZE Disk Access — Read ——

HOHO

W & Y/

EEOREXE SRAGHIE DEEIEIR ZNIERXE
After BLUE read Seek for RED Rotational latency  After RED read

Schk¢] & B3 X isEHY

Complete read of red
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B R 510 R S B A 4

Disk Access — Service Time Components

A G )
WL &y Nz,

After BLUE read Seek for RED Rotational latency  After RED read
SREN SihE HERER  HUE(EN
Data transfer Seek Rotational Data transfer

latency

57



{215 1a)AY1a Disk Access Time -
1HII=UEAE?TEIZSIZYJHTIEI2939 Average time to acces¥

some target sector approximated by :
= Taccess = Tavg seek + Tavg rotation + Tavg transfer
1B [J|8] Seek time (Tavg seek)
= HSLEMRIE S BinEXAVEERTFEATE Time to position heads over

cylinder containing target sector.
» ARG ZTIERTE) 93-9ms Typical Tavg seek is 3—9 ms
m HESEHATIE] Rotational latency (Tavg rotation)
» EFETBEXE—(IBTIE/SHL N EAIATE Time waiting for first

bit of target sector to pass under r/w head.

. FIHEEERTIEI=1/2 x 1/4355 SR E x 60FD/4340 Tavg rotation = 1/2 x
1/RPMs x 60 sec/1 min

» RS HERERTE]) 9B £ 7200%% Typical Tavg rotation = 7200 RPMs
n {E45iBTIE] Transfer time (Tavg transfer)

= 3EEN BHRESXAZAYET(E] Time to read the bits in the target sector.

= IEEAYE=1/8 0 L E x 1/(FIIBIER X EN) x 60FD/53H Tavg
transfer = 1/RPM x 1/(avg # sectors/track) x 60 secs/1 min. 58
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A Y K_\_‘__ﬂ’g:c___
fit 215 1al A (8] 54451 Disk Access Time Example ~

g

s [RE: Given:
" hEEEIER Rotational rate = 7,200 RPM
= 25 SHERT|E] Average seek time = 9 ms.
» FBEYYESIXZEL Avg # sectors/track = 400.

m ES: Derived:

» ZINEEEERT(E] Tavg rotation = 1/2 x (60 secs/7200 RPM) x 1000 ms/sec = 4
ms.

s ZI5(ERAT(E] Tavg transfer = 60/7200 RPM x 1/400 secs/track x 1000
ms/sec = 0.02 ms

= 15|0)HJ|8] Taccess =9 ms + 4 ms + 0.02 ms
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pgE e hIa)Rd [B)24451 Disk Access Time Example X,

m EBE: Important points:
» AlAY R AERD IS ERTBIFNIEFEZEIR Access time dominated by

seek time and rotational latency.

 pEEXHE—REEREK, BEXFEEAOLERTE{RE First bit

in a sector is the most expensive, the rest are free.

n FRRRAMIGOIATEI RN ZN4ns, FISRAMAL]H60ns SRAM access
time is about 4 ns/doubleword, DRAM about 60 ns

« WIERLLERSRAMIBZ)45{ZDisk is about 40,000 times slower than
SRAM,

« EEEARAMIEZ]2F5871Z 2,500 times slower then DRAM.
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iBEBRLEIR Logical Disk Blocks S
. TREEHEN T SRR EERMSRE: Modem®

disks present a simpler abstract view of the complex sector
geometry:

» TERREEEN—RFIbANGBER (0. 1. 2.) The setof
available sectors is modeled as a sequence of b-sized logical blocks (0, 1,
2,...)

o IZIERFNZERE (MI8) BSEXZIERIBRET Mapping between

logical blocks and actual (physical) sectors

= HFRSHEEHIRRRIERMY/EMR B4R, Maintained by

hardware/firmware device called disk controller.

» BZIEHUEKEEIRN (FRE. #E., BEX) =jtdH. Converts

requests for logical blocks into (surface,track,sector) triples.

n RIFEFIRR B/ XIS &S BT Allows controller to

set aside spare cylinders for each zone.
» XUR B BSE 'R ATE ZEFEERIIRE Accounts for

the difference in “formatted capacity” and “maximum capacity”.
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1I/05 % 1/0 Bus

CPUErF CPU chip

ST (1)

Registerfile

IQ\QE D

Bus interface

: ALU

Syst

R REE%

bus Memo bus

0K 110 <‘:> =i7
bridge

ﬁ}

memory

<

USBE%IIE%
UsSB
controller

L%g?\ e
Mouse Keyboard

<

ElfsEEce:
Graphics
adapter

'y
Monitor

1/0 bus \ ‘

HHAF>

LRl =S
Disk

controller
A

N

Huigsii EiE
BHIanMLEEC RS
Expansion slots for
other devices such

as network adapters.
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RV (1)

Reading a Disk Sector (1)

CPU chip

Register file

1r

<:| ALU

Bus interface

CPUBIERar<. BERSHTHEITAFILE
NS EEIRIERERR O (M) kS
s RN,

CPU initiates a disk read by writing a command, logical
block number, and destination memory address to a
port (address) associated with disk controller.

e
memory

ﬁ ? IO bus >

<L

USB
controller

T

mouse keyboard

U

Graphics
adapter

!

Monitor

<

Disk
controller

\
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EREBRX (2)

Reading a Disk Sector (2)

CPU chip

Register file

: ALU

Jr

Bus interface

i REH SRS X FNITERE
Fhieainial (DMA) {EaRlE=F
Disk controller reads the sector and

performs a direct memory access (DMA)
transfer into main memory.

|/I—,\ Main

N1 memory

LV

USB Graphics
controller adapter
Mouse Keyboard Monitor

T e
A

Dic k
cont oller

-
m 64




Reading a Disk Sector (3) s
CPU chip ZDMAEmSSAAY, MiEEiHssR P rmEAICPU

Register file

Jr

: ALU

Bus interface

—

(B, ECPU—MMFIRAY R 5 [ ES
When the DMA transfer completes, the disk controller
notifies the CPU with an interrupt (i.e., asserts a special
“interrupt” pin on the CPU)

T o

L

&

1

USB Graphics Disk
controller adapter controller
Mouse Keyboard Monitor i
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1ES Sk E7F 652 Nonvolatile Memories

s DRAMFISRAME S K ETFi&E=2S DRAM and SRAM are volatile
memories

= FTEEATSESL(SE Lose information if powered off.

