Cache

a proUem

» Aggregate peak bandwidth grows with # cores:
=« Intel Core i7 can generate two references per core per clock

« Fourcoresand 3.2 GHz clock
= 25.6 billion 64-bit data references/second +
= 12.8 billion 128-bit instruction references
s =409.6 GB/s!

» DRAM bandwidth is only 6% ofthis (25 GB/s)
AN Amdahl, 947

= Requires:
» Multi-port, pipelined caches
= [WO levels of cache per core
» Shared third-level cache on chip

Proyu:\s ijnom this. Can we \r\clp?
WMaybe .
ls there Loco.lifj

Memory Reference Patterns

Mquor3 5 is the set of locations
B\.J wm address M FETTT acce dl-ll‘iﬁg AL
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W ==> total execution time, everything is local

W ==> one instruction time, single address is local
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PRAM

Pick a time window size w.
In time span w, are there,

Multiple References,
to nearby addresses:
Spatial Locality

Repeated References,
to a set of locations:
Temporal Locality

Take advantage of behavior
patterns.

If stable patterns last,
Long Enough (?)

Short time ===> Small set

Long time ===> Large set



BANDWIDTH

Typical Memory Hierarchy: B/‘g‘Zc l’
Everything is a Cache for Something Else and
(| A; E"eu
BANDWIDTH Access time. Capacity Managed by LATEN cy T >
Registers leyele ~500B software/compiler C7C/ es
x |00
X2 ( U ] xxB )
Chip Level 1 Cache | |-3cycles ~64KB hardware
? Vs
x 72 ( ] yg )xloo Laraqér g P
o el 5-10cycles 1-10MB hardware \/ ‘M access ﬁﬁmc .
o
Chi
X 100 Ps DRAM ~100cycles ~10GB Software/OS ‘Tﬁm ¢ )[;Q;f
Mechanical dle w N
Devices 106-107cycles T3 software/OS
Tape /7// é/t /4716”6;‘ ,
C. Kozyrakis — FE AAGL VAEatar ARAR | cnbeaen 44 27

uf:'hdg whet ?
Technology Tradeoffs

Large set, Many bits ===> Bad: (Bandwidth, Latency), Good: ($, Area, Watts) per bit

Small set, Few bits ===> Good: (Bandwidth, Latency), Bad: ($, Area, Watts) per bit

Swall W —->-¥as+ sef Torn over —s= More ban&wi“k (fow lifenc\,)
larye W —s slow st Torn over —= fess banduwidth ¢ hih ftency)

V3 W
We €< W, 4 W, £ W, " £ w5
L1 L2 L3
C Cc C | Memory
a a a bus !
Memory VObus | Disk storage
g g :
i 2] 8 Disk
memao
Register Level 1 Level 2 Level 3 Memory refe,er,’g;
reference Cache Cache Cache reference
reference  reference  reference _\’
. Capact
Size: 1000 bytes &4 KB 256 KB 2-4 MBE 4-16 GB 4-16 TE
Speed: 300 ps 1ns 3-10ns  10-20ns 50-100 ns 5-10 ms ,Qa."fchcj

(a) Memoary hierarchy for server
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< W, —> execdﬁbn

We hope

Most changes in So refer to items in S1

Most changes in S1 refer to items in Sz L Iw bM/mM resvircé
etc. ... /afean averfa.ppe) or ‘\iAJE\q

Exploiting the Memory Hierarchy

Approach 1 (Cray, others): Expose Hierarchy

-Fegisters, Main Memory,
Disk each available as 2 WAIN

P rograms cJo manage
storage alternatives;

WEM F
* Tell programmere: “Use them cleverly” CPU Cﬁﬁle Qét S

Approach 2: Hide Hierarchy

- Programming model: SINGLE kind of memory, single address space. |

* Maching AUTOMATICALLY assigns locations jto fast or slow
memory, depending on usage patterns.

P ro\ymv\s éo mﬂL

= tho ik accou]
X? / ¢ “SWAP SPACE™ CﬂKﬁle Qét&(]g/

(;{MJ S1s+cm SW ‘“’Pe 661 d}c bes’}.

MAMJC movinj Jifa €.9-
mgis'}er %«J(MJ /umﬂ“);‘v : com,oiér
L1,L2,L3: cache controllers

Memory /disk - 0§ soffwene,
I i cotalles




'."‘em mi‘} pf‘ﬁeh'l'? = miss searck
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Memory
bus Memory /O bus | Disk storage

Disk
memo
Register Level ‘l\/LEveI evel 3 Memory r&ferenga
reference Wofd Cache Cache Cache U reference
e

reference A reference § referenc

CPU

o =oon 0l
oo 0
oTow O

Size: 1000 bytes 64 KB 256 KB 2-4 MB 4-16 GB 4-16 TB
Speed: 300 ps 1ns 3-10ns 10-20ns 50-100 ns 5-10ms

(a) Memory hierarchylfor server

Llock,l & block, < block, = b\ocklt

64046 a{di Hoc/k

Worcl;_,, Worclz worcl, Worclo 4X(S/B wm{s) =25 B
\ " [} y
A \:lock or  Line

AR=25

block 2dd ) k
ek e i bk, 2

APDRE S S A

Transfer a block at a time:

--- latency for 1-st word

--- remainder at bandwidth rate, hopefully
Block size varies from level to level (2X)

