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Double data rate (DDR) DRAM
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Year | Capacity $/GB
1980 64Kbit | $1500000
1983 | 256Kbit [ $500000
1985 1Mbit | $200000
1989 4AMbit $50000
1992 16Mbit $15000
1996 64Mbit $10000
1998 | 128Mbit $4000
2000 | 256Mbit $1000
2004 | 512Mbit $250
2007 1Gbit $50
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CPU Time=(CPU execution clock cycles + Memory-stall clock cycles
xClock cycle time

Memory-stall clock cycles=Read-stall cycle + Write stall cycle

Read-stall cycle=Reads x Read rate miss rate x Read miss penalty

Wirite-stall cycle=Wiites x Wiite rate miss rate x Write miss penalty

o RER

Wiite buffer stall -
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S
WY
Memory stall cycles

= Memory accesses x Miss rate x Miss penalty
Per program

= Instructions x Misses x Miss penalty

Per program Per Instruction
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;| gog)ee 1) bylyl b alwaw
— |-cache miss rate = 2%
— D-cache miss rate = 4%
— Miss penalty = 100 cycles
— Base CPI (ideal cache) = 2
— Load & stores are 36% of instructions
owlisl (@iss oSl Jlos) olgd sakhsls 53 a5 (3o )y °
G399 sl Habe as Cicyw

CJalpis CIlaze CSpaspe
0.02 x| x 100 = 2xI1
b CIIze CSpaspe f@;
0.36 x | x 0.04 x 100 = 1.44x]

) e
(-

= 5.44xI 5.4412=2.72 |3@§

Actual CPI 2@ opa
&
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affected 4+ T

T, :
improvement factor "¢

improved =

21 93 1) JUs (50331)a) Cacyms a5 (3)0 )y
Gcln glb gu3l5)s a5 halpb )y (@3S

G315 o198 (S)ET an CPI 3350 )GeS
1x1-43.44%1 = 4.44x1

B'ﬂ: 63%

2.44
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Average Memory Access Time

AMAT b Gloj hwglo=—y

W )ais 13 33)lap SUS Julisl 5oy (sow jl ©
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A Mo oyl

W (303w J5 gls) 33193¢0 Y3 it time pls) *
) (-0Bin s ) s golisl |y absls
20 gwliel pled sabsls gulais a5 seys

12) azs (o5 @sib aybs (Slacs)lons angs b ¢

30,0 L)@
AMAT = Hit time + Miss rate x Miss penalty

JSaw Gy hit gsis podidis gls) «Cuwl pdgyas 1NS SIS G 833jly Gy :JBe
OLs) buwgls (Cuwl 300)s Al V188 A .Cuwl JSw Sy OIS (sasy)s

23S Olws 1) (0w
) AMAT =1 + 0.05 x 20 = 2ns
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)3 1) ol sabsls )s By slaSel @ (bW °

01 VAl
0O 4 0 4 0 4 0 4 215

0 Miss 4 MISsS 0 Miss 4 MISS
04 s 0 5 O1
00 | Mem(0) 00 |Mem(Q) 01 |[Mem(d) 00 | Mem(@*#
; 0 miss .ol 4 miss 4 00 0 miss, 01
01 |Mem(4) 0OC | Mem(C) 01 |Mem(4) 0OQ

q
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AsacciztiveCaches IREPIEEERIGHIG
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023) a3 @3w] (BSgly (5)13550

Sl o )3 3163 Sgly ja a5 Cuwl (B3] )30 (SBGMD —
(30031 00 @ og3m ) 33y )3 pled sabsls
)y Oy (associative)

(-0La3 g 30,0 030)8) Camayy Job )y D)g0 B3 )s —
IR B )N 3)08 2300 ld sy

o3(a3wl (S)lgs (SlaasiiSamys i) )5 oxs Sip —
) (V0 (5)181CAW (Saisin a5 3qK¢,0

31 5 4 0
Tag Offset ‘ s
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Direct mapped Set associative Fully associative
Block# 01234567 Set# 0 1 2 3
Data Data Data
1 1 1
Ta Ta
Tag 5 91 1o 9 2
Search x Search T x Search T T T 1 “ x x x

(Block address) modulo (#Blocks in cache
eo\\\n\ap

(Block address) modulo (# Sets in cache)

Set Associative .
1»
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Main Memory
00d0xx

Cache 5:5:5:5:5:5:5:5:5:5:5:5:5:51xx
''''''''''''''''''''''''' OXX

Way Set V. Tag  Data . |oo11xx
o © 01d0xx

BRITREHTTE ¥ QL0 IXX

1
0 0110xx
1

1

Ll 0111 XX

10d0xx

10710xx
o1 011X
110bxx

e 1101XX

111Pxx

PouolS csjloso 5:5:5:5:5:5:5:5:5:5:5:5:;:;1111?<x “
Marv Jane Irwin ( www cse. bstll. edll/~mil )
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Four-Way Set Associative Cache

| S
st30 ... 13121 ... 210 s Byteoffset
I
Tag 322 ~+s
Index
ndex V Tag Data V Tag Data V Tag Data V Tag Data

0 0 0 0

1 \Aldh . N 1 vAzb 1 1 Ak, D 1 Ak,

2 \'A'/ y |\ 2 V'A'/ y 4L 2 \'A'/ y y4 2 \'A'/ y J
253 253 253 253
254 254 254 254
255 255 255 255

L|j U

oo
Y

|
——_4x1 select

i Hit Data e
FeuolS csjlaxo Mary Jane Irwin ( www.cse.psu.eau/~myjl )
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S)pb) b =—

I+ 0130 (€ M ) (35l Sloogud els3
Cuils way set associative

One-way set associative

(direct mapped)
Block Tag Data

0

] Two-way set associative
5 Set Tag Data Tag Data
3 0

4 1

5 2

6 3

7

Four-way set associative

Set Tag Data Tag Data Tag Data Tag Data
0

1

Eight-way set associative (fully associative)

Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data
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-0,8,0,6,8
Direct mappe
Block Cache Hit/miss Cache content after access gol6e
address index 0 1 5 3 2=
0 0 miss Mem([0] =
8 0 miss Mem([8] ;
0 0 miss Mem[0] %!Eg"ég
6 2 miss Mem|[0] Mem[6] o
8 0] Mmiss Mem|[8] Mem/[6] V.
1\
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2-way set associative

Block Cache Hit/miss Cache content after access
address index Set 0 Set 1
0 0 miss Mem|[0]
8 0 miss Mem|O] Mem|[8]
0 0 hit Mem|[0] Mem[8]
6 0 miss Mem|O] Mem|[6]
8 0 miss Mem]|8] Mem[6]
Block Hit/miss Cache content after access
address
0 miss Mem][0]
8 miss Mem|O] Mem|[8]
0 hit Mem|[0] Mem|[8]
6 miss Mem][0] Mem([8] Mem|[6]
8 hit Mem[O] Mem[8] Mem[6]

PeunlS csjloxn
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Address
3130---12111098--:3210
422 48
Tag
Index
Index V Tag Data V Tag Data V Tag Data V Tag Data
0
1
2
® L p ® L 4 ® * [ ] L [ ] [ ]
253
254
255
J22 32
/: r: Ir: f:
- é—tcﬂ multiplex@
Hit Data
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Content Addressable Memory (CAM)

Associative memory
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