P erformance metrics for cac hes

Basic p erformance metrics: hit r ate h.

F or a giv en program its hit rate is de�ned as:

hit r ate = number of memor y r ef er ences that hit in the cache

total number of memor y r ef er ences

W e often talk ab out miss r ate m whic h is (1 - h)

The a v erage memory access time is de�ned as:

Av er ag e memor y access time = h � T

cache

+ (1 � h) � T

mem

where T

cache is the time to access the cac he and T

mem the time to

access memory .

T ypically

, for on c hip cac hes, h = 0.9 (m= 0.1), T

cache

= 1 or 2, and

T

mem ranges from 10 to 100.

This de�nition can b e easily extended to cac he hierarc hies:

Av er ag e memor y access time = h

1

� T

cache�1

+ (1 � h

1

) � h

2

�

T

cache�2

+ (1 � h

1

) � (1 � h

2

) � T

mem

T axonom y of misses (the three C’s)

On a single pro cessor system, the misses can b e classi�ed as:

1. Compulsory (or cold) misses: there will b e a miss the �rst time

y ou \touc h" a blo c k in main memory .

2. Cap acity misses: the cac he is not big enough to hold all the

blo c ks y ou ha v e referenced.

3. Con ict misses: t w o blo c ks are mapping to the same lo cation

(or set) and there is not ro om to ha v e them in the same set at

the same time

In fact, there is 4th \C": Coher enc e misses whic h o ccur in m ultipro-

cessor systems.

P arameters for cac he design

Once y ou are giv en a budget in terms of n um b er of transistors, there

are man y parameters that will in uence the w a y y ou design a cac he.

The goals are to ha v e as great an h as p ossible without pa ying to o

m uc h for T

cache

1. Cap acity (or Size): at �rst glance the bigger the cac he, the

higher h. This is true most of the time but to o big an on-c hip

cac he could lengthen T

cache

(this has happ ened only in the rather

reen t past where clo c k rates and on-c hip cac he capacities ha v e

increased tremendously)

2. Asso ciativity: h is b etter for high-asso ciativit y but higher asso-

ciativit y can lengthen the detection of a hit or miss.

3. Blo ck size: for a giv en application there is an optimal blo c k size

(to optimize h) but it is not the same for all applications

4. Write p olicy. There are sev eral alternativ es with, as exp ected,

the most complex giving the b est results (see later)

5. R eplac ement algorithm. (No problem with direct-mapp ed!).

Not a v ery imp ortan t factor for cac hes.

6. Sep ar ation b etwe en I-c aches and D-c aches. Almost manda-

tory for pip elined CPU’s and on-c hip cac hes. Not go o d for second

and higher-lev el cac hes.

A sample of curren t cac hes in recen t

micropro cessors

Micro On-c hip Line Ass. W rite Clo c k

cac he size p olicy MHz

(I,D) KB (b ytes)

Alpha 21164 8,8 32 1 WT 300

Alpha 21264 64,64 32 2 ? 500

P o w er PC 620 32,32 64 8 WB 133

MIPS R4400 16,16 32 1 WB 150

MIPS R8000 16,16 32 1 WB 75

MIPS R10000 32,32 64 2 WB? 200

P en tium 8,8 32 2 b oth 66-100

P en tium Pro 8,8 32 4I,2D ? 150-200

Don’t quote me on these n um b ers!

The Alpha 21164 has an on-c hip second lev el cac he of 96Kb ytes

The Alpha 21264 can supp ort an L2 o�-c hip of up to 16 MB.

The MIPS R8000 has an enormous second lev el cac he (o�-c hip) of

up to 16 Mb ytes. The on-c hip data cac he is for in teger calculations

only

Asso ciativit y

Adv an tages:

� Reduce con ict misses

Dra wbac ks

� Needs more comparators

� Access time is longer as set-asso ciativit y is larger (more logic in

the m ultiplexor)

� Replacemen t algorithm is needed and could get more complex as

asso ciativit y is larger

P erformance vs. asso ciativit y

T ypical curv es.

Biggest gain when passing from direct-mapp ed to t w o-w a y .

Gains diminish as cac hes b ecome larger

miss rate degree of associativity

1 2 4 8

2 1

4 3

5 6 7 8KB 16KB

64KB

Blo c k size

The blo k (line) size is the b er of data ytes stored in one blo k

of the he.

On a he miss the whole blo k is t to the he.

F or a en he y

, large blo k sizes e adv tages:

� Decrease the b er of blo ks, hence the t of tag memory

� Decrease miss ratio IF the programs exhibit go o d spatial lo y

� Increases transfer e�ciency b een he and main memory

and ks

� Increase latency of transfers

� t bring used data IF the programs do not exhibit go o d

spatial lo y

� t increase the b er of y misses

7

P erformance vs. blo c k sizes

ypical es.

