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Relevant Course Information

+» Lab 4 due Monday (2/28)
= Cache parameter puzzles and code optimizations
+» hw18 due Wed (2/23)
= Lab 4 preparation
+» Lab 2 grades posted
= Regrade requests will be open for one week (until 2/21)

+» Midterm grading is in progress

% Guest lecture from Mara on Friday!

= Sam is out of town — no office hours :(
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Mid-Quarter Survey
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CSE 351, Winter 2022

Lecture: a little fast, more demos/examples wanted

= We still have a live questions doc! (Tools > Lecture Questions)

" Topic review videos (Course Info > Videos)

Homework: nitpicky formatting is annoying ®

= Explanations could be better

Flashcards: they exist!

" https://courses.cs.washington.edu/courses/cse351/22wi/flashcards/

" Posted on course calendar for each lecture

Readings: generally a good supplement

= Some can be too dense/confusing

) 11:30a- 12:20p
Lecture
Memory & Caches |1
CSE2 G20

Textbook Reading
CSPP § 6.4.3-6.4.7 (p. 624-
633)

slides: ink, pdf
handout: worksheet
flashcards: Anki
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Mid-Quarter Survey

+» Midterm: a little too ambiguous
= Some questions should have been more precisely worded
= GDB practice was good, if confusing
= Take-home format was good, 72 hours enough time
= Design/explanation questions were challenging

+ Socio-technical content: worthwhile, but imperfect
= Needs more nuance and room for discussion
= Can feel overly prescriptivist

= More context would be helpful (e.g., optional readings)
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Reading Review

+» Terminology:
= Write-hit policies: write-back, write-through
= Write-miss policies: write allocate, no-write allocate

= Cache blocking

% Questions from the Reading?
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What about writes? (Review)

+» Multiple copies of data may exist:
= multiple levels of cache and main memory

X/

» What to do on a write-hit? (bleck/data dready in cache)

L)

= Write-through: write immediately to next level
= Write-back: defer write to next level until line is evicted (replaced)

. . oo . . ex-\. Mman an-‘- b\“‘
- Must track which cache lines have been modified (“dirty bit” ) G oo cacnes

X/

» What to do on a write-miss? (blsck/data notyet in cache)

L)

= Write allocate: (“fetch on write”) load into cache, then execute the
write-hit policy
« Good if more writes or reads to the location follow

= No-write allocate: (“write around”) just write immediately to next level

+~ Typical caches:
<& Write-back + Write allocate, usually
= Write-through + No-write allocate, occasionally
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Write-back, Write Allocate Example

Note: We are making some unrealistic simplifications to keep this
xample simple and focus on the cache policies

Valid Dirty Tag Block Contents
Cache: 1110 G OxXBEEF <
4

There is only one set in this tiny cache,
so the tag is the entire block number!

dirtq b+t = O,
so cpP'.eS are
consistent
Block X
Memory: Num :
F OxCAFE

G O0xBEEF
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Write-back, Write Allocate Example

Not valid x86, assume we mean an address
1) mov SOxFACE , (F) / associated with this block num

Write Miss

Valid Dirty Tag Block Contents
Cache: 1| o] | & 0xBEEF
AN

Q F
@ fetoh Step 1: Bring F into
cache
Block X

Memory: Num : /
F OxCAFE
G OxBEEF

i 8
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Write-back, Write Allocate Example

1) mov S$SOxXFACE, (F)
Write Miss

Cache: 1118 F

Valid Dirty Tag Block Contents
AN
QxGAFE
OxFACE

\ d C(:eren_“

Block
Memory: Num

F

[ ] \V

OxCAFE

O0xBEEF

Step 1: Bring F into
cache

Step 2: Write
OxFACE to cache

only and set the
dirty bit
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Write-back, Write Allocate Example

1) mov S$SOxXFACE, (F)

Write Miss
Valid Dirty Tag Block Contents
Cache: 1] |1 F OxFACE
Block X
Memory: Num :
F OxCAFE
G OxBEEF

Step 1: Bring F into
cache

Step 2: Write
OxFACE to cache

only and set the
dirty bit

10
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Write-back, Write Allocate Example

1) mov S$SOxXFACE, (F) 2)mov SOxXFEED, (F)
Write Hit

Write Miss

Valid Dirty Tag

Block Conten

v

Cache: 1| | ¥ F

OXEACT

1

Block
Memory: Num

Ox«FEED

No need +o upolo.‘re
memo\r\&‘.