--- Pay delay for block transfer, but what if other words never used?



s Miss rate MR = MNV
‘ NACCCS‘S‘

= Fraction of cache access that result in a miss
('M.ISSL = not 'Pou»cl n ICVCQ L)

s Causes of misses

» Compulsory ‘ .
. Firstreferencetoablock == Mo CAOICBJ ke re{crchce (? Pfewccjfcw

» Capacity '
. Blocks discarded and later retrieved = caulin't keﬂp . C“j& ) bt wm’LJ To
» Conflict
« Program makes repeated references to multiple addresses == CWAC s'}omge sct\emc fa.uff

from different blocks that map to the same location in the
cache

HR = (1-MR)

- 1 h'H/
N&CCCS‘S‘

( + Qol‘lC\'C’Y\C\d + coh+0><+ switch "“6)

Wlei\'ks:
Ava Acess Tme = Ux'-lf mlrt)(l.'.{‘ t’m) + (wiss ri‘t)(\v\iﬁ tmb
Avd Powen = #(a.o"'l'\ri )m‘ces)(ma Jjnmfc f’“""f"‘)

7 kit fme F R/W Jdik + cache hilfime
:-/k/“ /-\i/‘\
(1'“71 mﬁ){%i%'ﬁ%:) + /MI'SS mlc)(miss "to;wﬂ)

AMAT -
AMAT can be w.r.t.
= (1-mR) Ty- :
(1-m8) Ty ’ MR(T‘“"-‘ * —[“) Global performance
or
= ((1-Mr) +MR) Tttt MRTgccess Level i performance
= l—hl‘l’ * Mk(ncce&s)
K_;V—._/
Miss /%w:,@f-r
What's important?
Overall performance = execution time
C PI ] _ O.{('CS or
Pendﬁ+3 (‘1665) = MR’ lpmd-[-a (2e0) CR (M ) = average CPI



How Processor Handles a Miss

L1

H ;'r ¢ Assume that cache access occurs i\l cycle no processor s‘tx.”
— Hitis great, and basic|pipeline is fine

CPI penalty = miss rate x miss penalty = O

MISS

* A miss stalls the pipeline (for a instruction or data miss)
— [Stall the pipeline you don’t have the data it needs) &1~ frocessor /ro]eq
— [Send the address|that missed|to the memory|
Instruct main memory to perform aread and wait
When access completes | return the data to the processor &1~ jadJ L1
—| Restart the instruction|

@ \ ""”5/"“}'— processor ,m'[' L/l

We Cam édlcfa,lile,

A Turing Machine Tape

R/W head moves L or R,
copy a region at a time.

Cost is proportional to distance
and size of region copied.

Cache Organization and Methods

--- Big Memory, Small Cache ===> Block Mapping
(how to place blocks in cache )

Associative: anything goes anywhere, check contents (contains address)
complex + expensive (area, power)

Direct Mapped: (like a Reg File, but words are blocks)
simple + fast, but too restrictive placement?

Set Associative: (hybrid of Associative and Direct Mapped)
Some Block Parameters
--- How big? Spatial locality captured by fetching neighboring data/instructions.

--- Replace what when? Working set captures temporal locality.
--- Writing, when, where? Change locally or globally, maintain correct program behavior.



Associativity: Parallel Lookup

Find “Bitdiddie, Ben® | < ——s re%oes'f ¢ AA‘\"C“/ €9, / w RI‘,

4
M w\orj Compare

J

e mikh?

0 [ {f0 [ |f0 [

0 [ {f0 [ |f0 [

address ) J Q

Cov\+c vd’ S

{J

TAG | Data

Incoming
Address

All comparisons 1nade In
parallel

Direct-Mapped Cache

(non-assoclative)

Yol
The extreme In assoclativity:
(@) i
o
|

located In any cache locatlon

L%
()
—_

;ILem Lo ,Irc i any :/o?l;
boad new '{te?q inlo any cmp‘i’g_.

A 2T &0 d e
=

| Find"Bitdiddle, Ben” | NO Parallelism:
/ Look {JUSTONE place | Direct Mapped Cache
ete ]
Incotming request (address bits) Low-cost extreme: ~ IQC j 7[" . / e
.. can use ordinary RAM as table Single comparator

@ Need: Address Mapping Function!

Use ordinary (fast) static FAM for cache tags & data:

inJCX ) K x (T + D)-bif static RAM

Maps Incoming BIG address to Incoming Address p
small CACHE address. . tells T |k | Tag Data
us which single cache location s = /k
touse T = DISADVANTAGE:
Direct Mapped: just use a subset S COLLISIONS
. of Incoming address bits! K-bit Cache Index
' BA Colislonwhen several addresses
t map to same cache line.
N/} 115 - Memory Heramcty 13
S ‘ 01' 'fo( B S k“'/ TUPW‘E}A resebe 7 D-bit data word
ri =

QAUESTION: Why/mot use HIGH-order
+ bitg as Cache Index? H Data Out
cahho-l- C&Cl\e bo h 2004, - Sgrmng 2009 4r2N0S 115 - Wamory Hismars iy

“Bitdiddle”  and “By'fc‘t'wac\c\\e" on/y need To e Par_f of dc)fec:



Adiress bit vsage

cache

C.aC L\E

Wor 3 V\Uml)e\‘

Bife number

*ra?,
\ N Y
Byte addressable \ \ /
4-Byte words
8-word blocks AJA r
32-(k+3+2) A 3 2
~— *——~\\’,——---_,____—/ ‘J( é), Ll
ock DM ca
«giorJ Memory bock address 2’ ck che
address R | 2° B bloks
wor
00 ... 0000 3D, b by ¢ BLock 23 Lords @2 8
00..0100 |Bs B, B, B,| wordy
00..1000 (B, 8, B, B, | word, A v | Word
(J
00 ... 101 1\ BVTQ QAATQSS L &JO{‘A 7 (J wor51
woréz
* Location in cache determined by (main) memory address
* Direct mapped: only one choice
— (Block address) modulo (#Blocks in cache)
ot Ve inJex bd'S
885553°F #Blocks is a power of 2
cache .
, Use low-order address bits
g by 2
Mem / | N Collisions sprea y &
4 \ Mo .
= fess spiﬁdly Loca ]
A»ress 00001 00101 01001 01101 10001 10 11001 11101 Sj'mcl)-l'
J'ffcren‘l’ e V indey. 0 {ls
TAG lns L’——J
e 8-blocks,

We use TAG bits to identify which block.

But, what about at startup?

--- Content is random

--- boot process initializes valid bit (V = 0)

* |nitial state

Index

000

001

010

011

100

101

110

z|IZzlz|z|z|IZz|Z2(Z2|<
v

111




Example (ignore block and byte offset bits)
DM, 3-bit index

LC3 assembly:
LW R1, R2, #0

o

Rz

10110

Word addr BirEry addr Hit/miss Cache block
22 10{110| Miss 110
Index Vv Tag Data
000 N
001 N .
ndoy 010 N N .
011 N | N\
100 N P At 4
101 N b g ]
110 Y) (10 Mem[10110] = |1 234 | |
111 N
LC3 assembly:
LW R3, R4, #0 RY [ 11010
Word addr Binary addr Hit/miss | Cache block
26 111010 Miss 010
Compulsory/Cold Miss ‘
Index V i Iag Data
000 N
001 N [
L’)‘ 010 Y 11 Mem[11010]

011 N
100 N
101 N
110 Y 10 Mem[10110]
111 N

MIPS assembly:
L $1,0(%2)

net Va/ id
Stall,

Access Memory
Write Cache (tag + data)
Set Valid bit

estart Instruction

| verid
STALL, FETCH
WRITE, RESTART



LC3 assembly:

SW R5, R4, #0 R Y [ 11010
Word addr Binary addr Hit/miss Cache block
22 10 110 Hit 110
26 11J010 Hit 010
_ hk) O s¢72 | RS
Hit -
Index Vv Tag Data ]
000 N i
001 N (
L yfloto| (v [11 Mem[11010] —ABED- VALID = 1
011 N +
100 N TAGs match
101 N Write data to cache
Write data to memory
110 Y 10 Mem[10110] (when?)
111 N
LC3 assembly:
SW R7, R6, #0 R 4 10010
Word addr Birﬁlry addr Hit/miss Cache block
18 10J010 Miss 010
ALY
Replacement +
write new 43 weite J«I\&.
Index V Tag Data
000 Y 10 Mem[10000]
001 N VALID =1
'\ A +
—->-||010 Y) {10 Mem[10010] -5 7§
571 \Y> == "y [00011 ] TAGs do not match
eml ] = Collision
100 N
101 N Stall, write old data to mem
110 Y 10 Mem[10110] write data to cache
117 N write tag to cache

write new data to mem?



Example:
DM, 32-bit address, byte-addressable, 1-word blocks (32-bit word = 4-byte block)

Address (showing bit positions) e Assum ph ons
3130 --- 131211---2 10 .
‘ TAG ‘ inc‘ex lgfyggt‘ — 32-bit address
J20 10 -
% o 11 4 Kbyte cache
Index 2 cache — 1024 blocks,1 word/block
Jines
Index  Valid Tag Data @
¢ 78 e Steps
2 1. Use index to read V, tag from
o7 cache
1554 2. Compare read tag with tag from
1022
= address
{20 32 1“ 3. If match, return data & hit signal
) I —— 4. Otherwise, return miss
A

Need only compare upper 20 bits as tag, index bits are the same for any item in same slot.

J’.ﬂ? S'aw\e
Tfﬁf w\J%
LW R1, < address = 1100110 >

LW R2, < address = 0101110 > ~ —= \/’%mslqmé
SW R3, < address = 1100110 >

SW R4, < address = 0101110 > ZaJ\ accedd ng'@ some# undq ne@le)
LW R5, < address = 1100110 >

/pMLe/L/ oL CcAavses A miss.
Wose thom ne CM»Z&./

Can happen at any level or type of caching:
Direct Mapped, Conflicts (as above)

Fully Associative, Capacity
e.g., Virtual Memory Page Thrashing



e Consider the following example code:

arl:
Cu‘-k('. double a[8192], b[8192], c[8192]; T ["] a
. 3k x6¥b %k x88  gkx8B
1k b]ocks \{ro:Ld vector sum() STRiDie g,k‘ <38
@ 85 int i;
10 for (1 = 0; i < 8192; i++) .
— 2'° blocks Gy s b[£] b
— 10 -bit imdox )

— Arrays a, b, and c will tend to conflict in small caches 8k x 88
— Code will get cache misses with every array access (3 per loop) ‘
C[£]

— Spatial locality savings from blocks will be eliminated

® How can the severity of the conflicts be reduced?

