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Topics
« memory hierarchy
* |ocality
* address spaces
o direct mapped caches
e associative caches
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Levels in atypical memory hierarchy

size:
speed:
$/Mbyte:
block size:

cache virtual memory
- » - -
C
CPU 4B g 32B Memory 4 KB 0
h
regs e
register cache memory disk memory
reference reference reference reference
200 B 32KB -- 4MB 128 MB 10GB
5ns 6 ns 100 ns 10 ms
$256/MB $2/MB $0.30/MB
4B 16 B 4 KB

larger, slower, cheaper
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Alpha 21164 Chip Caches
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Accessing data in a memory hierarchy

Between any two levels, memory divided into blocks.
Data moves between levels on demand, in block-sized chunks.
Upper-level blocks a subset of lower-level blocks.

Access word w in block a (hit) Access word v in block b (miss)
A A
w Y
a a a
b
A
b
b b D
a a a




Sources of Memory References

sum = O;
for (i = 0; i < n; i++)
sum += a[i]: Memory Layout
* —_
vV = sum OXOFC[ 10
Abstract Version of Machine Code 0x100f 11
0x104 | 2
1 0: sum <-- 0 0x108 [ 13
| 1: ap <-- a 0x10C | 4
| 2: [ <-- 0 0x110 |5
| 3: If (i >= n) goto done 0x114 1 6
1 4. | oop: t <-- *ap
| 5: sum <-- sum + t
| 6: ap <-- ap + 4 0x400 [ a[ 0]
| 7: i <-- i +1 0x404 [ a[ 1]
| 8: if (i < n) goto |oop 0x408 [ a[ 2]
| 9: done: *v <-- sum 0x40C| a[ 3]
_ 0x410 | a 4]
« Memory addresses in bytes 0x414 [ a[ 5]
 Each instruction & data word 4 bytes
* Instruction sequences & data arrays laid out as OxTAd 2y

contiguous memory blocks



Locality of reference

Principle of Locality

e programs tend to reuse data and instructions near those they have
used recently.

« temporal locality: recently referenced items are likely to be
referenced in the near future.

» spatial locality: items with nearby addresses tend to be referenced
close together in time.

sum = O;
for (i =0; I < n; i++)
o sum += al[i];
Locality in Example *v = sum
 Data
— Reference array elements in succession (spatial)
e Instruction
— Reference instructions in sequence (spatial)

— Cycle through loop repeatedly (temporal)




Key questions for caches

Q1: Where should a block be placed in the cache?
(block placement)

Q2: How is a block found in the cache? (block
identification)

Q3: Which block should be replaced on a miss? (block
replacement)

Q4: What happens on a write? (write strategy)



Address spaces

An n-bit address defines an
address space of 2" items:
0,...,2n1,

00000
00001
00010
00011
00100
00101
00110
00111
01000
01001
01010
01011
01100
01101
01110
01111
10000
10001
10010
10011
10100
10101
10110
10111
11000
11001
11010
11011
11100
11101
11110
11111

Address space
for n=5



Partitioning address spaces

Key idea: partitioning the address bits partitions the address space.

In general, an address partitioned into sets of t (tag), s (set index), and
b (block offset) bits, e.q.,

address =

tag setindex offset

belongs to one of 2s equivalence classes (sets), where each set
consists of 2t blocks of addresses, and each block consists of
2P addresses.

The s bits uniquely identify an equivalence class.
The t bits uniquely identify each block in the equivalence class.
The b bits define the offset of an address within a block (block offset).



Partitioning address spaces

2s = 8 sets of blocks
2t = 2 blocks/set
20 = 2 addresses/block.

block 1 —»

00000
00001
00010
00011
00100
00101

00110
00111

01000
01001
01010
01011
01100
01101
01110
01111
10000
10001
10010
10011
10100
10101
10110
10111
TTO000
11001
11010
11011
11100
11101
11110
11111

set 011

ffset O




Partitioning address spaces

2s = 8 sets of blocks
2t = 2 blocks/set
20 = 2 addresses/block.

block 0 —»

00000
00001
00010
00011
00100
00101
00110
00111
01000
01001
01010
01011
01100
01101
01110
01111
10000
10001
10010
10011
10100
10101
10110
10111
11000
11001
11010
11011

11100
11101

TTYY0
11111

set 110
-
offset 1
-




Partitioning address spaces

t=2 s=2 b=1

10 11 0

2s = 4 sets of blocks
2t = 4 blocks/set
20 = 2 addresses/block.

block 10 ——»

00000
00001
00010
00011
00100
00101

00110
00111

01000
01001
01010
01011
01100
01101

01110
01111

10000
10001
10010
10011
10100
10101
10110
10111
TTO000
11001
11010
11011
11100
11101

11110
11111

setll
-
-
offset O
-
-




Partitioning address spaces

t=2 s=2 b=1

01 10 1

2s = 4 sets of blocks
2t = 4 blocks/set
20 = 2 addresses/block.