» BM{EHARER, AEZKIEFHERRIEERIFTEHERIE Nonvolatile

memories retain value even if powered off
= HEFiERE (ROM) | EEFIIFEFLREE Read-only memory (ROM):

programmed during production

= FBOJERFRPROM (EEPROM) : EBFIERPRINABE Electrically eraseable
PROM (EEPROM): electronic erase capability

= [NTF: EEPROM, BEBIZD (3RZ9k) #EBRINEBE Flash memory:
EEPROMs, with partial (block-level) erase capability

« KZJ100000;RIRBRFE=EEFR Wears out after about 100,000 erasings

= 3D XPoint (Intel Optane) FOFTNVM 3D XPoint (InteI Optane) &
emerging NVMs A S

« FfARl New materials
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, - Iatil S
JES S THETF & =22 Nonvolatile Memories X

s IESKTETEEESHIR Uses for Nonvolatile Memories

= EROMAHPRYEHSFERE (BIOS. WiEITHIEE. M~. B INE:RS. &
£ FZ%...) Firmware programs stored in a ROM (BIOS, controllers
for disks, network cards, graphics accelerators, security subsystemes,...)

» BRWE (BCHekEhiEE) Solid state disks (replacing rotating disks)
" FLEEZETF Disk caches
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EZ5# (ssD) Solid State Disks (SSDs) =~

/0E\%%

I/O bus ¥

BRI ST G 2 R

. . J L Requests to read and
[E7£& Solid State Disk (SSD) write logical disk_blocks

Flash##22 Flash

translation layer

. [N#Z Flash memory

!

Block O

PageO | Pagel | ---| PageP-1

Block B-1

PageO | Pagel | ---| Page P-1

aA/v: 512BFE4KB, RAJv: 32312814 Pages: 512B to 4KB,

Blocks: 32 to 128 pages

PATRE A EEAERY/ B A\ E03E Data read/written in units of pages.
OEEIR TR AEES A IQH Page can be written only after

its block has been erased

£X29100000)REEBEANZ]

S, —/MRESEEIR A block wears

out after about 100,000 repeated writes. 68



&

SSD¥BESFE SSD Performance Characterigﬁf_;_’
s =E~millizt Benchmark of Samsung 940 EVO Plus

https://ssd.userbenchmark.com/SpeedTest/711305/Samsung-SSD-970-EVO-Plus-250GB

IRFFEES 1L & Sequential read throughput 2,126 MB/s

IFES&FILE Sequential write tput 1,880 MB/s
FEHNiEEE ML E Random read throughput 140 MB/s

FEH S &ML= Random write tput 59 MB/s

s [ BIIELEEHN G IR EEER Sequential access faster than

random access
» FEEEEIR SV THETFRE Common theme in the memory hierarchy

n [EINS ABLEIE Random writes are somewhat slower
» EREGIREFHRICHTE] (~12F)) Erasing a block takes a long time (~1

ms).

» (ZRURTIEEEZF A EMMIREEHIZHTER Modifying a block page

requires all other pages to be copied to new block.

» NEEREIFEHITIRE AN ZBIFRERE—ZRF/INE A Flash translation

layer allows accumulating series of small writes before doing block write.
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https://ssd.userbenchmark.com/SpeedTest/711305/Samsung-SSD-970-EVO-Plus-250GB

4
S

SSDE hEAE R ER RO -
SSD Tradeoffs vs Rotating Disks .

m {ltZ& Advantages
= TREoIEbY > EEER, NFEEER. FURE No moving parts >

faster, less power, more rugged

m TR Disadvantages
= BOJ8EEEHR Have the potential to wear out
- B ANFEREPR HRFEIENZ IR EHE Mitigated by “wear

leveling logic” in flash translation layer

= lE1=2940 EVO PlusfRIEFEEBIRRIZF 15 7] LA A\ 600X E.g.
Samsung 940 EVO Plus guarantees 600 writes/byte of writes before
they wear out

- FHIE AR LR/ MY EIRFEE Controller migrates data to
minimize wear level

" 20198, BFPHIAKRKA S 413 In 2019, about 4 times more
expensive per byte

- B, BXIAIGAREE TFE And, relative cost will keep dropping




r\*"g

SSD S hEdE L £ RITN i >
SSD Tradeoffs vs Rotating Disks et

m FH Applications

= MP3FEINEE. FHEEFH. ZEI1CANE[X MP3 players, smart phones,
laptops

» ARV FIIRSEEE P ERSEEE I Increasingly common in desktops and
servers

4
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INEE Summary ~
s CPU, IEMAKBEFHEZIEINEREEIEIESEN K The Slf)ea

gap between CPU, memory and mass storage continues to
widen.

» RERTFIIEFEEBS—WIRAGE5EYFE Well-written

programs exhibit a property called locality.

» BEFEFHAFEERGEBEITIBREREYE) T EIB
Memory hierarchies based on caching close the gap by
exploiting locality.

o AEFNESEL 7 FEEMAFHEMERAR (DRAM, SRAM,

fiE2) Flash memory progress outpacing all other memory and
storage technologies (DRAM, SRAM, magnetic disk)
" BB =4EIEESERTT Able to stack cells in three dimensions
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{Fli&Z Etah storage Trends #

SRAM
Metric 1985 1990 1995 2000 2005 2010 2015  2015:1985
$/MB 2900 320 256 100 75 60 25 116
access (ns) 150 35 15 3 2 1.5 1.3 115
DRAM
Metric 1985 1990 1995 2000 2005 2010 2015  2015:1985
$/MB 880 100 30 1 0.1 0.06 0.02 44,000
access (ns) 200 100 70 60 50 40 20 10
typical size (MB) 0.256 4 16 64 2000 8,000 16.000 62,500
Disk
Metric 1985 1990 1995 2000 2005 2010 2015  2015:1985
$/GB 100,000 8,000 300 10 5 0.3 0.03 3,333,333
access (ms) 75 28 10 8 S 3 3 25

typical size (GB) 0.01 0.16 1 20 160 1,500 3,000 300,000
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. s s |:|"£“’ N IR R =J: K:;J__‘j
CPURTSPSREE ifnpewwses smimar

CPU CIOCk Rates Inflection point in computer history ¥

when designers hit the “Power Wall”

1985 1990 1995 : 2003 2005 2010 2015 2015:1985
CPU 80286 80386 Pentiumi P-4 Core2 Corei7(n)Corei7(h)
Clock
rate (MHz) 6 20 150 1 3,300 2,000 2,500 3,000 500
Cycle i
time (ns) 166 50 6 030 : 0.50 0.4 0.33 500
Cores 1 1 1 1 2 4 4 4
Effective
cycle 166 50 6 1 030 025 0.10 0.08 2,075
time (ns) i i