Address o

« o o 0000 | indey

Stride in multiples of 2713 : ﬂ[O]
===> indices same,
tags differ.

b[o] « . e 1000 | index
64-bit Double

k— TAG — cmive | - 3 kit %sd'

Shkx8 B
- &.lGB

How can we fix this?

Bigger cache? How big? —s index + dHALT > 17 bils (recau) C a,‘So)

—= e > 276 = 256 AR, i5bit idy
H k /
Pfoj FAmmer's MI'S}'K)% ? c;vv\(llt,owrz?stec?;fgm } Jet '6“5 A KMZ,EJJL/

How much is the programmer responsible for?
Portable code, different architectures?
Irregular data layouts a solution?

Compiler's responsibility?



BlLock Sige ¢ Hfects

e—32 bils

=1

e— 2t — k > n —>| )
R k8 Cache A)ércss Tay index | Word % \
LB\fre
offset
==> (2" Llocks ) x(2" words/block ) x (2" B/werd ) S
Each cache line = [tag bits ] [ data block bits ]
Total cache size = (#lines) X ( # tag bits + # data bits )
Storage overhead = ( total # tag bits ) / ( total # data bits )
10
(2 blocks )X (1 werd/biock) x (8 8/ word) (1 ‘0’“+°"°‘J + 1 Trans‘fef)/w rd
0
,k= 10 n=90 b=3

— 1 =

32 -(10+0+3)
= 19 by

T Wt sbseky T Vs ovehedd
Vs,

k= ¢ n= 4 b=3

<1G l:l()cks)x (16 words/ black) X ('8 B/worc\) (1 M-Chcn + 16 Trans‘feq)

16 words
—_— t = 32, _( b+ Y +3) Ar:::t>izec11 ;a1tgncy per word
= 19 bd’s

——

]q/(quzé b’l‘h’/bh(.k} = ]q/’l(ﬂ\"} = 1/-50 OVﬂ"'CdJ



Block Sf}g VS, Perhmomcc

* |Larger block sizes|take advantage of ‘spatial locality

— Also incursl larger miss penalty since it takes|longer to transfer|the
block into the cache

— Large block can also increase the average time or the miss rate
* Tradeoff in selecting block size
* |Average Access Time|=|Hit Time ¢ (1-MR)4{Miss Penalty ® MR

Average
Miss iss Access
@ Rate) Exploits Spatial Locality| (TIMe
_ Increased Miss Penalty
Fewer blocks: & Miss Rate
{_ compromises
fecj‘ehc% ,,.__\\T;MS er temparal locality

Block Size Block Size Block Size

Averaged over selection of programs: Your performance may be different.

Qesvme BMAMAJHL"B mcmwd. A /-]-
Total cache Adsla AAyL

'pl&el A,-]'A, ' éc =
T WJML d Ay ——>= 3% Blycks BMW



Fully-assoc. vs| Direct-mapped %

SRAM fadch
Fully-assoclative N-line cache: Direct-mapped N-line cache:

=

- N tag comparators, reglsters psed 1 tag comparator, SEAM pised for
for tag/data storage (35 F) tag/data storage (§)

- Location A might be cached in anyone | -Locatlon A s cached In a specific line
of the M cache lines{ no restrictions! of the cache determinedbytts
address; address| collisions” possible

Eeplacement strategy|e.g.. LEL) - Replacement|strategy not nesded:
used to pick which line To use when each word can only be cachad In one
loading new word(s) Inte cache specHic cache line

-FREOBLEM;:| Cost! FEOBLEM: Contention!

Cost vs Contention
two observations..

1. Frobability n-fmlllﬁlm diminishes with cache sizel.
~.5alets hulL:‘HLIGE direct-mapped c.acI'E;,|u5|ng cheap SEAM!

2 [Contantion)mostly occurs between ; Lk - I
independent "hot spots” + - e
+ Instruction fetches vs stack frame vs data
SLrLCLres, ete “ <= STRIDE = Collision

+ Ability tojsimultansously cachs a few (27 47 &
hot spotq eliminates mast collisions

-.50 lets bulld caches that allow each location to be
stored in some rastricted s=t of cache lines, 4
rather than in sxactly ons (dirsct mapped) or !
gvery ling [fully assoclative).

Inslght: an N-way sef-assoclativepache affordgmodest parallelism

* parallsl lookup (assoclativity): restricted to small sat of N lines

* modest parallelism deals with most contention at modest cost

. -r.anlmphmnt using M direct-mapped caches, running In parallel

00 i 2000 AR L1~ Coche e T



Set Asso c'\a.“"fve. Cache

2-Wa
) Direct mapped *Sel aisuc ftiue“ Fully associative
100X — 5 ndey, S ¢ sF s
Block# 01234567 Set# 0 172" 3
Data Data Data
1 1 1
T Ta Ta
% 2 I |2 * 2
: Searc |
CO . Cesd TTTTTTT]
lel | 7
Pﬂ ralle ara4 //e/
i set P

3 D'u(e?k M"PI") caches —> 3"“43 A”“i"'-l"i‘t K-caclnc-ﬁ'nc) DM caches

—> § Se"’?
3-way Set-Associative Cache

1a
Aé)ress ﬁ 3 direct-mapped caches, sach with 2* lines
h_ﬁﬂ-_ﬂ_ﬂk_; -~ | N
/ f (
k J |

A== =
-)tﬁ.a.t TAG | 3 TAG| Jia

aset

subcache cong Hiuies

\

1kl YT 4 e e

Cac |86 ] [Me 3k TAE

=t & ,

L&y | LG L&y | <~ Patalle]
a1V T Ty ) Tag campare

2 In seT

HIT ) T



E.G.

