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0 Basics of Caches
0 Measuring and Improving Cache Performance
0 Framework for Memory Hierarchies
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Memory

"You can never be too rich, too thin, or have foo much memory"

0 Create the illusion of unlimited fast memory
0 Analogy with the use of library books
o Get the books you need once
o Or go to library each time you need new data
0 Temporal Locality: if an item is referenced, it will tend to be
referenced again soon.
0 Spatial Locality: If an item is referenced, items whose addresses
are close by will tend to be referenced soon
0 Locality comes from natural program structure such as loops,
arrays etc.
0 Memory hierarchy: multiple levels of memory with different
speeds and sizes
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Memories: Review

O SRAM:
o value is stored on a pair of inverting gates
o very fast but takes up more space than DRAM (4 to 6 transistors)

a DRAM:
o value is stored as a charge on capacitor (must be refreshed)
o very small but slower than SRAM (factor of 5 to 10)

Word line |

Pass transistor
e b I S
B B Capacncry
Bit line
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Exploiting Memory Hierarchy

0 Users want large and fast memories!

SRAM access times are .5 - 5ns at cost of $4000 to $10,000 per GB.
DRAM access times are 50-70ns at cost of $100 to $200 per GB - 2004.
Disk access times are 5 to 20 million ns at cost of $.50 to $2 per GB.

0 Try and give it to them anyway
o build a memory hierarchy

CPU

Increasing distance
Level1 from the CPU in
access time
Levels in the Level2
memory hierarchy

Leveln

Size of the memory at each level
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Basic Structure of Memory

Hierarchy

- -

The user has the illusion of a memory as large as the largest level,
But can be accessed as if it were all built from the fastest one

Curramnt
el Slize Cost (§/bit) Technology
Memary Smales] Highast SRAAM
Mamary DRAM
Biggest Lowast kagnatic Disk

Louisiana State University

11 - Memory - 6 CSC3501 SO7




Locality

0 A principle that makes having a memory hierarchy a good idea

0 If anitem is referenced,

temporal locality: it will tend to be referenced again soon
spatial locality: hearby items will tend to be referenced soon.

Why does code have locality?

0 Our initial focus: two levels (upper, lower)

o block: minimum unit of data

o hit: data requested is in the upper level

o miss: data requested is not in the upper level
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Memory Hierarchy

Miss rate: the fraction of memory

Access not found in a level of the Processar |
Memory hierarchy I
j_ns
Hit time: the time required to |
Access a level of the hierarchy, y
Including the time needed to determine Data are transfarmad

The access is a hit or a miss

Miss penalty: the time required to fetch

a block into a level of the memory
Hierarchy from the lower level, including
the time to access the block, transmit it, and
insert in the needed level
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Memory Hierarchy

CPU
Increasing datancs
Leval 1 from the CPU In
BaoaEd ime
Lavvals in the Ll &

mgmary hissanchy

7N
AT

-

Slze of the mamary af each leval
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Cache

0 Two issues:
o How do we know if a data item is in the cache?
o Ifitis, how do we find it?
0 Our first example:
o block size is one word of data
o "direct mapped"

For each item of data at the lower level,
there is exactly one location in the cache where it might be.

e.g., lots of items at the lower level share locations in the upper level
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Direct Mapped Cache

0 Mapping: address is modulo the number of blocks in
the cache

aaaaaaaa

00001 00101 01001 01101 10001 10101 11001 11101

Memory

(Block Address) modulo (Number of cache blocks in the cache)
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Direct Mapped Cache

o For MIPS:

Address (showing bit positions)
3130 ---131211--2 10

Bt
offset]
20 10
Hit Tag
Index Data
Index  Valid Tag Data
0
1
2
1021
1022
1023
20 32

Index - used to select the word
Tag - used to compare with the value of tag field of the cache
Valid bit — indicate whether an entry contains a valid address
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Cache

How many bits are required for a direct-mapped cache with 16 KB of
data and 4-word blocks, assuming 32-bit address?