(n) Nehalem processor
(h) Haswell processor 7



CacheZi&zS

100076202: itEINEZHRSIC

(R
EHAE S S E gy

Carnegie
[RIEE: Mellon

Randal E. Bryant and David R. O’Hallaron UIliVel'Sity
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FEAR ==

m CachefZfesZSt3F0#E{E Cache memory organization and
operation

76
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SINEIA%E]: Exa

le Memory Hierarchy

| EN B Lo/ \ =
BEBEED)Y g CPU registers hold words
el retrieved from the L1 cache.
Eﬁliﬁ | 1:/ L1 cache
faster (SRAM) L1 cache holds cache lines
’ retrieved from the L2 cache.

and L2 L2 cache
costlier '
(per byte) (SRAM) L2 cache holds cache lines
storage retrieved from L3 cache

: L3: L3 cache
devices

(SRAM)
Pl L3 cache holds cache lines
%@Egﬁpﬁ) +7= retrieved from main memory.
GIEhEIR L4: =
ﬁ’;?r?&fu% Main memory
| Jer (DRAM) Main memory holds
> ogllver, disk blocks retrieved
an o .
cheaper | zlgitﬂiﬁﬁﬂﬁﬁ%ﬁ% from local disks.
(per byte Local secondary storage
storage (local disks) Local disks hold files
v devices retrieved from disks
oIy S e S on remote servers
L6G:

Remote secondary storage
(520 WebfR$28 e.g., Web servers)
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CacheEFHLE: General Cache Concept o

Cache

RF

Memory

/
: J\k"i’
=

B, BR, BEISERITF6ERS
EiF—HIR
Smaller, faster, more expensive

memory caches a subset of
the blocks

SURLARA(EMEBALHTE

X, HIE, SEMERNAFES
BRI R

Larger, slower, cheaper memory
viewed as partitioned into “blocks”

4 9 10 3
10 Data is copied in block-sized
transfer units
0 1 2 3
4 5 6 7
8 9 10 11
12 13 14 15
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CachefZEli&3s Cache Memories

» CachefFfitzEEHEHF RIS ENETERIMEERRIISRAMIFIEES
Cache memories are small, fast SRAM-based memories managed
automatically in hardware

» (FEHENENRA)RYETFELR Hold frequently accessed blocks of
main memory

m CPUBEY{ECacheFREIREIIE CPU looks first for data in cache
n HABYZBLEH Typical system structure:

17221 Register fil
. | CachefZfifizs ]
Cache <_> /I_> ALU
memory \,_l A oTs e aoTy

em bus Memaqry bus

1L 7
S£64% Bus interface ; Ilt?r TZEI: <:> Main

memory




Cache—RR¢HLRZEHY (S, E, B)

General Cache Organization (S, E, B)

S = 25 4H sets <

—

E =2¢ £372/4H lines per set

A

4 Y
-
eoooe I
Cache X7/1 Cache size:
v tag ol1l2] - ™ C=SxE x Bdata bytes
! =

B4 valid bit

B = 20 /SR (2E)

bvte< ner cache block (the data)

S
~
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« F(i72H Locate set
- M EHREE B ILECtICH]

> — 7T Check if any line in se ,
CacheiEIR{E Cache Read ~ [7Checkiranylineinset

o S+iTHEN: FHA Yes + line

E = 2¢ 138/ 4H lines per set valid: hit
- A ~ * El RIS
4 Locate data starting
ceeoe at offset
Fibilk Address of word:
oo t bits s bits | b bits
S = 25 ¢H setx Doac tnic AZES|RIEDE
tag set block
00 0000000000000 000O00O0OCGBOCGBOCGROROOPOCOOT index offset
o0 00 I

HEIETF L IRES data begins at this offset

Vv tag O1112] cccce- B-1

N— 7

'ﬁ o . . V
B valid bit B =2 FH&/EIR (8E) bytes per cache block (the data)




N

ol EiEIRSICcache (E=1) S
Example: Direct Mapped Cache (E=1) s

BiEMEd: 54H—17 Direct mapped: One line per set
&% : B CachelRKIN/I8INZFT5 Assume: cache block size 8 bytes

p ERZAAGHELE: Address of int:

ta 0j112|3|4]|5]|6]|7
- g t bits 0..01 | 100

v tag 0]1]12)1314]|5]|6]7

I find set

S=2s¢H sets<

'} tag 0j112|3|4]|5]|6]|7

'} tag 01112|314]|5]6]7
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afl. EtHEXIRETCache (E=1) .
Example: Direct Mapped Cache (E=1) —~—

BiEMEd: 54H—17 Direct mapped: One line per set
& : B CachelRKIN/I8NZFT5 Assume: cache block size 8 bytes

Mtfc: {fg 2=is EEAOHBYIE: Address of int:

2 valid? + : = hi
B®? valid match: assume yes = hit tbits | 0.01 | 100

v tag 011]12|314]|5]|6]7

R{BFZ block offset
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ZI'_\W'J: Eﬁﬂy@ﬂCache (E=1) \‘;;;:;7
Example: Direct Mapped Cache (E = 1) s

BiZMEY: 54—17 Direct mapped: One line per set
&% : B CachelRKIN/I8INZFT5 Assume: cache block size 8 bytes

ILfg: {Rig ==i6 LML : Address of int:

2 valid? + : = hi
B®? valid match: assume yes = hit tbits | 0.01 | 100

v tag 0|1]2]|3]14|5]|6]7

R{BFZ block offset
FEL (4=F1) Xl int (4 Bytes) is here
WNRIFCAES, NIKEFIHRYITFIHITE R

If tag doesn’t match: old line is evicted and replaced
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BEEMEJCcachef=$l Direct-Mapped Cache Simulation

t

1

s=2

b

1

XX

#H0 Set 0
?ﬂl Set1l
ZEZ Set 2

¢H3 Set 3

M=16 =15 (4f:fitBit) M=16 bytes (4-bit addresisi,

B=2 FT3/k B=2 bytes/block,
S=4 7H S=4 sets,
E=1LR/ZH E=1 Blocks/set

HEAERIT (52, BIKIE—1FD)
Address trace (reads, one byte per read):

0 [0000,], AT miss
1 [0001,], W hit

7 [0111,], A<Ap R miss
8 [1000,], AApEE miss
0 [0000,] A<BpEE miss

B tric R

Y Tag Block

1| o M[0-1]