* Compare 4-block caches

Y
- Direct mapped,fZ-way set associative

S

fully associative

i

associativity higher

===> tags bigger (overhead?)

— Block access sequence 0, 8,0, 6, 8
* Direct mapped
' Cach Hit/miss Cache content after access
ADDRE S| [LACLE = i 2 31 y-black cache
0 00— (0 miss Mem[0] g t =0
8 004—( 0 miss Mem[8 collision
0 00— 0 miss Mem][0] collinion
6 104—=( 2) miss Mem[0] Mem([6]
Tiwe 8 00— 0) miss Mem][8 Mem[6 Collision
t{z -5t
index
* 2-way set associative I
Cache Hit/miss Cache content after access
ADDRESS index — Sot Set 1
0 00 0 miss Mem[0] |
8 00 0 miss Meml[0] Memlig8]
0 00 0 hit Mem][0] Mem[8]
TIME 610 0 miss Mem][0] Mem][6] LRy
g 00 0 miss Mem[8 Mem[6
et
1 '
i Wndey.
* Fully associative
ADDRESS Hit/miss Cache content after access
0 00 miss
g 00 miss Mem[0]
0 00 (hit) Mem[0] Mem[8]
TIME 610 m|_55 Mem][O] Mem([8]
g 00 hit Mem[0] Mem[8] Mem[6]
AV o
no index any block cen be vsed



Space Overhead, N-way Associativity

A fixed.si he. C But Qk ernlrizs
Total # (address bits) = A @ Q/:‘# [ 2" Bk ¢ 1)
=< ZL >-</-\jkj_’1> 4‘:;:;
AJJI'CS' s T29 cache index E'«?#T;e 4
ST/OKF.:D W (nj; storeA
Cache V= AN

e Bj‘i'es = (I'o:j b}'l'g + a‘a'jk b\"’j‘) A _>(/k"1)

_ ¥ =(£+1)

= txgk xN )+ A x x 9M 93

(m) (2% x v x " x23) k= A

t/\ Overhed



Associativity vs. miss rate

| -wa
W H&F: Figure 5.3
2-wed Y
\2\ Assoclativity
Y-
40 m\\ o —+— 1-ay [direct-mapped)
Miss rate . | ; Y twice sije N MR = Zummy
(2 -
& N Bowey
A 4 x i\""- —fully assoc
)I\ o 1\‘ : :
2 i +
R ' ety }heeé L be Jere
/’I ] t t t —t t t I —“' J\ ; '
e e m ek e nm — 10\6\ 4 Qs)
Cache sizz (byles)

B-way Is (almost) as effective as fully-assoclative
» rule of thumb: N-ling direct-mapped == N/2-line Z-way set assoc.

h A'\We(evﬂ' Job Wiy
* Simulation of a system with 64KB D-cache, 16-word blocks|SPEC2000
MR - 1-way: 10.3%

- 2-way: 8.6%
- 4d-way: 8.3% . A :
g V'S 1; l, o{uvnuvwh\wg cdwns © 2.57 Uw-Praveme_;\t
“way: .17 W "%af Mjm{mdn-f?
What's the metric?
'7; (I-MK) + MR_[;, Compare (MR X Miss Penalty) == actual improvement
—rk (1- ZMK) + ¢MR TF performance / $ ?

If $ increment is small ==> bigger N.

Ty + WR(T,-T,)
T, + AMR(T,-T,)




Replacement Methods

*  Which line do you replace on a miss?

Foll Assec.

* Direct Mapped

— Easy, you have|only one choice

— Replace the line at the index you need #r q
1

« N-way Set Associative coin ©

— Need to choose which way to replace

— Random (choose one at random)

—| Least Recently Used (LRU]I(the one used least recently) o”eﬂl'
¢ Often difficult to calculate, so people use approximations. Often they are

really|not recently used Wﬁsn‘t USCd Since !as.,-j 100*&)

C. Kozyrakis EE 108b Lecture 12 23

What's our workload?

Handling of WRITES ~ How many READS

--- How many WRITES
--- How many READS after WRITES

Observation: Most (20+%) of memory accesses are READs| How should we
handle writas? lssues: ST ;«l w"i'l'ﬂ:

Write-through: PL writes are cached, bul also written to main memory rey Cache Mem
[stalling the CPL untll write Is .:.ﬂmplsta:d}l Memory always holds "the
Trutd .