OxCAFE

O0xBEEF

Step: Write
OxFEED to cache

only (and set the
dirty bit)

11
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Write-back, Write Allocate Example

1) mov SOXFACE, (F) 2)mov S$SOxXFEED, (F)

Write Miss Write Hit
Valid Dirty Tag Block Contents
Cache: 1] |1 F OXFEED
Block X
Memory: Num :
F OxCAFE

G O0xBEEF

12
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Write-back, Write Allocate Example

1) mov SOxFACE, (F) 2)mov S$OxFEED, (F) 3)mov (G), %$ax

Write Miss Write Hit Read Miss
Valid Dirty Tag Block Contents
Cache: 1] 11 F OxXFEED
\

@ Step 1: Write F back
to memory since it
is dirty

Block X
Memory: Num : f
F OxCAFF Ox{EED

G O0xBEEF

13
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Write-back, Write Allocate Example

1) mov SOxFACE, (F) 2)mov S$OxFEED, (F) 3)mov (G), %$ax

Write Miss Write Hit Read Miss
Valid Dirty Tag Block Contents 710X
>[ ]
Cache: 1| |O G OxBEEF ||]
N Copy o /.0X
@ Step 1: Write F back
load o LO Memory since it
e s dirty
Block X
Memory: Num - Step 2: Bring G into
F OXFEED | the cache so that
: / we can copy it into
: $ax
G OxBEEF
i 14
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Cache Simulator

+» Want to play around with cache parameters and
policies? Check out our cache simulator!

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

«» Way to use:

= Take advantage of “explain mode” and navigable history to
test your own hypotheses and answer your own questions
= Self-guided Cache Sim Demo posted along with Section 7

= Will be used in hwl8 — Lab 4 Preparation

15
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Polling Question

« Which of the following cache statements is FALSE?
= \/ote at: https://PollEv.com/wolfson

|A._\ We can reduce compulsory misses by decreasing
our block size  swaller block size patts i fewer bytes 0n miss

B. We can reduce conflict misses by increasing
associativity  more placement optons before evictions

C. A write-back cache will save time for code with
good temporal locality on writes &ty Bios mrdy

D. A write-through cache will always match data

with the memory hierarchy level below it “f‘;',‘,’:;{‘ﬁt;‘

E. We're lost...

16
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Optimizations for the Memory Hierarchy

+» Write code that has locality!

= Spatial: access data contiguously

" Temporal: make sure access to the same data is not too far
apart in time

+» How can you achieve locality?

= Adjust memory accesses in code (software) to improve miss
rate (MR)

- Requires knowledge of both how caches work as well as your system’s
parameters

= Proper choice of algorithm

" Loop transformations

17
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Example: Matrix Multiplication

C A
EEEEEEEE EEEEEEEE

C..—=> b
] AR
EEEEEEE

n
i — E Qif-Ok;
k=1

18
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Matrices in Memory

«» How do cache blocks fit into this scheme?

= Row major matrix in memory:

COLUMN of matrix (blue) is spread —

among cache blocks shown in red
19
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Naive Matrix Multiply

# move along rows of A
for (1 = 0; 1 < n; 1++)
# move along columns of B
for (j = 0; 7 < n; J++)
# EACH k loop reads row of A, col of B
# Also read & write c(i,j) n times
for (k = 0; k < n; k++t)
how oy sc[i*n+g] [F=}ali*n+k] * blk*n+jl;

Qccess

@ wrie ®@ read @ read @ read

m
1
m

4+

X

B(:,j)

20
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Cache Miss Analysis (Naive ['8n0fing]
matrix c

« Scenario Parameters:
= Square matrix (nxXn), elements are doubles

B ' = = \
Cache block size K =64B =38 doubles g yemes

# Cache size C < n (much smaller thann) " °*

a3y A 8
- T 8] 5

LW

& EaAch iteration:
X

m— by $he dme e
— reach heve, block

'
stride (
n 2[M ] has been ewicted

n on ]
" — 4+ NN = —misses
8 8

39‘001 S()a—\'col loca\r\'j in A: bad spo:\'ial (J3

| 2.3 4 S$673 localdy in8: T
computsory ~ [ |w [ 1| n H’H T [T s ]
= v o ]

s+ride-|

; :
nw[ ] 21
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matrix c

Cache Miss Analysis (Naive) ['gnori”g]

<« Scenario Parameters:

= Square matrix (nxXn), elements are doubles
" Cache block size K =64 B =8 doubles

" Cachessize C <K n (much smaller than n)

« Each iteration:
n on . — X
" — 4 n =—misses
8 8
= Afterwards in cache:
(schematic) red shows = X
blos N
cache

8 doubles wide
22
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Cache Miss Analysis (Naive) ['gnori”g]

matrix c

<« Scenario Parameters:

= Square matrix (nxXn), elements are doubles
" Cache block size K =64 B =8 doubles

" Cachessize C <K n (much smaller than n)

« Each iteration:

1
X

n on ]
" — 4+ NN = —misses
8 8

. n = 9on 9 "
« Total misses: n (g + n) e ? XNe = 57@ not so great 7

once per product matrix element )3
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This is extra

Linear Algebra to the Rescue (1) (non-testable)

material

% Can get the same result of a matrix multiplication by
splitting the matrices into smaller submatrices
(matrix “blocks”)

+» For example, multiply two 4x4 matrices:
A\\ L A\?.
A1 Qi Qg3 Qyg)

Ari Aoy (Aoa Aoal| [Ay; A . . .
A= |2t 220723 “24) — [ 11 12], with B defined similarly.