1 0 M[6-7]
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EfZZHfHEXCache (E=2) > L
Cache E-way Set Associative Cache (Here: E = 2) =

E=2: £84H217 E = 2: Two lines per set SEEE I -
lRi&%: CachelRAKIVI8=ET5 Assume: cache block size 8 bytes Address of short int:

t bits 0..01 | 100

vl | tag | [o|1|2]3]|a]5]6]7 vl | tag | [o]1]2]|3]|a]5]|6]|7

\'} tag 0111213141}5\|61]7 \'} tag 01234567—£ilj‘!gﬂ
find set

v tag 011]2]|3]4]|5]|6]7 v tag 011]2]|3]|4]|5]|6]|7

vV tag 011]2]3]4]|5]|6]7 vV tag 0]11]2]|3]4]|5]|6]7
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EfEZHiHExCache (E=2) S
E-way Set Associative Cache (Here: E = 2) e

E=2 8340297 : E =2: Two lines per set
(B : CachelRK/IVI8ZFET5 Assume: cache block size 8 bytes

FoEEENthhE . Address of short int:

. — t bits 0..01 100
A NNEREHITELEL | compare both

BW? valid? + PILEE: E=fAp match: yes = hit

vV tag 0]1]12]13]4]|5]|6]|7 v tag 01112]|3]|4]|5]|6]|7|| —

HR{BFZ block offset
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OO e
g 7

EEZZHfBEXCache (E=2) &
E-way Set Associative Cache (Here: E = 2) N

E=2: £54H2917: E = 2: Two lines per set
(B : CachelRK/IVI8ZFET5 Assume: cache block size 8 bytes

1oEEOttiE . Address of short int:

— tbits | 0..01 | 100
AN ERHTTELER | compare both

B? valid? { ILEE: E=ApA match: yes = hit

v| [ tag | [o]1]2]3]a]5]6]7]| ||v] [ tae | [o]2]2]3]a[5[6]7]| —

HR{BFZ block offset

DL (25F1) UL short int (2 Bytes) is here

128 PLHE No match:

- FEHEMNAERAI—1THITIKIZEHE One line in set is selected for eviction
and replacement

- BHAEEE: BB, mEm/MER (LRU) . . . Replacement policies:

random, least recently used (LRU), ... 88
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2 ¢HfHBX CachetRi] =

2-Way Set Associative Cache Simulation =l‘
M=16 ZTiBiE M=16 byte addresses,
R x S=2 24 S=2 sets,
E=2 th/28 E=2 blocks/set

eEESl (2, BIKIE—1MFD)
Address trace (reads, one byte per read):

0 [0000,], A miss
Py o

1 [0001,], AeR  hit

7 [0111,], A miss

8 [1000,], AEEER miss

0 [0000,] ae  hit

B fric R

Vv Tag Block

(B0 seco [L_]00_[M[0-1]
1 10 M[8-9]

¢H1set1 101 [MI6-/]
0
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2t88%Cache (S=125F—4H) %

1

Fully Associative Cache (S =1) —

S=1: 38—/ '\¢Ho S=1:0onlyset0

[Ri%: cachelRKINVIISZFTS Assume: cache block size B=8 bytes
fugﬁﬂi’,ﬂtAddress of short int:

b pm— t bit 100
LERITELES compare|all =

B? valid? +| [LEg:  (=ip") match: yes (= hit)

¢Ho
Set0

vV tag 01112]13]4]|5]|6]7}] - - » v tag 011]2]|3]|4]|5]|6]|7

HRREZ block offset
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£f8BXCache (S=1HHF—4H) S
Fully Associative Cache (S = 1) —

S=1: BB —1H0 S=1:0Onlyset0

(1% : cachelRKVAI8ZETS Assume: cache block size B=8 bytes
Eﬁﬁﬁﬂ_’,ﬂt Address of short int:

t bits 100

LERBHITELEE comparelall

B3? valid? +| Eg: £ (

“Ho
Set0

) match: yes (= hit)

vV tag 01112]1314]5]|6]|7}] - - » v tag 0]1]2|3]4]|5]|6]7

HRREZ block offset

O (25F13) UL short int (2 Bytes) is here

2BMILEEL T (Aa5H) No match or not valid (= miss):

« HoPR)—1TiH1TIKIZXEF L One line in set 0 is for eviction and replacement

- BHASREg: BB, mEm/MER (LRU) . . . Replacement policies: random,
least recently used (LRU), ...
91



CacheSE{E winienlnnnes o1

What about writes? .
AL valid bit FE( dirty bit g - pb =38 bytes
n ZEUEEIZA Multiple copies of data exist:
= 11, L2, L3, F£F. ®EE L1, L2, L3, Main Memory, Disk

s S5ipAEI0{]4ME? What to do on a write-hit?
» EEIA (MZEIEANNTE) Write-through (write immediately to memory)

» Bl (HERETERITS2IANTE) Write-back (defer write to memory until
replacement of line)

- EERCFH TR (1T5RFE51ERE) Need a dirty bit (line different
from memory or not)
s S54GRS EE? What to do on a write-miss?

» 590 (EFEogHCache[GH1TEFT) Write-allocate (load into cache, update line
in cache)

- NREEABREERLLEYF Good if more writes to the location follow
» JEE9E (BEEEANATE, A2&FifHcache) No-write-allocate (writes straight

to memory, does not load into cache)

+

n IEHERHE Typical
» EEIX + IF5 %L Write-through + No-write-allocate
= 5Ol + 59fd Write-back + Write-allocate 92
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==

S ASIEIR= L (T

\'

d

tag

0

1

Practical Write-back
Write-allocate

AZ B EHHEXBYSIEE A write to address X is issued

BB AEHA If it is a hit

» BFTIRAYANZE Update the contents of block

—

Z ...... B-1 L

B valid bit (I dirty bit

-
—
B = 2" =35 bytes

= IRERAII1 (ZARERMEXEIRERIZIRETBRRZAL)  Set dirty bit to

1 (bit is sticky and only cleared on eviction)

WA If it is a miss

» MIRTFEEUR (B/RIEAGET) Fetch block from memory (per a read miss)
» FITEER(E(EIREa59) The perform the write operations (per a write hit)

INRIKNZE—1TmBIERLZE 1L If a line is evicted and dirty bit is

setto 1

. EAN0 FHRILREBS [BIZEATFE The entire block of 2P bytes are written back

to memory

= JEEER (I8E90) Dirty bitis cleared (set to 0)
» (THEIFBIARBEEME Line is replaced by new contents

93
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A(a{ERRELIMERES]?
Why Index Using Middle Bits? g