16 KB -> 4Kwords, 212 words, with a block size of 4 words -> 210 blocks
Each block has 4 x 32 = 128 bits data plus a tag
If number of blocks = 2", word = 2™, the tag field=32-n-m -2

o Tag=32-10-2-2=18
Total cache = 210 x (128 + (32 - 10 -2 -2 ) +1) = 210 x 147 = 147 Kbits =
18.4 KB

S0 18.4 KB for a 16 KB cache, total number of bits is 1.15 times as
needed just for the storage of data
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Mapping to Cache

A cache with 64 blocks and a block size of 16 bytes.
What block number does byte address 1200 map to?
(Block Address) modulo (Number of cache blocks in the cache)

The address of the block = Byte address =75
Bytes per block
That maps to cache block number (75 modulo 64) = 11

This block maps all addresses between 1200 and 1215

Larger blocks exploit spatial locality to lower miss rate

But when block too big relatively to cache - more competition for those
blocks - the block will be out of cache before many of its words are
used
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Block Size

Increasing the block size - cost of a miss increases

Miss penalty - time required to fetch the block from the next
level of hierarchy and load it into the cache.

Time to fetch
o Latency to the first word
o Transfer time for the rest of the block
0 When the block size increases
o The improvement in the miss rate starts to decrease
o The increase in miss penalty > improvement in miss rate
o The cache performance decreases

[N ]

U
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Miss Rate vs. Block Size

Miss  ga
rahs

"""--—-_._0________‘\_ i
e e
% 1 ua $ 2EEK
16 3z 64 126 256
Black size

Each line represents a cache of different size
The miss rate goes up if the block size is too large relative to
cache size.
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Direct Mapped Cache

0 Taking advantage of spatial locality:

Address (showing bit positions)
31 - 1413--65--210

Hit 18 8 4 Byte Data
Tag offset

Index Block offset
18 bits 512 bits

V. Tag Data

256

P e . e | enries

16 32 32 32

X

For SPEC200 : Instruction miss rate = 0.4%, Data miss rate = 11.4%,
Effective combined miss rate = 3.2%
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Hits vs. Misses

0 Read hits
o this is what we want!

0 Read misses

o stall the CPU, fetch block from memory, deliver to cache, restart
o Similar to pipeline stalls. What is the difference among them?

0 Steps for cache (instruction) miss :

o Send the original PC value (current PC -4) to the memory

o Instruct main memory to perform a read and wait for the memory to
complete access.

o Write the cache entry, putting the data from memory in the data
portion of the entry, writing the upper bits of the address from ALU
into the tag field, and turning the valid bit on.

o Restart the instruction execution at the first step, which will
refetch the instruction, this time in the cache.
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Writes
0 Write hits:

o Avoid inconsistency between cache and memory

o can replace data in cache and memory (write-through)
o Writes very slow - 100 processor clock
o SPEC2000 integer - 10% of instructions are stores

o If CPI without writes is 1.0, spending 100 extra cycles on every writes:
1.0 + 100x10% = 11

o Use write in cache and in buffer - a write buffer stores the data while it is
waiting to be written into memory.

a If bufferis full - processor will stall
a To avoid stalling - increase the depth of the buffer

o write the data only into the cache (write-back the cache later). It written
into memory when replaced. More complex mechanism.

0 Write misses:
o read the entire block into the cache, then write the word
o Worite the word into memory
o Wprite-back

o Uses a store buffer. Two cycles - one to write in the buffer, second to
write from the buffer to the cache.

o Write-through - can be done in one cycle

Louisiana State University 11 - Memory - 19 CSC3501 SO7

FastMATH Example

Address (showing bit positions)
31 141365210

Hit +1a g |4 Bre Daa.
Tag offset
Indax Block ofiset

18 bits 512 bits
V. Tag Data
. 256

enries

) 71T
Musx

FastMATH — a fast embedded microprocessor — MIPS architecture
It has separate instruction and data cache. Each cache is 16KB, or
4K words, with 16-word blocks.
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Read

0 Send address to the appropriate cache. The address
comes from the PC (for an instruction) or from ALU
(for data)

0 Ifitisahit, the requested word is available on the
data lines. Since there are 16 words in the desired
block, it is selected using a multiplexor.