Q31 A3y A3z Azq|  |A,; Ay
(A1 Qyp Qg3 Ayg.
Py Aga

B = [(AllBll +A12821) (AIIBIZ +A12822)
(AZIBll +A22321) (A21812 + AZZBZZ)

24
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This is extra
Linear Algebra to the Rescue (2) [(non-testable)]

material

IAA @ B @ Bos B,,

| | | | | | >\ |
Cys OTRRSE Cig Ass Asa Ars Aig B l‘@ Bis Bis

Ca1{Ca2 | Cus Cas| |[AsiiAsw|Ass Ass| |Bs| B Bss B

Cy1 Caso Cys Cus Ay As) As3 EA144 B @ B.s B4

Matrices of size nXn, split into 4 blocks of size r (n=4r)
Cyo = Ay1Biy + ApyByoy + ApsBay + AyuByy = 25 Ay *Byy

+» Multiplication operates on small “block” matrices
" Choose size so that theyfit in the cache!
= This technique called “cache blocking”

25
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Blocked Matrix Multiply

+ Blocked version of the naive algorithm:

# move by rxr BLOCKS now
for (1 = 0; 1 < n; i += 1)
for (J = 0; J < n; J += r) Joop over blogks
for (k = 0; k < n; k += 1)

6nested # block matrix multiplication
|loops MoOX

sary bt FOr (ib = i; ib < itr; ib++)

a&uqt\nmore . . . - .

ront! 5 For (jb = j; Jb < Jj+r; Jb++)
for (kb = k; kb < k+r; kb++)

c[ib*n+jb] += al[ib*n+kb]*b[kb*n+jb];

lowr wrihin blocks

" r = block matrix size (assume r divides n evenly)

26
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Cache Miss Analysis (Blocked) ['g”"””g]

matrix c

+» Scenario Parameters:
= Cache block size K = 64 B = 8 doubles
" Cachessize C < n (much smaller than n)
L Thr\eiblocks M (rxr) fitinto cache: 3r: < C

T

/rz elements per bIochg per cache blom fn/rjblocks\
. : 0;
+» Each block iteration:™ | HEEREN

v H
= 12 /8 misses per block — X .
" 2n/rXr?/8 = nr/4 —

n/r blocks in row and column

27
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Cache Miss Analysis (Blocked) ['g”"””g]

matrix c

+» Scenario Parameters:
= Cache block size K = 64 B = 8 doubles
" Cachessize C < n (much smaller than n)
= Three blocks M (rXr) fit into cache: 3r2 < C

/rz elements per block, 8 per cache block fn/rjblocks\
2 Eacf)/block iteration: M HERREN —
= 12 /8 misses per block — X .
" 2n/rXr?/8 = nr/4 —

n/r blocks in row and column

= Afterwards in cache ] HEREN
(schematic)

1
X

28
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Cache Miss Analysis (Blocked) ['g”"””g]

matrix c

+» Scenario Parameters:
= Cache block size K = 64 B = 8 doubles
" Cachessize C < n (much smaller than n)
= Three blocks M (rXr) fit into cache: 3r2 < C

/rz elements per block, 8 per cache block fn/rjblocks\
2 Eacf)/block iteration: M HERREN —
= 12 /8 misses per block — X .
" 2n/rXr?/8 = nr/4 —

n/r blocks in row and column
st 9(n?) Lot

We Con S"-anrp‘c,ﬂﬂ"\

X TOtaI miSSES: reduce coo.ﬁ’icieni

&S r Grows \"
= nr/4x(n/r)? = B/ (4r) s a?
3

29
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Matrix Multiply Visualization

+» Heren =100, C =32 KiB, r =30 Shoded areas are

. blodks Strored in cache
Naive:

I oo

Cache misses: 551888

Cache misses: 54,888
~ 1,020,000
cache misses

~ 90,000
cache misses

30
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Cache-Friendly Code

+» Programmer can optimize for cache performance

®= How data structures are organized

" How data are accessed

- Nested loop structure
- Blocking is a general technique

+ All systems favor “cache-friendly code”
= Getting absolute optimum performance is very platform
specific
- Cache size, cache block size, associativity, etc.
= Can get most of the advantage with generic coding rules
- Keep working set reasonably small (temporal locality)

- Use small strides (spatial locality)
- Focus on inner loop code

31
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Core i7 Haswell

The Memory Mountain 2.1 GHz

32 KB L1 d-cache
256 KB L2 cache

Aggressive 8 MB L3 cache
prefetching 64 B block size
S 16000
S
5 — 14000 ;
Q& B S —
L2 12000
]
E\ﬁ’ 10000 LI § (e exceeded
=]
39
££ 8000 Ridges
€8 . —>-of temporal
L2 7
* 6000 7 locality
4000
2000 (3] 5ite ex(eed ed
Slopes :
of spgt/al . 32k
locality s3 128k

s5 ) 512k
s7 ™ Workin -
Stride (x8 bytes) s9 a0 8m/ Sive (bylteg) ddfu set Sde
dfw'lnj 3\00:\..%] |b(&\;-}y s 11 28m 4 ( easahj
mer
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