Memory Hierarchy 1
(Cache Overview)

Idealism
. Pipeline
Isnstrulctlon (Instruction gata |
upply execution) upply
- Zero-cycle latency - No pipeline stalls - Zero-cycle latency
- Infinite capacity -Perfect data flow . - Infinite capacity
(reg/memory dependencies)
- Zero cost . - Infinite bandwidth
- Zero-cycle interconnect
- Perfect control flow (operand communication)  _zerg cost
- Enough functional units
- Zero latency compute
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Memory in a Modern System
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Ideal Memory

Zero access time (latency)

Infinite capacity

Zero cost

Infinite bandwidth (to support multiple accesses in parallel)
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The Problem
¢ Ideal memory’s requirements oppose each other

e Bigger is slower
—Bigger - Takes longer to determine the location

e Faster is more expensive
—Memory technology: SRAM vs. DRAM

¢ Higher bandwidth is more expensive
—Need more banks, more ports, higher frequency, or
faster technology

SRAM vs. DRAM

Write Line
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Levels of the memory hierarchy

Capacity Upper Level
Access Time
Bandwidth .
Price/ 6B (as of 2012) Stagin ) faster
Transfer Unit
100s Bytes Registers
<1ns
prog./compiler
Instr. Operands 1°8 bytes
K-M Bytes
1-5ns
25+ Gb/s Cache (SRAM)
$10,000 cache controller
Blocks 8-128 bytes
G Bytes
10-50 ns
19 aon Memory (DRAM)
$10 0os
Pages 512-4K bytes
T Bytes T Bytes K
0.1'ms 10 ms Disk (SSD / HD)
2.5 Gb/s g.l5 Gb/s y .
1 0.15 . user/operator
Files M-G bytes L
arger
infinite (1.5 T/tape) 9
! tln‘i‘neb/ Tape Lower Level
. s
$0.04

CMSC 411 - 12 (some from Patterson, Sussman, others) 7

The principle of locality

* The Principle of Locality:

— Program accesses a relatively small portion of the
address space at any short period of time.

» Two Different Types of Locality:

— Temporal Locality (Locality in Time): If an item is
referenced, it will tend to be referenced again soon (e.g.,
loops, reuse)

— Spatial Locality (Locality in Space): If an item is
referenced, items whose addresses are close by tend to
be referenced soon (e.g., straightline code, array access)

* Last 15-20 years, HW has relied on locality to improve
overall performance

It is a property of programs that is exploited in machine design.

CMSC 411 - 12 (some from Patterson, Sussman, others) 8
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Issues to consider

* How big should the fastest memory (cache memory) be?
* How do we decide what to put in cache memory?

 If the cache is full, how do we decide what to remove?

* How do we find something in cache?

* How do we handle writes?

First, there is main memory

» Jargon:
— Frame address — which page?
— Block number — which cache block?
— Contents — the data

(@]
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Then add a cache

» Jargon: Each address of a memory location is
partitioned into

—Block address
» tag
» index

— Block offset

Block address Block
Tag Index offset

How does cache memory work?

» The following slides discuss:
—What cache memory is

— Three organizations for cache memory
» direct mapped.
» set associative
» fully associative

—How the bookkeeping is done
* Note
— All addresses shown are in octal
— Addresses in the book are usually decimal.
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What is cache memory? Main memory first

Main memory is divided into (cache) blocks.
Each block contains many words (32-256 common now).

CMSC 411 - 12 (some from Patterson, Sussman, others) 13

Main memory

Blocks are grouped into frames (pages),
3 frames in this picture.

CMISC 411 - 12 (some from Patterson, Sussman, others) 14
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Main memory (cont.)

Blocks are addressed by their frame number,
and their block number within the frame.

CMSC 411 - 12 (some from Patterson, Sussman, others|
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Cache memory

Cache has many, MANY fewer
blocks than main memory, each with
a block number,

a memory address,

data,

a valid bit,
a dirty bit.

CMSC 411 - 12 (some from Patterson, Sussman, others)
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Cache memory (cont.)

Initially, all the valid bits
set to zero.

CMSC 411 - 12 (some from Patterson, Sussman, others) 17

Where can a block be placed?

» Block 12 placed in 8 block cache:

— Fully associative, direct mapped, 2-way set
associative

Direct Mapped  2-Way Assoc
(12mod8)=4 (12mod4)=0

01234567 01234567

Full Mapped

01234567

Cache

1111111111
01234567890123456789
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Cache memory (cont.)

