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Administrivia
e Nothing due tonight!
e Sunday, 7/28
o Lab3due (11:59pm)
e Monday, 7/29

o HW15-16 due (11:59pm)
o Quiz 2due (11:59pm)

| made some mistakes in the last lecture (I was... very tired)
e Ed slides have been fixed, and we’ll go over the last problem again today




Code Analysis

e Assuming cache starts cold (i.e. all blocks invalid), and sum, 1, and j are all
stored in registers, calculate the miss rate.

o m=10bits, C=64B,K=8B,E=2 S=C=V=+f = bl-c.u(-s
v Le '-"‘Le.r il '
Vo e\ R I (.-‘- O‘HH"" rb\;_vrp\,.\" D-LL"Q .

#define SIZE 8/

Nl Dx 2l

short ar[SIZE][SIZE], sum = 0; // &ar=0x2003 e o] g ux 29e
for (int i = 0; i < SIZE; 1i++) { o~ (V)=

for (int j = 0; j < SIZE; j++) g ['51:0*7_'5°

LI 4

sum += ar@['i]; L

c-ln. v-'s.'-l-‘.. a-aL Q_l,a_wf,wl" o{:' "'"') :V\. c,dl s




Code Analysis: relevant values dars leov v

VV“"'\" Ve
e m =10 bits, C=64B,K =8B, E =2 S=4
o k=3,s=2 Set Tag Data Tag Data
e 8B blocks =4 shorts per block
. T o te |ogo — vy W | 20 — 23
e Starting address = 0b10000 00 000 0
o Block stored in set 0, tag = 0b10000 = tZ |4e— 43 | 13 [ ce— 3
#define SIZE 8 il N I B R
1
short ar[SIZE][SIZE], sum = 0; // &ar=0x200 o | 'e [tE =3 [ty 9035
for (int i = 0; i < SIZE; 1i++) { 12 |90 - 53 3 to -3
for (int j = 0; j < SIZE; j++) — -
sum += ar[j][1]; 3l [ S Lk
¥ 2 | s4-e3 |13 | - 33




Code Analysis: step 1 ]

e Accessar[0][0]
O O0blOOOO OO0 000
m Miss! Cowel eory
o Load block into set O with tag 0x10

#define SIZE 8
short ar[SIZE][SIZE], sum = 0; // &ar=0x200
for (int i = 0; i < SIZE; 1i++) {
for (int j = 0; j < SIZE; j++)
sum += ar[j][i];

Misses: 1

0, j =0
’ Hits: O
Set Tag Data Tag Data
0|10 | a[0][0] ...
a[0][3]
1
2
3




Code Analysis: step 2 ]

e Accessar[l][0]
O O0blOOOO 10 000
m Miss! Lemgul sery
o Load block into set 2 with tag 0x10

#define SIZE 8
short ar[SIZE][SIZE], sum = 0; // &ar=0x200
for (int i = 0; i < SIZE; 1i++) {
for (int j = 0; j < SIZE; j++)
sum += ar[j][i];

Misses: 2

O, j =1
e Hits: O
Set Tag Data Tag Data
0|10 | a[0][0]...
a[0][3]
1
2110 [ a[1][0] ...
a[1][3]
3




Code Analysis: step 3 i=0,j=2  Misses3
Hits: O
e Accessar[2][0]

© 0bl0001 00 GGO\ Set Tag Data Tag Data IZ
m Miss! Cowmirtacly
o Load block into set 0 with tag 0x11 0110 |a[o][o]... {11 [a[2][0] ...
m Can store both blocks in set 0 al0](3] a[2](3]
because of associativity 1
#define SIZE 8
short ar[SIZE][SIZE], sum = 0; // &ar=0x200 2110 a[1][0] ...
for (int i = 0; 1 < SIZE; i++) { a[1][3]
for (int j = 0; j < SIZE; j++)
sum += ar[j][i]; 3
}




Code Analysis: step 4 ]

e Accessar[3][0]
O 0blOOO1 10 000
m Miss! C°“"¢"'\":-t')
o Load block into set 1 with tag Ox11

#define SIZE 8
short ar[SIZE][SIZE], sum = 0; // &ar=0x200
for (int i = 0; i < SIZE; 1i++) {
for (int j = 0; j < SIZE; j++)
sum += ar[j][i];

O, j = 3
e Hits: O
Set Tag Data Tag Data
0|10 | a[0][0]... |11 | a[2][0]...
a[0][3] a[2][3]
1
2110 [a[1]0]... |11 | a[3][O]...
a[1][3] a[3][3]
3

Misses: 4




Code Analysis: step 5 i=0,j=4  Mssess
Hits: O
e Accessar([4][0]
O O0blOO1O 00 000
m Miss! cuw\‘k\shrcj
o Load block into set 0 with tag 0x12 0112 ja[]o]... [11 [a[2][0]...