0 Ifitis amiss, the address is sent to the main
memory. When the memory returns the data, it is
written into the cache and then read.
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Whrites

0 FastMATH offers both write-through and write-back
0 Operating systems decide which strategy to use for a
given application
0 It has a one-entry write buffer
0 Miss rate for SPEC2000 banchmarks:
o Instruction miss rate = 0.4%
o Data miss rate = 11.4%

o Effective combined miss rate = 3.2% . Depends on
the frequency of data and instructions rate.
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Hardware Issues

0 Make reading multiple words easier by using banks of memory

Cache

Memory || Memory || Memory || Memory
bank 0 bank 1 bank 2 bank 3

b. Wide memory organization c. Interleaved memory organization

Memory

a. One-word-wide
memory organization

0 It canget alot more complicated
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Access Time

1 memory bus clock cycle to send the address
15 memory bus clock for each DRAM access initiated
1 memory bus clock cycle to send a word data
If we have a cache of four words:
One-word-wide memory - Miss penalty = 1+ 4 x 15 + 4 x 1 = 65 memory bus clock cycle
o Number of bytes transferred per bus clock for a single miss 4x4/65=.25
With 2 word width (Fig b, slide 18) miss penalty = 1 + 2x15 + 2x1= 33
o The bandwidth of a single miss is 0.48
With 4 word width (Fig b) miss penalty =1+ 15 + 1= 17
o The bandwidth of a single miss is 0.94
Try to have access initiated in parallel, use banks of memories (Fig c, slide 19)
Interleaving scheme:
o Miss penalty = 1 + 1x15 + 4x1 = 20 memory bus clock cycles
o This is an effective bandwidth per miss of 0.80 bytes per clock, or about
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Performance

0 Increasing the block size tends to decrease miss rate:

40%

30% .\

25% - \-\ /
-

.l ‘:_ﬁ’\g—x

4 16 64 256

Miss rate
N
15
S

Block size (bytes) = 1KB
*8KB
16 KB,

Use split caches because there is more spatial Jg&ality in code:

#256 KB

Block size in Instruction Data miss Effective combined
Program words miss rate rate miss rate
gcc 1 6.1% 2.1% 5.4%
4 2.0% 1.7% 1.9%
|Spice 1 1.2% 1.3% 1.2%
4 0.3% 0.6% 0.4%
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Performance

0 Simplified model:
execution time = (execution cycles + Memory-stall cycles) x cycle time

Memory-stall cycles = # of instructions x miss ratio x miss penalty

0 Memory-stall= Read-stall cycles + Write-stall cycles
0 Read-stall cycles = Reads/Program x Read miss rate x Read miss penalty
0 Writes are more complex:

o Write-through: write misses and buffer stalls (when buffer is fill)

Write-stall cycles = Write/Program x Write miss rate x Write miss
penalty + Write buffer stalls

o With a deep buffer (e.g. four or more words) and a memory of
accepting writes at a rate higher than the average program write
frequency - write buffer stall can be ignored
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Example of Cache
Performance

Assume an instruction miss rate for a program is 2% and a data cache
miss rate is 4%

If CPI is 2 without any memory stalls
Miss penalty is 100 cycles for all misses
How much faster it would run using SPECTint2000 without miss?