Write-behind: CFU writes are cached: writes to main memory may be "o S'Ilk.”
buffered, perhaps pipelined| CFU keeps executing while writes are
completed (In order) In the Packground e} cache Mem

Write-back: CPU writes are cached, bul] not immedlately writtento maln DF\’K />
W

memory. Memory contents can be "stale™.

buffer
Our cache thus far uses write-through.

o stall ey Cache  Mewm kb

WI.I'I'L Wﬁ&-l’dﬁk H——? ~1“h \’CP‘KCMQY\T

N

Canwe Improve write performance?

008 - Sprirg 2000 47T 18 - Cocher e
* Interesting observation

— Processor does not need to “wait” until the store completes?



Write Through

Kep‘acew\en’l': easj, cloLl)er Dine (Memor7 Q/Wﬁ.ys u/)Ja,]LeJ > consisteit )
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bt ﬁh(‘a 1-word wriles

Processor: shalls on every wf"'l'c.
simple,, cheap

Write Back
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* Use Write Buffer between cache and memory WeiTe -Bekwu)

— Processor writes data into the cache and the write buffer
—| Memory controller slowly “drains” buffer to memory

¢ Write Buffer: a first-in-first-out buffer (FIFO)
— Typically holds a small number of writes

— | Can absorb small bursts|as long as the long term rate of writing to the
buffer does not exceed the maximum rate of writing to DRAM

e

fﬁ&-fhroug,‘h w/ buffec , Read Migs ? re cache  Mem

Where should we look for data?

--- in buffer? ¥ %r
--- in memory? .
--- how do we search buffer? Stall if not empty? ?




bohci\’ t do on Write wigs ?

Allocate
block?

Write word
to Mem.

nvalidate words,
Mem-write victim
cache-writes.

Choose victim.
Evict?

Mem-write block,
read block to cache,
cache-write word

@

ead block to cache,
cache-write word
(mem-write word).
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Write Miss

Typical Choices

RO Wiewm
i et mem write wwtil
- Vi€ .
Write-back caches | reg ¢ {/\) NlC+ replaces +J\r'l'
— Writefallocate, fetchfon-miss (why?) I_/|/'—‘ry— <t | feteh J
— Uclne Urt‘!"e wo'tl

e | Write-through cachesl mem Cblack b.)f‘fl'( 1&+€V)

reg
— Write-allocate, fetchl-on-miss %__ cglﬁ vfc.'l'n‘m
. . eTe
@ - ertejallocate, no-fet-::l'\|-on-m|ss Mcm/udu ur'r,'c wer)

@ — No-write-allocate} write-around rey mem
m
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\
e Which program patterns match each policy? chesse V"+'"
mve lidaTe wor \—/

. . | {‘ul\c wﬂt}ww mem wrile tmlg~
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Modern HW support multiple policies I’M(e uJ\e.

— Selected by OS on at some coarse granularity (e.g. 4KB)

EE 108b Lecturs 12

Be Careful, Even with Write Hits
* | Readinglifrom a cache
- andin parallel 1. Rea‘l (Ta J‘t)
— If it hits, return the data, else go to lower level (ST&U or Ko ST“")
VSs
* Writing a cache can take moretime 9
’ 1. Read ¢ Tqa) (s"’t“ or ho al&ll)

— First[read(tag)to determinedhit/mis(access 1) 7. wrile dcta

— Then|overwrite[data)on a hit (access 2)
¢ Otherwise, you may overwrite dirty data or write the wrong cache way

* (Can you ever access tag and write data in parallel?
(wﬁ' ﬁ‘—’/lfo‘ijl'l?)



Splitting Caches

* Most processors have separate caches fﬁ @-@

MEMN — Often noted ad Sl and SD © TMEM DMEM

¢ Advantages

—| Extra @ccesq port

- Cari customize to specific access patterns
— | Low hit time |

| Disadvantages /U

- Capacit C«‘,\\\'l’ Slm,rc lwugeé space
\/‘ SN\&\\Q( canes

Multilevel Caches

* | Primary (L1) caches attached to CPU IMEM DMEM
/

- Gmabbulied,

— | Focusing on hit time|rather than hit rate

e Level-2 tache services misses from primary cache L,Q

@ but still faster than main memory

— | Unified jnstruction and data (why?)

—| Focusing on hit rate|rather than hit time (why?)

* Main memory services L-2 cache misses

— Some high-end systems include L-3 cache



E. 5, w/o Lz

e Given

— CPU base

CPl = 1, clock rate = 4GHz

1 ulr—lc — y
— Miss rate/instruction =

— Main memaory

See = 0.23’ ns
G

access time = 100ns

1 enle
b ol 101 (25 o0 )
* With just a primary (L1) cache M
— Miss penalty = 100ns/0.25ns = 400 cycles

— Effective CPI=1+0.02x400=9

W)L ok fo k) + (A7) (0 A+ 1 e
= 048+ o2 (400) + 0.2 (4)
E.G. w/ L,

Cer =

= 4+ 00X (40) = ¢

Now add L-2 cache

MR MR
ab osZ
< Access time = 5ns > T
— | Global miss rate fo main memory =. PRoC |/<1 E
cyele
* Primary miss with L-2 hit
— Penalty €£5ns/0.25ns = 20@

Primary miss with L-

— Extra penalt

mem

R/ W

e [T |
e CPI=1+0.02x20+0.005%x400=3.4 l

L1 |
| 20 ks | M YN
» Performanceratio=9/3.4=2.6
C. Kozyrakis Lz‘ \ \—z
_ 0 N\
CPT = &(uﬂc‘es ’
N ondtesdions Yoo cycks \N3 %h N
) [u #9500 * (7) (20) + Ny (o)