Set Tag Data Tag Data

m Evicts least recently used block al4](3] a[2]3]
(« 0T 0] - 131D
#define SIZE 8
short ar[SIZE][SIZE], sum = 0; // &ar=0x200 2110 [a[0]... |11 |a[3]o]...
for (int i = 0; i < SIZE; 1i++) { a[1][3] a[3][3]
for (int j = 0; j < SIZE; j++)
sum += ar[j][i]; 3




Code Analysis: step 6-8 i =0, j=5. Misses:3

Hits: O
e Same as step 5
o Accesses tq a [_5] [0], a[6][0], an.d Set Tag Data Tag Data
al[7][0] will kick out the old blocks in the
cache 3y cc.w‘.h\ fon wail o|l12 |apo]... |13 |ae]o]...
5
e Sofori=0: B alAlis] alolis]
o 8 accessestotal (j =0...7), 8 misses 1
#define SIZE 8
short ar[SIZE][SIZE], sum = 0; // &ar=0x200 2112 |a[5]0]... |13 [ a[7][0] ...
for (int i = 0; i < SIZE; +i++) { a[5][3] a[7][3]
for (int j = 0; j < SIZE; j++)
sum += ar[j][i]; 3
}




Misses: 9

Code Analysis: step 9

-
I
\.I—‘
.
I
o

Hits: O
e Accessar[0][1]
© 0bl0000 00 010 o Set Tag Data Tag Data
m Same block that we loaded in in step
1, but it got evicted in step 5! 0110 |al[0][O]... [13 [a[6][0]...
a Miss! Conflich Aloli3] alell3]
o Load block back into set 0 1
#define SIZE 8
short ar[SIZE][SIZE], sum = 0; // &ar=0x200 2112 |[a[5][0]... | 13 | a[7][0] ...
for (int i = 0; i < SIZE; +i++) { a[5][3] a[7][3]
for (int j = 0; j < SIZE; j++)
sum += ar[j][i]; 3
}




Code Analysis: step 10+

e All future accesses will continue to follow this pattern
o [Each block is loaded in, then kicked out of the cache before it's accessed again
e Miss rate 100%!

e How can we fix this?

#define SIZE 8
short ar[SIZE][SIZE], sum = 0; // &ar=0x200
for (int 1 = 0; i < SIZE; 1i++) {
for (int j = 0; j < SIZE; j++)
sum += ar[j][i];




Improving Cache Performance

e Reduce stride
o l.e. access data that’s closer together

#define SIZE 8 é"'"")"\"“’) el s
short ar[SIZE][SIZE], sum = 0; // &ar=0x200
for (int i = 0; i < SIZE; 1i++) {
for (int j = 0; j < SIZE; j++)
sum += ar[i][]j];

e oo

}

A’f.f-u;ﬁ Zo-a\“‘ _leveein -l’ RV NP 781

—




Improving Cache Performance Example: step 1 '\H/'iit?e;i 1
Qi V"\ el '

e First 4 accesses: cow(ianrs

o ar[0][e]: miss, load block into the cache

o ar[0][1]: hit!

o ar[0][2]: hit! 0|10 [ar0]0]...

(@)

ar[0][3]: hit! ar[0](3]

Set Tag Data Tag Data

#define SIZE 8
short ar[SIZE][SIZE], sum = 0; // &ar=0x200 2
for (int 1 = 0; i < SIZE; 1i++) {
for (int j = 0; j < SIZE; j++)
sum += ar[1][]j];




Improving Cache Performance Example: step 2 '\H/'i';éf?i 2
e Next 4 accesses: /“"“Vl B
o ar[0][4]: miss, load block into the cache
o ar[0][5]: hit!
o ar[0][6]: hit! 0|10 |aro]o]...
o ar[0][7]: hit! ar[o][3]

Set Tag Data Tag Data

1110 [ ar[O]4]...
ar[0][7]

#define SIZE 8
short ar[SIZE][SIZE], sum = 0; // &ar=0x200 2
for (int 1 = 0; i < SIZE; 1i++) {
for (int j = 0; j < SIZE; j++)
sum += ar[1][]j];