The number of memory miss cycles for instructions in terms of
instructions T is :

Instruction miss cycle = I x 2% x 100 = 2.00 x I
0 The frequency of stores in SPECint2000 is 36%:
Data miss cycles =T x 36% x4 % x 100 = 1.44 x I
O Total number of memory-stall cyclesis2I+144T=3441
O CPI=2+344=544
0 Performance improvement = 5.44/2 = 2.72, amount of time in memory
stalls = 3.44/5.44 = 63%
O If we speed up the processor CPI = 1, Performance improvement = 4.44,
amount of time in memory stalls = 3.44/4.44 = 77%

[m]

[m iy Ay ]
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Example (cont.)

If we increase the processor clock rate by 2

The miss penalty will be twice as many clocks - 200 clock cycles:
Total miss per instruction = 2%x200 + 36 %x4%x200 = 6.88

The faster compute will have CPI = 2 + 6.88 = 8.88

Let us compare the two computers:

U o

U u

Performance fast clock Execution time slow clock

Performance slow clock Execution time fast clock

IC x CPIy,,, x Clock cycles 5.44
= = =1.23
IC x CPly, x Clock cycles 8.88 /2
2

So the performance improvement is degraded fro 2 to 1.23
because cache misses
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Example (cont.)

0 If we improve both - lower CPI and higher clock

0 The lower the CPI the more pronounced is the impact
of stall cycles

0 The higher the processor rate - larger miss penalty
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Improving Performance

0 Two ways of improving performance:
o decreasing the miss ratio
o decreasing the miss penalty

What happens if we increase block size?
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Decreasing miss ratio with
associativity

One-way set associative

(direct mapped)

Block Tag Data

0 Two-way set associative
1

2 Set Tag Data Tag Data
3 0

" 1

5 2

6 3

7

Four-way set associative

Set Tag Data Tag Data Tag Data Tag Data
o L T T [T [T ]
L I N N I O

Eight-way set associative (fully associative)

Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data
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Position of a memory block

0 Indirect-mapped:
o (Block number) modulo (Number of cache blocks)

0 Inset-associative, the set containing the memory block:
o (Block number) modulo (Number of sets in the cache)
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Misses and Associatively in Caches

0 Assume three caches, each of four one-word blocks
0 One cache is fully associative, a second is two-way set associative, and the third
is direct mapped
0 Find the number of misses for each cache given the following sequence of
addresses: 0, 8,0, 6, 8
0 Direct mapped:
o Cache block = Block address modul 4
o 0=0Omodule4, 2=6 module 4, 0=8module 4
Address of memory | Hit or miss
Block accessed Contents of a cache blocks after reference
0 1 2 3
0 miss Mem[0]
8 miss Mem[8]
0 miss Mem[0]
6 miss Mem[0] Mem[6]
8 miss Mem[8] Mem[6]
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Misses and Associatively in |
Caches
0 The set-associative has two sets (with indices O and 1) with two
elements per set.
O Set = address module 2
0 0=Omodule2, 0=6module2, 0=8module2
0 Replece the least recently used block within a set

Address of Hit or miss
memory Contents of a cache blocks after reference
Block accessed
Set0 Set0 Setl Setl
0 miss Mem[0]
8 miss Mem[0] Mem[8]
0 hit Mem[0] Mem[8]
6 miss Mem[0] Mem[6]
8 miss Mem[8] Mem[6]

Louisiana State University 11 - Memory - 34 CSC3501 SO7



Misses and Associatively in
Caches

0 The fully associative has four blocks. Three misses
0 If we had 8 blocks in cache, there would be no replacement s - three

misses
0 If we had 16 blocks - the three caches would have the same
performance
0 Cache size and associativity are related in determining cache
performance
Address of Hit or miss
memory Contents of a cache blocks after reference
Block accessed
Block0OO Blockl Block2 Block3
0 miss Mem[0]
8 miss Mem[0] Mem[8]
0 hit Mem[0] Mem[8]
6 miss Mem[0] Mem[8] Mem[6]
8 hit Mem[8] Mem[8] Mem[6]
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Performance