MEM

Ny BIN Na= %N Na= N-(N,+Ns) == (N,+N;) = N-N,

= 2%N
= [N(l) + 2N(20) + }éz”l'm)]/N

0.98 + 0.02(29) + 0.005(%0) =



Inté
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Nehalem 4-core procesSsor

B | T - I = T - i
% Twoichannal (128 b ) emoryintartato. s

\

| ___J| 1-way
&

28 Memory Chamne|

Per core:

-32KB, 4-way L1 $I
-32KB, 8-way L1 $D

N -256KB, 8-way L2
i

"o

E " Shared

“ 08 -8mB, 16-way L3

(5 M8 T
804y (a)My Dy

sharc&

f-ucj /o MB 0.

- 4lf: 64-8 blocks , lUr':fe-Back Allocil'e.

L1 per core

,oer core

Intel Nehalem P6 Q\JA.A

AMD Opteron X4

L1 caches L1 I-cache:|32KB,|64-byte blocks L1 I-cache:|32KB, 64-bhyte block h'{'
(per core) $I way_approx LRU yeplacement, hit replacement, hit time ,

time n/a ___lcucles N 3 ‘74 ¢S

$ D L1 D-cachel 32KB,|64-byte block L1 D-cache:32KB,|64-byte block@

wa rox LRUXeplacement, write- | way replacement, write-

back/allocate, hit time n/a back/allocate, hit time 3 cycles 'u‘"
L2 unified 256KB] 64-byte block§8-way, approp [ 512KB [64-byte blocks(L6-Way, 49 alc.‘“
cache placement, write- rox LRU feplacement, write-
(per core) back/allocate, hit time n/a back/allocate, hit time 9 cycles h.'+
L3 unified 8MB,|64-byte blocks 2MB| 64-byte bloc%mplace ( ,cj
cache replacement n/a, write- bloekShared by fewest cores>write- |- 3 “[('
'shared back/allocate, hit time n/a back/allocate, hit time 38 cycles

n/a: data not available

64 B Blocks

[6 32-bid weds

g 64 -bit wods

or



Interface Signals

Read/Write

Valid

Address

CPU Cache Write Data

Read Data

Ready

Memory

Cache Controller FSM

Cache
Miss
and
QCid Block Old Block
is Clean is Di

Allocate

Read new block
from Memaory

Memoy Ready | write OId

Block to
Memaory

Kozyrakis 41

See, LC3-based cache projects:

http://pages.cs.wisc.edu/~karu/courses/cs552/spring2009/wiki/index.php/Main/CacheModule

http://www.ece.ncsu.edu/muse/courses/ece406spr09/labs/proj2/proj2 spr09.pdf




Memer y .Ecl\no\oa\'QS

= SRAM
= Requires low power to retain bit
= Requires 6 transistors/bit

» DRAM
» Must be re-written after being read

» Must also be periodically refeshed
« Every~8ms
« Each row can be refreshed simultaneously

= One transistor/bit

» Address lines are multiplexed:
« Upper half of address: row access strobe (RAS)
« Lower half of address: columnaccess strobe (CAS)

s Some optimizations:

» | Multiple accesses to same rowl

» Synchronous DRAM
« Added clock to DRAM interface
» Burst mode with|critical word first

nterfaces

Double data rate|(DDR)
» | Multiple banks pn each DRAM device
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DRAM

Row
adar

* | Bits in a DRAM|are organized as aLrectanguIar array

— DRAM|accesses an entire row]

—| Burst mode:|supply|successive words from a row with reduced latency
Double data rate@ DRAM X 2 clocke 1Y

— Transfer or| rising and falling clock edges

Quad data rate DRAM oly
(@R DDR X 2 ddfs bus (w,odt) C«A’Jﬁ"

— Four transfers per cycle

C‘A’A 0u+
borst “moc\e)
* DIMMs: small boards with multiple DRAM chips connected in parallel c°";eocr"§'s\'€
— Functions as a higher capacity, wider interface DRAM chip bit planes
— Easier to manipulate, replace, ... DRAM
| . D’Wf‘ DRAM D‘NW\
b 1T
K b, |
Row access strobe (RAS)
Slowest Fastest Column access strobe (CAS)/ Cycle

Production year Chip size DRAM Type DRAM (ns) DRAM (ns) data transfer time (ns)  time (ns)

C1980) (64K bit)  DRAM 180 150 ( 75) (250 )
g
50

1983 256K bit DRAM 150 120 220
1986 IM bit DRAM 120 100 25 190
1989 4M bit DRAM 100 80 20 165
1992 16M bit DRAM 80 60 15 120
1996 64M bit SDRAM 70 S0 12 110
1998 128M bit SDRAM 70 50 10 100
2000 256M bit DDR1 65 45 7 90
2002 512M bit DDRI 60 40 5 30
2004 1G bit DDR2 55 35 5 70
2006 2G bit DDR2 50 30 2.5 60
2010 4G bt DDR3 36 28 IQ 37