Improving Cache Performance Example: step 3+

e All accesses follow this pattern
o Because we use a whole block before
moving on, we will miss 1 out of every 4
accesses

e Miss rate: 25%

#define SIZE 8
short ar[SIZE][SIZE], sum = 0; // &ar=0x200
for (int i = 0; i < SIZE; 1i++) {
for (int j = 0; j < SIZE; j++)
sum += ar[i][]j];




Caches

Cache basics
Principle of locality
Memory hierarchies

Cache organization
o Direct-mapped (sets; index + tag)
O Associativity (ways)
O Replacement policy
o Handling writes

e Program optimizations that consider caches




Write-Hit Policies k. waetarn o men Hac
Cﬁ-dr‘L l-c.vbl
What to do if the data is already in the cache?

e \Write-through: immediately write to the next level

e \Write-back: don’t write to next level until we have to
o Keep track of dirty bit for each block
o On eviction, if dirty bit is set, write contents back to memory

l 1) Write data 1) Write data + set
dirty bit

Write-through Write-back

2) Write data

Memory




Write-Miss Policies

e \Whatto do if the block we want to write to is not in the cache?

e No-write-allocate (“write around”): don’t load into the cache, just write to the
next level

e \Write-allocate (“fetch on write”) load data into the cache before writing

l 2) Write data

Cache

1) Write data

1) Load data from

memory
Memory

No-write-allocate

Write-allocate




. i Wik o _ )
Ex: Write-Back, Write-Allocate ¢ > Write-back: defer write to
next level until line is evicted
. . . Write-allocate: on a miss
- ) ’a !
e Single-block mini cache e ~ | bring the data into cache
o Tag includes the entire block number s NN Y,
o Not a realistic example
Block Memory
num: . . .
Cache F @xDEAD
V D Tag Data ’
o || o 22 22 e
G OxBEEF




( )

Ex: Write-Back, Write-Allocate (pt 2) Write-back: defer write to
next level until line is evicted
: Write-allocate: on a miss
1. mov SOxXBOBA F Not valid x86. Assume ) _ :
) (F) we mean an address 9 bring the data into cache y
Write miss within block F.
Block Memory
num: . .
Cache F OxDEAD
V D Tag Data
o |l o 22 22 -
,‘T G OxBEEF
wvelil 20 wacls coede Lhe s u{b e o o




Ex: Write-Back, Write-Allocate (pt 3)

1. mov $OXBOBA, (F)

( )

Write-back: defer write to
next level until line is evicted
Write-allocate: on a miss,

Write miss
':a:.o-b-v-.a a-{— wrl'-lc'-' o-\lou-;& tdlu'b
1. Bring F into
cache Cache
V. D Tag Data
1 0 F OxDEAD

bring the data into cache

\_ _J
Block Memory
num. . o o
F OxDEAD
G OxXxBEEF




( )

Ex: Write-Back, Write-Allocate (pt 4) Write-back: defer write to
next level until line is evicted
Write-allocate: on a miss,
1. mov $OXBOBA’ (F) 9 bring the data into cache )
Write miss Ty
TTELN ald \frlﬂ
Memory
o wrile 'L'w\L \v Block
1. Bring F into e o > num: ) _J_
cache / Cache = OxDEAD
2. Write OxBOBA \ D Tag Data . o o
into cache only 1]t F OxBOBA
a. Set dirty bit G [ L_OxBEEF




Ex: Write-Back, Write-Allocate (pt 5)

2. mov $OxF®®D, (F)
Write hit

Cache
V D Tag Data
1 1 F OxBOBA

( )

Write-back: defer write to
next level until line is evicted
Write-allocate: on a miss,
bring the data into cache

\_ )
Block Memory
num: . . .
F OxDEAD

G OxBEEF




Ex: Write-Back, Write-Allocate (pt 6)

2. mov $OxFOOD, (F)
Write hit £ ke e

1. Write OxFOOD
into cache only Cache

( )

Write-back: defer write to
next level until line is evicted
Write-allocate: on a miss,

a. Set dirty bit V. D Tag

Data

OxFOOD

bring the data into cache

\_ )
Block Memory
num.: . . .
F OxDEAD

G OxBEEF




Ex: Write-Back, Write-Allocate (pt 7)

3. mov (G), %ax

Read miss

( )

Write-back: defer write to
next level until line is evicted
Write-allocate: on a miss,

Cache
\ D Tag Data
1 1 F OxXFOOD

bring the data into cache

. J

Memory

Block
num:

F OxDEAD

G OxBEEF




. . 4 )
Ex: Write-Back, Write-Allocate (pt 8) Write-back: defer write to

next level until line is evicted
Write-allocate: on a miss,
bring the data into cache

Read miss - /

3. mov (G), %ax

Block Memory

num.