HiZigt: 84 —1T Direct mapped: One line per set =y — =
(2% : cachelRK 8T Assume: cache block size 8 /*’-'F'EH i ARG \

Standard Method:
Middle bit indexing
r EE0ithll : Address of int:
v tag 0]1]12]|3]4]|5]|6]7 t bits 0..01 | 100
v tag 0]1]12)1314]|5]|6]7 Hiﬁﬂéﬂfindset/
S=ZSZEsets<
L JOLRLPPPDPD DU AgksE: SumEs )
Alternative : High bit indexing
OO0 00000000 O0O0COCEOGEOEOEOOEOSNEOSTOSOIO
BEENbLE: Address of int:
'} tag 0|l112)13|4]15]|6]7 1..11 t bits 100
) ?ﬁ:’éljzﬂfiuld set

\_ J
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25| 73iZ15 B lllustration £%

of Indexing Approaches 000%xx
m 64T ATF 64-byte memory P01 0mx
= 6fiitEil 6-bit addresses 001 L
o 0100xx
n 16F P EEMEIcache 16 byte,
. 0101xx
direct-mapped cache
0110xx
« RAUNS (EUES ) Block
size = 4. (Thus, 4 sets; why?) 1000
s ST, AU, 2LRIE 2
bits tag, 2 bits index, 2 bits offset L010%x
ZEO Set 0 1011xx
gﬂ1 Set 1 1100xx
1101xx
£H2 Set 2 1110xx
4H3 Set 3 1111xx
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FrE{i{#Z=55] Middle Bit

Indexing

s HHUEAZEL /9 TTSSBB Addresses of
form TTSSBB

=TT FRC{M Tag bits
= SS BZZ5 |3 Set index bits
= BB {RFB{A Offset bits

s RUFIBFIAR T =SEIEERE Makes

good use of spatial locality

#Ho Set 0

#H1 Set 1

#H2 Set 2

#H3 set 3

00 X
0010xx
0011xx
0100xx
0101xx
0110xx
0111xx
1000xx
1001xx
1010xx
1011xx
1100xx
1101xx
1110xx
1111xx
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=LM3EE5] High Bit
Indexing

n JHLEAZT /9SSTTBB Addresses of
form SSTTBB

= SS BZZ5 |3 Set index bits
=TT FRC{M Tag bits
= BB {RFBANL Offset bits

» EFNRERENZEEERES
FEEMEREZ MSE Program with high
spatial locality would generate lots
of conflicts

#H0 Set 0

#H1 Set 1

#H2 Set 2

¢H3 Set 3

00 X
0010xx
0011xx
0100xx
0101xx
0110xx
0111xx
1000xx
1001xx
1010xx
1011xx
1100xx
1101xx
1110xx
1111xx
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Intel Core i7 Cache BIREGHS ¢,
Intel Core i7 Cache Hierarchy =

AMEZ2ERIEE Processor package

Core 0 Core 3 L1 i-cache and d-cache:

Regs Regs BSHIEECache
32 KB, 8-way,
Access: 4 cycles

L1 L1 L1 L1

d-cache| |i-cache d-cache| |i-cache L2 unified cache:
oo #t—cache
256 KB, 8-way,
L2 unified cache L2 unified cache Access: 10 cycles

L3 unified cache:
“t—cache
8 MB, 16-way,
Access: 40-75 cycles

RXUv: FriBcacheld
796473 Block size: 64
bytes for all caches.

L3 unified cache
(shared by all cores)

Main memory
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Cachel®8E1 It Cache Performance Metrics ~

n AapHZE Miss Rate ¥
» REFESIRAIRBECache PIEIRIELER (A apHIREL/BIRNIREL) Fraction of

memory references not found in cache (misses / accesses)
SEF1-apHE = 1 - hit rate
= BEEICacheAipHE (BEL) Typical numbers (in percentages):
= L1 cache/93-10% 3-10% for L1

- L2BAJEER/N (FI0/NF1%) |, #kEiCache K/NTE can be quite small
(e.g., < 1%) for L2, depending on size, etc.
s apHAEI[E] Hit Time

= {EiBCache F—{TABRZEINMEEEAIATIE] Time to deliver a line in the cache to
the processor

- AFEFF¥TCache BEE a5 HIBT(E] includes time to determine whether
the line is in the cache

= EEHIATIIE] Typical numbers:
= L1 Cache 4 MAFEEIEE 4 clock cycle for L1
= L2 Cache 10/ MEJEH/EIHA 10 clock cycles for L2
n AdpHFFEE Miss Penalty
s ARipPEEEYMIRTE] Additional time required because of a miss

- BRGNS EFRSIR)EEA50~200 (#55: 1BIA! ) typically 50-200
cycles for main memory (Trend: increasing!)
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EFRAIISR o mX L=
Let’s think about those numbers

s i IR ZBIAZEEER K Huge difference between

a hit and a miss

= YNERRABLL cacheF1FETE, NEZE100{Z Could be 100x, if just L1 and
main memory

s {REEE(SIS? 99%HIAsHZERYEEE R 97%RIFR{E Would
you believe 99% hits is twice as good as 97%?
= {Ri& Consider:
Cachefp P EE 11 EHA cache hit time of 1 cycle
CacheAAapHEE100NEHH miss penalty of 100 cycles

= ZI535[a)AY(8] Average access time:
97%apH: 97% hits: 1 cycle +0.03 * 100 cycles = 4 cycles
99%Ap 1 : 99% hits: 1 cycle +0.01 * 100 cycles = 2 cycles
Sl Oy Sk O . .
s XA ALEZR Ao EF " This is why

“miss rate” is used instead of “hit rate”
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#RE CacheIRUFAYFLHS Writing Cache Friendly Code — -~

n UIRERBIBRER Make the common case go fast

s TR ERERIPREEIAR Focus on the inner loops of the core
functions

s [ VAERBIABRIA GHZE Minimize the misses in the inner
loops

= 550 (BJE)EERE) Repeated references to variables are good
(temporal locality)

= SR AIRNESIHIEMRT (TEEEBYE) Stride-1 reference patterns
are good (spatial locality)

KR ®IIESFENEEMSEBEIEIINS
R M FhEEsAVIERERE(MRY

Key idea: Our qualitative notion of locality is quantified
through our understanding of cache memories
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FERA

m CacheXJTEBEAIEZNM Performance impact of caches
= FEESHEBELL - The memory mountain
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ARfFEIEEELLE The Memory Mountain e

m EEHMEEERead throughput (EEFE & read bandwidth)

 BMMAREFEEREIFETEL (MB/s) Number of bytes read from
memory per second (MB/s)

r FiELE: EEEFNEHSEFIIEESBIER LN
Memory mountain: Measured read throughput as a
function of spatial and temporal locality.