2012 ((8G bit) DDR3 30 24 (05) 31

x 2'7 = VM X 15D X 9



DRAM Generations & Trends

Year | Capacity | $/GB 300 T

+ (s 0 ot \rest
1980 | 64Kbit ($1500000 250 1+ 12 A Jon k})
1983 | 256Kbit | $500000 \ I R&
1985 | 1Mbit | $200000 £ 200 - /
1989 | 4Mbit | $50000 £ 5o S Trac
1992 | 16Mbit | $15000 ; \ N —= Tcac u(‘/’"”
1996 | 64Mbit | $10000 S N

it |s g 100 Ny o’e""] P
1998 | 128Mbit | $4000
2000 | 256Mbit | $1000 >0 ‘—-\.\ B
2004 |512Mbit | $250 Y I e S S
2007 |1cbit  [(350) '80 '83 '35 '89 '92 '96 '98 '00 04 '07

g Y
" ear
X 3-10

Improving DRAM bandwidth (other than faster cycle time)

Fas'l' SCHJ San 5"’7‘ San 9@74. Access multiple items in same row.

Paqe fow col. ||. col. ||°
e [ cn |

SenJ San SenJ Sena‘ Overlap sending column address
Etended |row || col || ol [ col with
Data addr|| addr|| gddr|]| gdor| . Accessing item
a' L
Ovi ael |[gef
tfom. ||ifom
RURST SenJ SenlJ send 9&7" 9(3‘/’ :I)1nly send column address once,
cal. : ’ cee en
EDO Zﬁ"' 4ddr Cmm'f u‘m u‘m send count of items to access




Standard Clockrate (MHz) M transfers per second DRAMname  MB/sec /DIMM DIMM name

DDR ) @ DDR266 (€D PC2100
DDR 150 300 DDR300 2400 PC2400
DDR 200 400 DDR400 3200 PC3200
DDR2 266 533 DDR2-533 4264 PC4300
DDR2 333 667 DDR2-667 5336 PC5300
DDR2 400 S00 DDR2-800 6400 PCo400
DDR3 533 1066 DDR3-1066 8528 PC8500
DDR3 666 1333 DDR3-1333 10,664 PC10700
DDR3 800 1600 DDR3-1600 12800 PC12800
DDR4 ﬁ nﬁﬁ_lmlﬁ (21 334200) ¥ DDR4-3200 6 ?.[:'56—25.61]03 PC25600
N ———
s DDR:
= DDR2

= Lower power (2.5V ->1.8V)

= Higher clock rates (266 MHz, 333 MHz, 400 MHz)
=« DDR3

« 15V

= 800 MHz
« DDR4

« 1-1.2V

= 1600 MHz

m Graphics memory:

= Achieve 2-5 X bandwidth per DRAM vs. DDR3
« Widerinterfaces (32 vs. 16 bit)

= Higher clock rate

n Possible because they are attached via soldering instead of
socketted DIMM modules

600
500 = Memory is susceptible to cosmic rays
% 400 = Soft errors: dynamic errors
c B Read, write, terminate = Detected and fixed by error correcting codes
'% 300 + power (ECC)
g 2001 0 Activate power s Hard errors: permanent errors
o 8 Background power .
100 - I = Use sparse rows to replace defective rows
0 T T

Low Typical Fully
power usage active
mode

Chipkill: a RAID-like error recovery technique
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Increasing Memory Bandwidth

Procassar

=

Cache

1 \g:;d

Memory

a. One-word-wide
memory organization u

Processor

ultiplexor

[ Cache |
_.——'—'__—'_'_'__'_H_\_\_\-‘_\_‘__‘—‘——\_
- Y-words T

Bus L
_E_H____Eff_

Memory

b. Wider memaory organization

Procaessar

Cache

1 word
} /” Bus \ }

wordy yorks o, word
Wor 7

Memory | Memory || Memory ||| Memaory
bank 0 bank 1 bank 2 bank 3 wori 11

c. Interleaved memory organization

4-word wide memory

= Bandwidth = 16 bytesq,f 17 cycles =0

4-bank interleaved mem

- iss penalt

n <!Eiiss penalti): 1+ 15+ *FM ¥ woris
addc  Jafeney dafa

.94 B/cycle

ory
1+ 15 + per l)’ womls

Bandwidth = 16 bytes / 20 cycles = 0.8 B/cycle

Bus Cycle Timing, 4-word Access

®

©

‘d' “)0‘(‘5 2V\> LORD U)Ofli;) 4
NA f\/L_,\ ora,
Alde Bus A, i P 11 [ | uody
Memary ——-—f - A Memy—E R
Dela. Bus al LI 1t mem, ML : l
IE ,
zj:is J%L J dma{ s MeM, : !
e 5 ,
data Tm‘ﬂs)(e( MM ' -
1I 1I 1I 1|
1 415+ {1 415+1)
( ) X ‘f/,{ wm]s /‘I words 1+15+ (L'lxﬂ/f works



Six basic cache optimizations:

s Largerblock size
»« Reduces compulsory misses
= Increases capacity and conflict misses, increases miss penalty
Larger total cache capacity to reduce miss rate
« Increases hit time, increases power consumption
Higher associativity
« Reduces conflict misses
= Increases hit time, increases power consumption
Higher number of cache levels
= Reduces overall memory access time
Giving priority to read misses over writes
« Reduces miss penalty
Avoiding address translation in cache indexing
» Reduces hit time