1. Write F back to Cache

_ _ /sz OxFOOD
memory since It V. D Tag Data

is dirty 1 |[|[(D F 0xFOOD -

G OxBEEF




( )

Ex: Write-Back, Write-Allocate (pt 9) Write-back: defer write to
next level until line is evicted
3 G or Write-allocate: on a miss,
e« MOV ( ) y s0aX bring the data into cache
Read miss - /
Block Memory
num: . . .
1. Write F bgck tq Cache = OxFOOD
memory since It V. D Tag Data
is dirty 1 || o G OxBEEF )
2. Bring G into G OxBEEF

cache e




Common Policies Processor package

¢ Core @ Coren
e Write-back + Write-allocate | [ Regs [ Regs :
o (most common) | i
. . : L1 L1 L1 L1
o erte'through + NO'WHtE'allocate i d-cache i-cache d-cache i-cache
o When would this be used? : T
Ex. LL- | A - Lo . L2 unified cache L2 unified cache

wRerle - H«':,BL Lo A
L3 unified cache

oter cores :
=% cof. s (shared by all cores) :

Main memory




Polling Question Uik of wrtbe R,

1. Which of the following cache statements is FALSE? )
A) A write-through cache will always match data with the memory hierarchy level
below it.
e can reduce compulsory misses by decreasing our block size.
C) A write-back cache will save time for code with good temporal locality on writes.
D) We can reduce conflict misses by increasing associativity

am\ﬁ w-'-'& bs

o ol L mere blec :L:_ v e
ol Hao e otu'le,! s S g (; "~
| L\FE- L% = V\urLLG‘ lr0l7‘§ exnichulng wr;r;,: (5

v wewe, lo 0“’5




Cache Simulator

e Want to play around with cache parameters and policies? Check out our

cache simulator!
o https://courses.cs.washington.edu/courses/cse351/cachesim/

e \Way to use:
o Take advantage of “explain mode” and navigable history to test your own
hypotheses and answer your own questions
o Self-guided Cache Sim Demo in section
Will be used in HW17 — Lab 4 Preparation



https://courses.cs.washington.edu/courses/cse351/cachesim/

Caches

Cache basics
Principle of locality
Memory hierarchies

Cache organization
o Direct-mapped (sets; index + tag)
O Associativity (ways)
O Replacement policy
o Handling writes

® Program optimizations that consider caches




Optimizations for the Memory Hierarchy

e Write code that has locality
o Spatial: access data contiguously
o Temporal: make sure access to the same data is not too far apart in time
e How can you achieve locality?
o Adjust memory accesses in code to improve miss rate (MR)
m Requires knowledge of both how caches work as well as your system’s
parameters
o Proper choice of algorithm
o Loop transformations




Example: Matrix Multiplication
WiLhl= A7 Bt

C A
HE IIIIIII=

Al - AGRE® RIGIF AL BC3ICH I+

6o Wopl com oF A ol
o\ of "
—W\h“:\s Vu-\\,e.s

- WM o;( o-\v\ ru,u\ \5

- \Ml' o"
Jes u\Pv-; n..,,\.ﬁ/(




Matrices in Memory

e How do cache blocks fit into this

scheme?
o Row-major in memory
o Column of matrix is spread Cache /
across multiple cache blocks blocks ——>

N

{-L.“‘ W\ov:w-> \'3 :e\v-vwé; 'at.srﬁ,

ETs & Cochie g Eoretnca,




Naive Matrix Multiply

How many memory \\

// move along rows of A
for (i = 0; i < nj; i++) {
// move along columns of B
for (J = 05 J < nj j++) {
// Reads row of A, col of B
// Read & write c(i,j) n times
for (k = 0; k < n; kt+)

accesses are in this
line?

c[i*n+j] += a[i*n+k] * b[kxn+j];

;2 + ,
}oo @Gl efettwl Lkl 0yl

C(ij)

C(ij)

Ali,:)

I X

B(:))




in matrix C

Cache Miss Analysis (Naive) [

Ignoring misses
e Example parameters:
o Aand Bare square (Xn) matrices of doubles

o Cache block size K = 64B \ it "
m 8 elements per block " BX\;W
o Cache size C << n (much smaller) s
e For each elementof ¢ :)""? ? -
u'—fs o n/8 misses per row of 4
ww—‘-\e-bn misses per column B — X
o 9n/8 misses per iteration =+ &

e n?2elements in total
q.

