Memory hierarc h y

Since the early da ys, memory has b een a hierarc h y of comp onen ts of

v arious sp eeds and capacities.

Hierarc h y has b een driv en b y cost and p erformance.

In the early da ys, distinction b et w een primary memory (core) and

secondary memory (disks)

No w ada ys, there is a hierarc h y within the primary memory with:

� One or more lev els of cac he (fast SRAM, costly)

� Ma yb e another cac he lev el (DRAM, less costly)

� V ast amoun t of main memory (DRAM, a little slo w er and less

costly)

Goal of a memory hierarc h y

Keep close to the ALU the information that will b e needed no w and

in the v ery near future (memory closest to ALU is designed to b e the

fastest).

Keep close to the ALU, only the information that is required no w

and in the near future (can’t k eep ev erything b ecause of cost)

T rend that mak es things more di�cult: pro cessor sp eed increases

and SRAM access time decreases m uc h faster than DRAM access

time decreases.

T ec hnology T ypical access time $p er Mb yte in 1997

SRAM 4-20 ns. ab out $100-$250

DRAM 40-120 ns ab out $5 -$10

Disk 10

7

ns ab out $0.1-$0.2

Lo calit y

A memory hierarc h y concept w orks b ecause computer programs ex-

hibit the principle of lo c ality

� T emp oral lo calit y: data (co de) used in the past is lik ely to b e

reused again in the future (e.g., co de of lo ops, data in stac ks)

� Spatial lo calit y: data (co de) close to the data that y ou are

presen tly referencing will b e referenced in the near future (e.g.,

tra v ersing an arra y)

Cac hes

Registers are not su�cien t to k eep enough lo calit y close to the ALU.

Main memory (DRAM) is \to o far"; it tak es man y cycles to access

it. W ould completely destro y the pip eline.

Hence need for a fast memory b et w een main memory and registers,

namely a c ache.

Keep in the cac he what’s most lik ely to b e referenced in the near

future.

When fetc hing an instruction, �rst c hec k to see if it is in the cac he

b efore going to main memory .

When p erforming a load, �rst c hec k to see if it is in the cac he b efore

going to main memory .

When p erforming a store, �rst write it in the cac he b efore going to

main memory (there are v ariations here).

Lev els in the memory hierarc h y

Main memory

Disk

Archival

Store

Large (10’s to 100’s Mbytes)

Very slow (comparatively)

Gigabytes

"Practically" unlimited capacity

Fast, very small

( 64-128 registers)

On-chip cache

ALU Regs

Off-chip cache

8-128K bytes (split I and D caches)

Some micros have two levels of on-chip caches

128K -4Mbytes

Cac Not a new idea. First he in late 60’s in IBM Concept used in y other asp ects of computer systems and W orks b ecause programs exhibit lo y .

Lots of h on hes in the last 20 ears b ecause of the in pro cessor sp eed and memory access ery t micropro cessor system has a he y

, with least o els of hes, one hip and one 6

Main memory access In a Load (or Store) instruction, the address is an index in the ory y h yte ord) of memory has a unique address, or, in ords, the mapping b een memory address and memory lo is

Phys. address CPU

Memory

7

Cac he he is h smaller than memory

. Not all memory lo cations a corresp onding try in the he at a en When the CPU generates an address, it �rst lo oks up if the sp onding memory lo cation is mapp ed in the he. If so e e c ache hit. Otherwise e e a c ache miss

Phys. address CPU cache

How do where tolook? If this corresponds to the phys. address, Memory If we had a miss we look in main memory you know we have a hit (no need to look in main memory)

8

Some basic questions on cac he and some \top lev el" answ

1. When do e bring the ts of a memory lo cation in 2. Where do e put 3. w do e w it’s 4. What happ ens if the he is full and e t to bring in thing 1. The �rst time there is a he miss for that lo 2. Dep ends on he organization" (see next 3. h try in the he carries its wn \name" (or tag4. One try will b e ed out (replaced) to e ro om for new 9

Generic cac he address data Phys. address if phys. address = data is good if we have a hit address (or tag) we have a hit 10

Cac he The mapping of a memory lo cation to an try in the he from full y to ery � If a memory lo cation can b e mapp ed ywhere in the he general mapping) e e a ful ly asso ciative � If a memory lo cation can b e mapp ed at only one lo cation the he (most e mapping), e e a dir e ct-mapp e � If a memory lo cation can b e mapp ed at one lo cation among set of lo cations, e e a set-asso ciative In order to see if a memory reference is a hit or a miss, the ts � F or a fully asso ciate he: k all tag (address) �elds parallel for a h ery exp � F or a direct-mapp ed he: k the tag (address) �eld of one � F or a set-asso ciate he: k the tag (address) �eld of a 11

Direct-mapp ed Cac 017 330132127 memory direct-mapped cache 12

Ph ysical addressing �elds (direct-mapp edcac

data data data data data data data data

tag tag tag tag tag tag tag tag

tag index if Tag (phys.address) = we have a hit

data is good if we have a hit

d = log(number of bytes in data entry)

index = log(number of entries in the cache) d tag of cache(index) then

13

Example of a direct-mapp ed cac

DEC Station Direct-mapp ed. 16K blo ks (lines, tries) of 1 ord (4 ytes) T otal y: 16 � 4 =

32 bits tag data

16 bits 1 valid bit

tag index

16 bits d 14 bits 2 bits compare = and valid bit Ok -> hit

14

Example of a direct-mapp edcac he with blo c

Direct-mapp ed. 4K blo ks (lines, tries) of 4 ords (16 ytes) T otal y: 4 � 16 =

tag data

16 bits 1 valid bit

tag index

16 bits compare = and valid bit Ok -> hit

12 bits 4 bits d

128 bits

multiplexor

15

F ully-asso ciativ e Used only for small sp ecial-purp ose er, the general mapping will b e used in paging systems

0 1

7 33

0 1

32

127 memory

cache

fully-associative

16

Set-asso ciativ e Example: y set

d = log(number of bytes in data entry) data data data data data data data data

tag tag tag tag tag tag tag tag

data data data data data data data data

tag tag tag tag tag tag tag tag

index = log(number of entries in the cache /associativity)

(note tag is one bit longer for two-way set-associative than for direct-mapped to see if we have a hit (of course we also keep valid bits)

Needs one comparator for each bank and one multiplexor

tag index d

17