» ZIERERFEEERIEET7% Compact way to characterize

memory system performance.
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RITELWLNER EREL Memory Mountain Test Function:”

long data[MAXELEMS]; /* Global array to traverse */

/* test - Iterate over first "elems" elements of

* array “data” with stride of "stride", using

* using 4x4 loop unrolling.

*/

int test(int elems, int stride) {
long i, sx2=stride*2, sx3=stride*3, sx4=stride*4;
long acc0=0, accl1 =0, acc2=0, acc3=0;
long length = elems, limit = length - sx4;

/* Combine 4 elements at a time */
for (i = 0; i < limit; i += sx4) {

accO0 = accO + data[i];

accl = accl + data[i+stride];

acc2 = acc2 + data[i+sx2];

acc3 = acc3 + data[i+sx3];

}

/* Finish any remaining elements */
for (; i < length; i++) {
acc0 = acc0 + data[i];

}

return ((accO + accl) + (acc2 + acc3));

} mountain/mountain.c

W
&

HZ fhelemsFlstridef2H
B BtestifE]

Call test () with many
combinations of elems
and stride.

Y¥WFE N elemsH

s tride%%l :

For each elems and
stride:

1. test—iIXKiEERH
cache @A apH

1. Call test()
once to warm up
the caches.

2. BRI testHEFH
MEIEHFMZE (MB/s)
2. Call test()
again and measure
the read
throughput (MB/s)
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PTFEsEL ot st

E20///7:1'4

Aggressive

prefetchirgp000

14000 _

2.1 GHz ?
32 KB L1 d-cache
256 KB L2 cache

8 MB L3 cache
64 B block size

i

&
= |
5 12000 —
I |
S 10000 +
° i o
S 8000 - A B/ EIE
i -~ LI/& Ridges
" _ of temporal
ffj 4000 - ] locality
i ~
2000 -
S -
EBIE#S T 32k
J& Slopes ek
of spatial g % Mem [ L, D1k
localit S s T 8m _
y s9 T 3om K/N(FF) Size (bytes)
K (x8F ) Stride (x8 bytes) 311128m
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FERA

» (EIANTHAIETZSB) B 2R Rearranging loops to improve spatial
locality
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[EHZAEREREITR A A

Remember matrix multiplication

B

1,2

b
bz,z

]

O

¥

-
—

Outli, j] =
dot product(Al[j, ..], B[..,j])
= sum (
ali, 0] * b[0, j],
ali, 1] * b[1, j]
)
// %8 dot product
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K‘\“—ﬂ{:—&g—j

A Esum /7 ﬁg‘ff >

Variable sum

Matrix Multiplication Example 1A

s FHIAR Description:

= N x NYBFEF3E;%E Multiply N

X N matrices

" FBETTERANBEZER

£(8=FT3) Matrix

elements are doubles (8

bytes)

= RUEERRIERE N
O(N3) total operations

* BNETTRERENXREEN
reads per source element

= S BRIHEITNMMEXF

N values summed per

destination

- (BROJEeSFEES
#2529 but may be

able to hold in

R— held in
/* ijk */ register
for (i=0; i<n; i++) { //

for (j=0; j<n; j++) {
sum = 0.0; <
for (k=0; k<n; k++)
sum += a[i][k] * b[k][Jj];
c[i][]J] = sum;

}

matmult/mm.c
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$ERESRIERICache RaRHREE S S
Miss Rate Analysis for Matrix Multiply —~—

m {ER1% Assume:

= BRK/INA32FT5 (REEE FANRSUBEIZ REY) Block size = 328
(big enough for four doubles)

= ZEFEAEENIEFE K Matrix dimension (N) is very large
= K291/NJ9ZE Approximate 1/N as 0.0

" CacheNEBLABZAZ1TEUE Cache is not even big enough to hold
multiple rows

s 9t % Analysis Method:
» NERBANGRAET, Look at access pattern of inner loop

— — —

] k ]

i = | X |
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GEESENIERR (EIZ) ¥
Layout of C Arrays in Memory (review) g

CQESENRIGBRITTZ#E C arrays allocated in row-major order

=4

» B TELEFNE each row in contiguous memory locations
s 1RIEIE1TRIES15TEE Stepping through columns in one row:
" for (1 = 0, 1 < N; 1i++)
sum += a[0][1i];
» J5[EELETTE accesses successive elements

= MRRAK/NKTFTTRIIFTEL, NATLARIRZS[EFERE if block size

(B) > sizeof(a;) bytes, exploit spatial locality
« ANAEHPERIJT: miss rate = sizeof(a;) / B
s 17— 5A9E3175c3= Stepping through rows in one column:

" for (i = 0; 1 < n; 1i++)

sum += a[1][0];
» 15R)ANELETCZ: accesses distant elements
» FEZSE)EERME no spatial locality!
« AepHE=7g1 (BJ100%) miss rate = 1 (i.e. 100%)
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FEPFESEE (ijk)

Matrix Multiplication (ijk)

/* ijk */

for (j=0;

for (i=0; i<n;
j<n;
sum = 0.0;
for (k=0;

ﬁf
g ' *
k<n; k++) (i,%)

A B

R1EE Inner loop:

i++) {
J++) |

sum += a[i] [k] * b[k]l[j];
c[i] [J] = sum;

|

matmult/mm.c | $g4Fi51E) LE)iGE B

Row-wise Column- F
wise
X RAEIMECEIATEER Misses per inner loop iteration:
A B C
0.25 1.0 0.0 HRKNh=32=F1 (WS

ixed

R
ISZ 1T rvsn

2%) Block size = 32B (four doubles) ..,



SERETE (jik) =

Matrix Multiplication (jik)

/* ik */ B Inner loop:
for (j=0; j<n; j++) {

for (i=0; i<n; i++) { * i
sum = 0.0; g @j)
1k
for (k=0; k<n; k++) (i,%)
A B

sum += a[i] [k] * b[k][]]~ C
c[il[3] = sum | |
matmult/mm.c | $Z{THE AR EE
Row-wise Column- Fixed
wise
R REIMECHIA T ER Misses per inner loop iteration:
A B C
0.25 1.0 0.0 ' -
R N=32FF (AP VEEZE=

2%) Block size = 32B (four doubles) ..,



Matrix Multiplication (kij) —

/* kij */ ) |
for (k=0; k<n; k++) { V\]1E%|nnerloop.