Suppose want to load
block 14 (octal) from
memory into cache.

Three ways to organize
cache

* direct mapped

* set associative

« fully associative

Direct mapped cache

In direct mapped cache,
block 14 can only be put
in the cache block with
address 4.

So the cache will no
longer hold the block
with memory address
74.
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Direct mapped cache (cont.)

After the load, the
contents look like this.

Set associative cache

Set0 Setl Set2 Set3

o iz[sal5]6]7)

In set associative cache,
each memory block can be
put in any of a set of
possible blocks in cache.

For example, if divide
cache into 4 sets, block 14
can be put in any block in
Set 0 (since last two bits of
14 octal are zero).

2,77/ % %)
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Set associative cache (cont.)

Set0 Setl Set2 Set3

So after loading the block,
cache memory might look
like this.

CMSC 411 - 12 (some from Patterson, Sussman, others) 23

Set associative cache (cont.)

Note that the last two bits of SetO Set1l Set2 Set3
the memory block’ s address
always match the set number,
so do not need to be stored.
This part of the address is
called the index. The higher
order bits are stored, and are
called the tag.

In these pictures, both index
and tag shown.

Recall:

Block address | Block 010101 0[O01l0101]0
Tag | Index |oOffset




* Which entry in the set to replace?
* Three common choices:
— Replace an eligible random block
— Replace the least recently used (LRU) block

Set associative cache replacement

» can be hard to keep track of, so often only approximated

» First In, First Out, or FIFO

— Replace the oldest eligible block

25

SPEC2000, in misses per 1000 instructions

Set associativity

Data cache replacement example

Two-way Four-way Eight-Way
Size LRU | Random | FIFO LRU Random FIFO |LRU Random | FIFO
16KB 114.1 117.3 115.5 | 11.7 115.1 113.3 | 109.0 111.8 110.4
64KB 103.4 | 104.3 103.9 | 102.4 102.3 103.1 | 99.7 100.5 | 100.3
256KB 92.2 92.1 92.5 92.1 92.1 92.5 92.1 92.1 92.5

26

CS252 S05



CS252 S05

Fully associative cache

In fully associative cache,
memory blocks may be

stored anywhere.

So block 14 might be put in
the first available block --

one with valid = 0.
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Fully associative cache (cont.)

With this result.
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Managing cache

Use direct mapped
cache as an example.

After first read
operation, cache

memory looked like
this.

29

If all other memory references
involved block 14, no other
blocks would need to be
fetched from memory.

But suppose eventually need
to fetch blocks 10, 31 and 66.

Need to fetch all three,

because don’ t have valid
versions of them.

30
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Managing cache (cont.)

The result looks like
this.

Now suppose write to
block 66.

Valid

MSC 411 - 12 (some from Patterson, Sussman, others) 31

Managing cache (cont.)

The block is valid in cache,
so don’ t need to fetch.

But the write operation sets
the dirty bit for that block.

Valid

ISC 411 - 12 (some from Patterson, Sussman, others) 32
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Managing cache (cont.)

Now suppose need to
read from a block not
in cache.

If it is block 41, then
must overwrite block
31.

33

Write-through cache

In write-through caches,

every write causes an
immediate change both
to cache and to main e
memory.

So the read just involves
fetching the block.

Valid

ISC 411 - 12 (some from Patterson, Sussman, others)
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Write-back cache

In write-back caches,
every write causes a
change only to cache.

So the read involves
writing block 31 back to
memory if its dirty bit is
set, then fetching

block 41.

Reads easy, writes are not

* Most memory access is read, not write, because read
both data and instructions but write only data

+ If data requested is not in cache, called a cache miss
« It s easy to make most reads from cache fast

— Pull the data into a register as soon as it is
accessed, while checking whether the address
matches the tag

— If address does not match tag, that is a cache
miss, so load a block from main memory to cache,
then into the register again

« Can’t do this with write:

— Must verify the address before changing the value
of the cache location

1§
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Write through vs. write back

* Which is better?

— Write back gives faster writes, since don't have to
wait for main memory

— Write back is very efficient if want to modify many
bytes in a given block

— But write back can slow down some reads, since a
cache miss might cause a write back

—In multiprocessors or multicore machines, write
through might be the only correct solution

» Need to preserve data dependences

Cache summary

+ Cache memory can be organized as direct mapped,
set associative, or fully associative

» Can be write-through or write-back

» Extra bits such as valid and dirty bits help keep track
of the status of the cache
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