T

. ta
o 9n3/8 misses - 5w




Linear Algebra To The Rescue

e Can get the same result of a matrix multiplication by splitting the matrices into
smaller submatrices (“blocks”)
e Example: multiply 2 4X4 matrices

— j jﬂJ,with B defined similarly
21 422 Ot Lol ke oo Ha L’_\_h'kI

[,J\ﬂ o-\' “7 l‘vhg(l X—p\.“’ r4 J‘\A} we
AR = [(A11311+ A, Byy) (A Byt Alzgzz)J Cal a.("\cl He ML,-.% A

VR
(A1 Bi1+ AypBr1) (A1 Bipt Ay By) gofles bl




Linear Algebra To The Rescue (pt 2)

Ci1 | C12 | Ci3 | Cug At | Az i Ads | A B4 B12:B1SEB14

. .. N
e Split up each matrix into smaller blocks , o o0 cg‘(\
Linalet =3 @

o Choose a block size that will fit in the cache! ke 2T e
o This technique is called cache blocking Qi e?
e Perform multiplication block-by-block (rather than row-by-row) ) e

C22 = A21]312 + A22]322 + A23B32 + A24B42 = 2112=1 AZk*BkZ




Blocked Matrix Multiply N
e r=length of a block (assume rdivides n evenly) :
i

// Go through each rxr block of C
for (i = 0; i < nj; i +=r)
for (3 = 0; J <n; J+=7r)
// Go through each block A(i, k) and B(k, j)
for (k = 0; k < n; k += r)
// Multiply the two blocks (same as naive algorithm)
for (ib = 1i; ib < d+r; dib++)
for (jb = j; jb < j+r; jb++)
for (kb = k; kb < k+r; kb++)
c[ib*n+jb] += al[ibxn+kb]*b[kb*n+jb];

9 LT
‘QLL'-‘M
of® éw-:-\k‘-f /
Ld_\’c&r ‘. ES—




in matrix C

Cache Miss Analysis (Blocked) [

Ignoring misses
e Example parameters:
o Cache block size K = 64B
m 8 elements per block n/r blocks
o Cache size C << n (much smaller)
o Cache can hold 3 blocks (rxXn: 32 < C
e [or each block of C = X
1 —_— .Wt-\ YNy b"‘-
% i Fo  r2/8 misses per block — =g* vhs O ot G —
xS \ m 8 elements per cache block Y P
o ~2n/r blocks accessed (row and col) -> 2n/r * r?/8 = nr/4 misses

e (n/r)? blocks in total

Compare to 9n3/8

o nr/4* (n/r)2 = n3/4r misses\ from before




Cache Images

e Recap: _ Memory Cache
o Blocks are contiguous chunks of
Address Block Index Tag Block Data
memory 0000XX 00 I
o Contiguous blocks in memory map to 0ee1xx 01 L
contiguous cache sets 0010XX 10 1
- OO11XX 11 o
° ; :
Conclusion 9160XX
o Let B =the number of blocks 0101XX I —
the cache can hold (C / K) 0110XX L1
o A contiguous, aligned chunk of OL1IXX | ' 1
B blocks (C bytes) can all fit 1000XX 1 4 4

into the cache at once! . o e




Cache Images (pt 2)

e Cache image: an aligned chunk of memory the same size as the cache
o Guaranteed to all fit in the cache at once

m Locality! Memory
o The offset of an address within its cache image tells g‘;‘;}’g;sx Block
you where in the cache it will map to r@@mxx mage 0
m Two addresses with the same offset in different ] ee10xXx
images will map to the same location in the 0011XX
cache - *0100XX
OLOLXX image 1
O110XX
OL11XX
orhoke lo00xx [

ex!
oLe.d»..\m% xS hﬁaj&% . ..




Summary

e Programmer can optimize for cache performance
o How data structures are organized
o How data is accessed
m Cache blocking for 2D arrays
e (Getting absolute optimum performance is very platform specific
o Depends on cache size, block size, associativity, etc.
o Generic guidelines:
m Keep working set reasonably small (temporal locality)
m Use small strides (spatial locality)
m Focus on inner loop code (for nested loops)

e Cache images can help you quickly figure out where data will go in the cache
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