for (i=0; i<n; i++) { (I,k) E(k’*)g
r = a[i] [k]; ] (i, *)
B C

for (j=0; j<n; j++) A
c[i][j] += r * b[k][]]’ ‘ | |
matmult/mm.c Bl 1&=iTAE &TiRaE
Fixed Row-wise Row-wise
R AREIMECHIA T ER Misses per inner loop iteration:
A B C
0.0 0.25

0.25 . T
R N=32F1 (UPNEEZES
%) Block size = 32B (four doubles) ..,




e (ikj) g
Matrix Multiplication (ikj) =

/* ikj */ ) |
for (i=0; i<n; i++) { REIA Inner loop:

for (k=0; k<n; k++) { (i,k) Ii(k’*)gl
r = a[i] [k]; O (i,*)
B C

for (j=0; j<n; j++) A
c[i][J] += r * b[k][]]~’ ‘ | |
—— B AT AT
Fixed Row-wise Row-wise
2 AEIMEEIA TR Misses per inner loop iteration:
A B C
0.0 0.25 0.25

R N=32F1 (UPNEEZES
%) Block size = 32B (four doubles) ..,




HEPEEE (ki) g

Matrix Multiplication (jki) -
J* 3K */ H1EER Inner loop:
for (j=0; j<n; Jj++) { (* k) (* j)
for (k=0; k<n; k++) { K
r = b[k] [3]; ” & [
for (i=0; i<n; i++) A B C

c[i]l[j] += al[il[k] * r; } IE'
matmult/mm.c 1Z51518) E =5

Column- Fixed Column-
wise wise
B RAEIMECHIA T ER Misses per inner loop iteration:
A B C
1.0 0.0 1.0

R N=32F1 (UPNEEZES
%) Block size = 32B (four doubles) ...




pEREE (ki g
Matrix Multiplication (kji) =

/* kji */ ) |
for (k=0; k<n; k++) { WﬂE%mI’IEF |00p.

for (j§=0; j<n; j++) { * k) *
r = b[k][j]; (I:,J')

for (i=0; i<n; i++)

c[i][]J] += al[i][k] * r; T B C
matmult/mm.c
HhpE ElE  &AhAEE
Column- Fixed Column-
wise wise
IR RNEIMECHIA G EER Misses per inner loop iteration:
A B C
10 0.0 L0 =324 (MM TIBRSZ S

2%) Block size = 32B (four doubles) .,



sERGR LS g
Summary of Matrix Multiplication —

for (i=0; i<n; i++) {
for (3=0; j<n; Jj++) {
o Oy ik (& jik):
for (k=0; k<n; k++) adtﬂ 05%1= i 2 loads, O stores
sum += a[i] [k] * b[k][3]; ap /i misses/iter = 1.25
c[i][]j] = sum;
}
}
for (k=0; k<n; k++) {
for (i=0; i<n; i++) { k'.l (& 'kj)
r = a[i] [k]; o 25%3%EE . 15%TF4i% 2 loads, 1 store
for (3=0; j<n; j++) o ANt H/1EA( misses/iter = 0.5
c[i]l[j] += r * b[k][]]’
}
}
for (3=0; j<n; j++) {
for (k=0; k<n; k++) { jki (& kji):
r = b[k][j]; o 25%35EY . 15%1=i% 2 loads, 1 store
for (i=0; i<n; i++) o ANERHR/AEA misses/iter = 2.0
c[i][3j] += ali]l [k] * x;
}
} 117




Core i73BBE5; L IHEHE 2%
Core i7 Matrix Multiply Performance e o

FIXATBEIMECAIEIEBZL Cycles per inner loop iteration
100

jki /kji (2.0)

ki
~-kji
——ijk
—7ik

ijk / jik (1.25)

10
_——
kij/ik3j (0.5)
1 | | | | | | | | | | | | | | | | | | | | | | | | | 1

50 100 150 200 250 300 350 400 450 500 550 600 650 700

B K/ Array size (n)
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» (ERSRIEFHET ) B ER S/ Using blocking to improve temporal
locality
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2061 : B6p%F3R;E Example: Matrix Multiplication &=

¢ = (double *) calloc(sizeof (double), n*n);

/* Multiply n x n matrices a and b */
void mmm (double *a, double *b, double *c, int n) {
int 1, j, k;
for (1 = 0; i < n; i++)
for (j = 0; j < n; J++)
for (k = 0; k < n; k++)
c[i*n + j] += a[i*n + k] * b[k*n + j];

1|
*
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CacheAdasH9 4T Cache Miss Analysis
y S = 2

n {15 Assume:

» IEPETESERIENEE I Z = Matrix elements are doubles
= CachelRA/NSI8NNFEEF m2H Cache block = 8 doubles

" CacheX/)\Cimm/)N\Fn Cache size C << n (much smaller than n)

m SB— %A First iteration: n
" n/8+n=9n/8 ANApHImisses —N
= *

n [53RZETFHR: Afterwards in cache:

(A1 schematic) . —

Il
*

8 wide
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Cache Cache Miss Analysis -
ARt ysis o

n {18 Assume:

n IEPETESERIENREE I Z = Matrix elements are doubles
= CachetRA/NASNIUNEEIZE REN Cache block = 8 doubles
" CacheX/J\Cizm/)\Fn Cache size C << n (much smaller than n)

m B 17%AC second iteration: n
= BJR: Again: —
n/8 + n = 9n/8 A~BEpH mis ™
= *
n SEitAasH Total misses: 8 wide

" 9n/8 * n?=(9/8) * n3
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2 IREERE3EZ g

Blocked Matrix Multiplication =

¢ = (double *) calloc(sizeof (double), n*n);

/* Multiply n x n matrices a and b */
void mmm (double *a, double *b, double *c, int n) {

int i, j, k;

for (1 = 0; i < n; i+=B)

for (J = 0; j < n; j+=B)
for (k = 0; k < n; k+=B)
/* B x B mini matrix multiplications */
for (il = i; il < i+B; i++)
for (j1 = j; jl1 < j+B; j++)
for (k1 = k; k1l < k+B; k++)
c[il*n+jl] += a[il*n + k1l]*b[kl*n + jl];

} matmult/bmm. c

j1
C a b C
= e +
] i1 [ A

3R 1)\B x B Block size B x B 2




Cache Cache Miss Analysis o
Aot ysis o

s {15 Assume:
" CacheI A/ NSNS EZE =24 Cache block = 8 doubles
" CacheX/\Cizw/)\Fn Cache size C << n (much smaller than n)
= =R W 1&Scache Three blocks M fit into cache: 3B2< C