block 01 —»

00000
00001
00010
00011

00100
00101

00110
00111
01000
01001
01010
01011
01100
01101
01110
01111
10000
10001
10010
10011

10100
10101

10110
10111
11000
11001
11010
11011

11100
11101

TTYY0
11111

set 10
-
-
offset 1
-
-




Partitioning address spaces

setl

00000
00001
00010 |y g

t=3 s=1 b=1 00011

101 1 0 00101

00110
oo111 | <
01000
01001
01010

01011 | =

25 = 2 sets of blocks 8%18&’

— 01110
2t = 8 blocks/set o11ii | =

20 = 2 addresses/block. 10000
10001

10010
offset O 10011 |
10100
10101
10110
block 101 — | 77777 || <=
11000
11001
11010
11011 | <
11100
11101
11110
11111 | <




Partitioning address spaces

2s = 2 sets of blocks
2t = 8 blocks/set
20 = 2 addresses/block.

setO

block 011 —»

00000
00001

00010
00011

00100
00101

00110
00111

01000
01001

01010
01011
01100
01101
01110
01111

10000
10001

10010
10011

10100
10101

10110
10111

11000
11001

11010
11011

11100
11101

TTYY0
11111

offset 1



Partitioning address spaces

00000
00001
setg 00010

t=4 s=0 b=1 00011

1011 0 00101

00110
00111
01000
01001
01010
01011

2s = 1 set of blocks gﬂgg

2t = 16 blocks/set Sﬂiﬁ

20 = 2 addresses/block. 10000
10001

10010
10011
10100
10101 ff tO
10110 w—— QOfISse

block 1011 — | 15111

11000
11001
11010
11011
11100
11101
11110
11111




Partitioning address spaces

00000
00001
setg 00010

t=4 s=0 b=1 00011

0110 1 00101

00110
00111
01000
01001
01010
01011

2s = 1 set of blocks block 1011 —| SH% L teet 1

2t = 16 blocks/set Sﬂiﬁ

20 = 2 addresses/block. 10000
10001

10010
10011
10100
10101
10110
10111
11000
11001
11010
11011
11100
11101
11110
11111




Address space (N = 2" bytes)

Address

Basic cache organization

(n=t+ s+ b bits)

Cache (C =S x E x B bytes)

E blocks/set

-
t S b S =2ssets
v v
Valid bit | tag data E:ZZT]Z lloilr?é:)k
1bit thits B =2 bytes (block size)

E: Describes associativity: how many blocks in set can reside in cache simultaneously



Direct mapped cache (E =1)

N = 16 byte addresses (n=4)

_ a b= cache size:
Bl s=2 -1 C = 8 data bytes
X | XX ] X line size:
= 2b = i
000 B = 2b = 2 bytes/line
0001
0010 _
0011 direct mapped cache
0100 _
0101 E - 1 entry/set
D110 __loo
0111 101 5=2s=14sets
1000 5 %g
1001 :
1010
011 1. Determine set from middle bits
1100 2. If something already there, knock it out
101 :
1110 3. Put new block in cache
111




Direct Mapped Cache Simulation

=1

t=1 s=2
X XX

b
X

0000
0001
0010
0011
0100
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111

(1)

(3)

N=16 byte addresses B=2 bytes/block S=4 sets E=1 entry/set
Address trace (reads):

0 [0000] 1 [0001] 13 [1101] 8 [1000] O [0000]

0 (miss) 13 (miss)
v tag data v tag data
(2)
8 (miss) 0 (miss)
v tag data v tag data
(4)




Direct Mapped Cache Implementation
(DECStation 3100)

313029 ... 19181716 1514 13

5432 10

byte
offset

valid tag (16 bits)

data (32 bits)

data

? sets



E-way Set-Associlative Cache

N = 16 addresses (n=4)

t=2 s=1 b=1
XX X X

Cache size;

C = 8 data bytes
Line size:

B = 2b = 2 bytes

0000
D001
0010
0011 2-way set associative cache
0100
0101 _ _
0110 1 00 s=21=2sets
D111 = 101

1000
1001
1010
011
1100
101

1110
111

E = 2 entries/set




2-Way Set Associative Simulation

t=2 s=1 b=1 N=16 addresses B=2 bytes/line S=2 sets E=2 entries/set
Address trace (reads):
0 [0000] 1 [0001] 13 [1101] 8 [1000] O [0000Q]

XX X

v tag data v tag data
0000

0001 0 (miss)
0010

0011
0100 v tag data v tag data

0101
0110
0111
1000 v tag data v tag data
1001 _
1010 8 (miss)

1011 (LRU replacement)

1100 v tag data v tag data
1101

1110 0 (miss)
1111 (LRU replacement)

13 (miss)