A go o d design criterion is 16-64 ytes for an hip he and 64-256

for an hip he.

miss rate

2 1

4 3

5 6 7

16 8 32 64 128 256

8KB

16KB

64KB block size

8

P erformance revisited

Recall that

Av er ag e memor y access time = h � T

cache

+ (1 � h) � T

mem

w e can expand on T

mem as

T

mem

= T

acc

+ b � T a

where T

acc is the time it es to send the address of the blo k to

main memory (DRAM) and e the DRAM access read the blo k

in its wn bu�er, T a is the time to transfer one ord (4 ytes) on

the memory bus from the DRAM to the he, and b is the blo k

size.

F or example, if:

T

acc

= 5 and T a

= 1, what he is b est b een C1 (b

1

= 1) and

C2 (b

2

= 4) for a program where h

1

= 0:85 and h

2

= 0:92 assuming

that T

cache

= 1 in b oth cases.

9

Replacemen t

On a read miss, e bring data in the he.

What if there is no ro om? W e need to r eplac e an item in the he.

F or direct-mapp ed he, e e no hoice. Replace the item that

maps in the same place as the one t in.

F or set-asso ciae (and fully asso ciativ e) hes, e e eral

p ossible p olicies. er, the blo k replaced ust b elong to the

same set as the blo k b eing t in.

� random

� O (i.e., replace the oldest one)

� U (Least tly used; replace the one not used for the longest

time)

F or hes, the t p olicy has little in uence on p erfor-

mance.

10

What to do on writes

There are eral hoices in the case of write hits and in the case of

write misses.

On a write hit, e’ll up date the v alue in the he. But what ab out

main memory .

o basic hoices: Up date memory t y (write-thr ough) or

up date memory only when the blo k is replaced (write-b ack).

11

W rite through

On h write e up date b oth the he and the memory .

Adv tages:

� Memory is ys t (c oher ent); easier for I/O see b w

� More reliable (no need to e an error detecting device in the

he)

ks:

� Requires more memory bandwidth since ery write has to go to

memory

12

W rite bac k

On a write hit, e up date only in the he.

W e only write to memory when the blo k is replaced

Requires a dirty bit p er blo k to indicate if the blo k has b een written

to since it as loaded in.

On t if the dirty bit is set, e write k otherwise e

don’t (the blo k is cle an).

On t the dirty bit of the new blo k is reset. It will b e set

at the �rst write.

Note that at t e write k a blo k, not a ord but see

next slide.

13

Cutting bac k on write bac ks { Sector cac hes

F or blo ks with ultiple ords, e one y bit and one v alid bit

p er ord

tag word1 word n word2 valid and dirty bits

Then e only need to write k the wor ds that are y .

W e can extend this design so that instead of ordn" e e \sub-

blo k n" and only subblo ks are loaded in on a he miss.

Adv tage: less tag memory .

k: more complex trol.

14

What to do on a write miss

Again , e e hoices: write only in memory h or write-

ar ound p olicy) or bring data in the he and then write it (write-

al lo c ate)

Note that this is indep enden t of write-b ack and write-thr ough.

On write-al lo c ate, write-b ack e need to write k the replaced

blo k if it is y

. On write-ar ound e’ll still need to k

y blo ks on read misses.

15

Hiding memory latency

On write-thr ough, the pro cessor has to ait till the memory has

stored the data (i.e., the he orks at memory sp eed)

T o sp eed-up the pro cess e can e write bu�ers b een the he

and main memory .

A write bu�er is a (set of ) temp orary register where the register

tains the ts of what to store and where to store it in main

memory

. The store to memory can b e done while the pro cessor

ues its ork (of course the pro cessor will stall if the write bu�er

is full and there is another store).

Similarly

, y blo ks in a write k strategy can b e stored in a

bu�er while the blo k replacing them is b eing hed.

16

I-cac hes, D-cac hes and Uni�ed cac hes

Early on, hes ere uni�ed (i.e., stored b oth instructions and data)

RISC’s and pip eline tations require that an instruction b e

hed ery cycle; hence split of hip hes to hes and

hes.

Otherwise, there ould b e con icts for he access at ery memory

(load-store) op eration.

Large hip hes are uni�ed (b etter utilization of the he)

hes should b e simpler b ecause they are read-only (not quite true;

w ab out debuggers?)

17

Coherency problem: I/O

As e’ll see, in general, I/O transfers o ccur directly to/from memory

from/to disk.

With a write-through he, the data transferred from memory to

disk is OK. The data transferred from disk to memory ust v alidate

corresp onding tries in the he.

With a k he, e e the same problem from disk to

memory plus the fact that when the data is transferred from memory

to disk, the data ust b e t. This t require ushing part

of the he.

18