0 SPEC2000 benchmarks for a 64KB data cache with a 16-word
block. Associativity from one to eight way

Associativity Data miss rate
1 10.3%
2 8.6%
4 8.3%
8 8.1%
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An implementation

3130---12111098---3210

[ I [ ]

Index V Tag Data V Tag Data V Tag Data V Tag Data

AT TLS T T LLc
I 5

Hit Data

Tags are searched in parallel
Each increase by two in associativity doubles the number of blocks per set and
halves the number of sets — decreases the size of index by 1 bit and increase
the size of tag by 1 bit
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How much associativity ?

0 The choice among direct-mapped, set-associative
mapping will depend:
o On the cost of a miss versus
o The cost of implementing associativity
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Size of Tags vs. Set
Associativity

0 Assuming a cache of 4K blocks, a four-word block size and a 32-bit
address

0 Find the total number of sets and total number of tag bits for caches
o Direct-mapped
o Two-way, four-way set associative and full associative
0 There are 16 (2°4) bytes per block
0 32 bit address -> 32 - 4 = 28 bits to be used for index and tag
0 Direct-mapped - same number of sets as blocks
o Iog (4K) = 12 bits of index, total number of tag bits (28-12)x4K
=64Kbits
0 Each increase bY\ two in associativity doubles the number of blocks per
set and halves the number of sets - decreases the size of index by 1 bit
and increase the size of tag by 1 bit
0 Two-way sef-associative - 2K sets and the total number of tag bits:
(28-11)2x2K =68Kbits
0 Four-way set-associative - 1K sets and the total number of tag bits:
(28-10)4x1K =72Kbits
0 Full set-associative - one set with 4K blocks, tag is 28 bits and the fotal
number of tag bits: 28x4K =112Kbits
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Which block to replace?

0 Least Recently Used (LRU): The block replaced is the
one that has been unused for the longest time.

0 Keep track when each element in a set was used
relative to other elements in the seft.
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Performance

15%

19% ] 1KB
° 9% 2 KB
©

@ 4 KB
S 6%

8 KB
3% ] 16 KB
%

- 64KB . 128KB o
0 T T T 1
One-way Two-way Four-way Eight-way
Associativity
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Decreasing miss penalty with
multilevel caches

0 Add a second level cache:
o often primary cache is on the same chip as the processor

o use SRAMs to add another cache above primary memory
(DRAM)

o miss penalty goes down if data is in 2nd level cache

0 Example:
o CPI of 1.0 on a 5 GHz machine with a 2% miss rate, 100ns
DRAM access

o Adding 2nd level cache with 5ns access time decreases miss
rate to 0.5%. How much faster will the processor be?
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Performance

0 The miss penalty to main memory is:

100 ns

=500 clock cycles
ns

Clock cycle
0 The effective CPI with one level of caching is given:
Total CPI = CPT + Memory-stall cycles per instruction
0 For one level of caching:

Total CPI = 1+ 2% x 500 = 11

0 For two level of caching a miss in primary cache leads to a secondary
cache or main memory. The miss penalty for an access to the second-

0.2

level cache:
5ns
= 25 clock cycles
0.2
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Performance

0 Total CPI = 1 Primary stalls per instr. + Secondary stalls per instr. =
=1+ 2%x25+0.5%x500 = 4

The processor with the secondary cache is faster by:

11/4=2.8
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Improvements

0 Using multilevel caches:
o try and optimize the hit time on the 1st level cache
a Small and fast
o try and optimize the miss rate on the 2nd level cache
a large
0 Comparing single to multiple level cache:
o The primary cache is smaller and uses smaller block size
o Secondary cache - larger, uses a larger block
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Cache Complexities