Two-Way Set Associative Cache

Imple

mentation

e Setindex selects a set from the cache
« The two tags in the set are compared in parallel
 Datais selected based on the tag result

Valid CacheTag

Cache Data

Set Index
Cache Data CacheTag Valid

CacheBlock 0

CacheBlock 0

Mux O Selo/4</

Y Cache Block



Fully associative cache (E = C/B)

N = 16 addresses (n=4)
t=3 s=0

b=1

XXX

X

D000
0001

0010
0011

0100
0101

0110
0111

1000
1001

1010
011

1100
101

1110
111

cache size:

C = 8 data bytes
line size:

B = 20 = 2 bytes/line

fully associative cache

E = 4 entries/set

S=25=1set




Fully associative cache simulation

N=16 addresses B=2 bytes/line S=1 sets E=4 entries/set
t=3 s=0 b=1 Address trace (reads):

XXX X 0 [0000] 1 [0001] 13 [1101] 8 [1000] 0 [0000]

0000 0 (miss) 13 (miss)
0001 v tag data v tag data
0010

0011

0100 (1)
0101

0110

0111

1000 :
1001 8 (miss)

1010 v tag data

1011
1100 (3)
1101
1110
1111

setg (2)




Replacement Algorithms

 When a block is fetched, which block in the target set should be
replaced?

Usage based algorithms:
» Least recently used (LRU)
—replace the block that has been referenced least recently
—hard to implement

Non-usage based algorithms:
* First-in First-out (FIFO)
—treat the set as a circular queue, replace block at head of queue.
—easy to implement
« Random (RAND)
—replace a random block in the set
—even easier to implement



Implementing RAND and FIFO
FIFO:

 maintain a modulo E counter for each set.
e counter in each set points to next block for replacement.
e increment counter with each replacement.

RAND:

* maintain a single modulo E counter.
e counter points to next block for replacement in any set.
* increment counter according to some schedule:

—each clock cycle,

—each memory reference, or

—each replacement anywhere in the cache.



Implementing LRU

Create an ExE bit matrix for each set (only use E(E-1) bits.)
When block i is referenced, set row | and clear column i.

The LRU block is the row with all zeros.
All other blocks have been referenced more recently than this one

Example trace (E=4): 1234321

1 2 3 4
0|01 0j0}|o0
1 01 1 0]0
111 1 111 0
0j0}|o0 11111
Setting Row
3 2 1 My reference most recent
0010 0010 1111 Clearing Column
1 00 1 1]1 0 1]1 | was referenced after you
111 1 110 1 01}0 1 were
1{1]0 1{0]0 0j0|0

—-31 - CS 347 S'98



Write Strategies
Write Policy

 What happens when processor writes to the cache?

» write through
—information is written to the block in cache and memory.
—memory always consistent with cache
— Can overwrite cache entry

« write back

—information is written only block in cache. Modified block written to
memory only when it is replaced.

—requires a dirty bit for each block
» To remove dirty block from cache, must write back to main memory
—memory not always consistent with cache

Write Buffer

« Common optimization for write-through caches
 Overlaps memory updates with processor execution



Alpha AXP 21064 direct mapped
data cache

Elae,
Blacd, address ofte I_ig E.:IF:_':'JQ-;.-;
= A= M= Dat Data
[ 81 [naz| | m o
T 1
Wi Tag Daty .
] 2= M= ==
34-bit address
256 blocks
32-bytes/block (2%
y Bk @
i ; -1 1R
1
1hrg
Eufter

| L ey ey I'ﬂél'ﬂl:fﬁ .




Write merging

Mrte address Y i Y Y

100

A write buffer 104

that does not
do write merging

105

1z

Write addrazs Y ¥ Y Y

100

A write buffer
that does write
merging
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Multi-level caches

Can have separate Icache and Dcache or unified Icache/Dcache

Processor
TLB ,
regs L1 Dcache L2 Dcache Memory —
L1 Icache L2 lcache

size: 200 B 8 KB 1M SRAM 128 MB DRAM 10 GB

speed: 5ns 5 ns 6 ns 100 ns 10 ms
$/Mbyte: $256/MB $2/MB $0.30/MB
block size: 4 B 16 B 32 KB 4 KB

larger, slower, cheaper

larger block size, higher associativity, more likely to write back



Alpha 21164 Hierarchy

L1 Data
1 cycle latency
8KB, direct » N
Regs Write-through |-a—m|{ L2 Unified L3 Unified
‘[<*®> Dual Ported 8 cycle latency 1M-64M
32B lines 96KB direct Main
3-way assoc. [“@®| Write-back [<®3| Memory
Write-back Write allocate Up to 1TB
L1 Instruction Write allocate 32B or 64B
8KB, direct  |g——o 32B/64B lines lines
32B lines
Processor Chip

* Improving memory performance was main design goal
« Earlier Alpha’s CPUs starved for data