N , , B block
m 5—IR (3R) &K First (block) iteration: . Z{ ic :
" B/ 8B M IAGE I misses ok EEEEE B
= 2n/B * B2/8 = nB/4 _ =
(B B&FEF%ECc omitting matrix = * O
K1)\ Block size Bx B

. [SRLETFH Afterwards in o EEEEE
(T8][&] schematic)

*
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CacheA&HI 4 Cache Miss Analysis -~
y S = 2

n {15 Assume:
" CacheI A/ NSNS EZE =24 Cache block = 8 doubles
" CacheX/\Cizw/)NFn Cache size C << n (much smaller than n)
» =M Three blocks E&EA/N/T: fitinto cache: 3B2< C

]

m 55X (H) %4 Second (block) iteration: n/B blocks
» 5E—IRIECHENE] Same as first iteration —
= 2n/B * B2/8 = nB/4 N HEEEN

= %
s BitAapHR: Total misses: '\

" nB/4 * (n/B)?=n3/(4B) HRA 1)\ Block size B x B
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OO e
g 7

ﬁt*lE\gE Blockin g Summary S

m IS5 No blocking: (9/8) * n3
m R Blocking: 1/(4B) * n3

s [FHEAKRANB, LAMEFEHRE3B2< C Use largest block

size B, such that B satisfies 3B2< C

s FcacheFPIE3INER! FEPEEIN, — NI Fit three blocks in
cache! Two input, one output.

s HEEEAKZERIREE T Reason for dramatic difference:
= SEFESR AR RIARIAT BB ERME Matrix multiplication has inherent

temporal locality:
EHAF)\*Q'EM?I‘E Input data: 3n2, THEHIAE computation 2n3
NEBTTE(FRIREN Every array elements used O(n) times!
. {E&F—Z‘éﬁlﬁﬁﬁ’——j But program has to be written properly
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Cache =2 %L Cache Summary =

m CacheTHi&E NI IZFETEBERZMME A Cache memories can
have significant performance impact

n HEEFENEEZRSFIA You can write your programs

to exploit this!

= KEIRERER, HPREXETEHLTF Focus on the inner

loops, where bulk of computations and memory accesses occur.

* OB EEERE . RINFESOZEEIRERIS Try to
maximize spatial locality by reading data objects with sequentially
with stride 1.

= ROFANBERERE, —IREANZIRERETEXISR Try to
maximize temporal locality by using a data object as often as
possible once it’s read from memory.
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[BlfZ: M cPuiTit
Recall: Modern CPU Design

1545 # Instruction Control

llllllllllllllll Illllllllllllll Fetch mti
: Retirement Control Address :
: Unit Instruction

Register Instruction RS Cache

-

File Decode “Instructions

$24{E Operations

SR :
Register Updates FMlOK? Prediction OK?

INgEEATT
ore Functional
Units

A\ 4 A\ 4 A\ 4 A\ 4

IEEZEER Operation Results

\ 4

Addr. Addr.

H 77 Execution
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CPUAERESERTAH? -
Wh it Really Looks Like =

Memory Controller " CPU chip

Register file
Cache <—> |:> ALU
memory <::|

Bus interface

Shared L3 Cache' - |

AMD FX 8150

Core'|7 3960X .

== Shared
] BB L3 Cache

P2
-
®
=
Q
=)
A
-
O
=
B
-
-

\«g:&ﬁr“‘ s

iz Memory Controller

HyperTransport™ Ph [ MisclO |
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CPUREREERTAH?  (88)

What it ReaIIy Looks lee (Cont ) =

> 7’

Intel Sandy Bridge
Processor Die

32KB Instruction + 32KB Data
- 256KB

@ . : H

eI TRy L3 s-2oms

:—.‘_

- g-

EEE
. ’ . > e I
.H'v‘_r:""""' .’— —_‘~‘ . ‘un:v ':v . l"_’!&
Smmmm '..:u:""-"
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Bl Corei7 L1 BUERIEERF
Example: Core i7 L1 Data Cache

32 kB 8-way set associative

64 bytes/block
47 bit address range

B =
S= ,s=
E= ,e=
C=

Address of word:
| thits | shbits | bbits |
— A
tag set block
index offset

Block offset: . bits
Set index: . bits
Tag: . bits

E = 2° lines per set

s

~

[ | eee e 3
| I |“"|:|
S=1"sem{ | ” |----:
| | | Q] I
Cache size:
EI we | [o]1]2] =1 C =5 x E x B data bytes
_I _ ——
valid bit
Stack Address: Block offset:
0x00007£7262al1le010 Set index:
Tag:

O QW P o ouovswnheo

| | |
Ol | ol | e ®| N o || s W N = o
=
o
[
o

0x??
0x??
0x??
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2 Bll: Corei7 L1 EHERIEET i
Example: Core i7 L1 Data Cache N

&
E = 2" lines per set \éd‘. 090\0\00
32 kB 8-way set associative e A ~ 0 [0 [ 0000
64 bytes/block I | oo . S L
47 bit address range | | T — 2 3 8%(1)
s=2sets{ | [ Jeeee 1 5 [ 5 [ 0101
B=64 6 | 6 | 0110
S=64’S=6 (A A ER SRR R EREREEREEREREEEREENNENHNE] 7 -7 0111
8 [ 8 | 1000
E=8,e=3 % ) [\ — 9 |9 [ 1001
10 [ 1010
C - 64 X 64 X 8 - 32’768 / Cache size: g 11 | 1011
C=SxExBdatab C (121100
|_T|,|| P | 1 Y e xExDdatadytes | = e ITeY
i b e E |14 | 1110
F (15 1111
Address of word:
| thits | shbits | bbits |
e A A
tag set block
index offset Stack Address: Block offset: 0x10
0x00007£7262ale010 Set index: 0x0
Block offset: 6 bits Tag: 0x7£7262ale

Set index: 6 bits
Tag: 35 bits 0000 0001 0000
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AFLE

The Memory Mountain

20/

Aggressive
prefetching

32000 _

1 & Read throughput (MB/s)

575

msy AT e
/4 s3 128
Slopes S9 s7 \[r\| 2m 512k

of spatial K Stride (x8 bytes) s9 " /I Size (bytes)

locality SHo8m
|

-
Core i5 Haswell
3.1 GHz =
32 KB L1 d-cache
256 KB L2 cache
8 MB L3 cache
64 B block size
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