0 Not always easy to understand implications of caches:

1200 2000

Radix sort Radix sort
1000-{ 1600

/item

= 1200

800

4 8 16 32 64 128 256 512 1024 2048 4096 4 8 16 32 64 128 256 512 1024 2048 4096

Instructions / tem
@
2
8

Clock cycles

Quicksort

Size (K items to sort) Size (K items to sort)
Theoretical behavior of Observed behavior of
Radix sort vs. Quicksort Radix sort vs. Quicksort
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Cache Complexities

0 Here is why:

Radix sort

1]
Quicksort

4 8 16 32 64 128 256 512 1024 2048 4096
Size (K items to sort)

Cache misses / item

Memory system performance is often critical factor
o multilevel caches, pipelined processors, make it harder to predict outcg
o Compiler optimizations to increase locality sometimes hurt ILP

0 Difficult to predict best algorithm: need experimental data
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Virtual Memory

O Main memory can act as a cache for the secondary storage (disk) -
0 To allow efficient and safe sharing of memory among multiple programs
Q Program to exceed the size of memory

Virtual addresses Physical addresses
Address translation

[
Aﬁé
:\

[ —

a Advam‘ages: Disk addresses
o illusion of having more physical memory
o program relocation
o Protection - by address translation
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Pages: virtual memory blocks

0 Page faults: the data is not in memory, retrieve it from disk
o huge miss penalty, thus pages should be fairly large
o Typical 4-16KB, new computers 32-64KB, but embedded systems 1K

o reducing page faults is important, LRU is worth the price, fully
associative

o can handle the faults in software instead of hardware
o using write-through is foo expensive so we use writeback

Virtual address

3130292827 ~rrvsrrrnnnnes 15141312111098 ==-----~ 3210

| Virtual page number ‘ Page offset

Translation

292827 <reeeenbeceeanes 15141312111098 =--¢===- 3210

| Physical page number ‘ Page offset

Physical address

W
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Page Tables

0 Pages are located using a Page Table. Each program
has its own page table.

0 The page table, together with the program counter
and registers, specifies the state of a program

0 The state or the process is saved when the processor
is to be used by another program
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Page Tables

‘ Page table register ‘

Virtual address
31 30 29 28 27 -veesrerreeaseaeas 15 14 13 12 11 10 9 8+-=-=+ 3210
‘ Virtual page number Page offset ‘
20 12
Valid Physical page number
Page table
18
If 0 then page is not
present in memory
29 28 27-resrerusrenannananas -15 14 13 12 11 10 9 8-§---+- 3210
‘ Physical page number ‘ Page offset ‘

Physical address

The page table register indicates the location of the page table in memory
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Page Tables

Virtual page
number
Page table
Physical page or Physical memory
Valid disk address

.\

1
1 —
1 —
1
I
1
1 Disk storage
1
1

The page table maps each page in virtual memory to either a page in main
memory or a page stored on disk, which is the next level of hierarchy
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Least Recently Used - LRU

0 Implementing a complete accurate LRU is too
expensive, since it requires updating a data structure
on every memory reference

0 Most operating systems approximate LRU by a use b/t
or reference bit

0 Reference bitis set whenever a page is accessed

0 The operating system periodically clears the
reference bits and later records them
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Making Address Translation Fast

O A cache for address translations: translation lookaside buffer

LB
Virtual page Physical page
number__Valid Dirty Ref Tag address

0 [N
.

Physical memory

age table

Physical page
ef or disk address

Valid Dir

Disk storage

A

lol-[-lel-|-lel-lolol-] 12+ |-

[8]-[~[E]-]-]
NEEEREEE

Typical values: 16-512 entries,
miss-rate: .01% - 1%
miss-penalty: 10 — 100 cycles
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Intrinsity FastMATH

The memory uses 4KB pages, 32-bit address
The virtual page number is 20
The physical address is the same as virtual address
The TLB contains 16 entries. TLB - full associative
o Each entry is 64 bits: 20-bit tag, 20-bit physical page
number, a valid bit, a dirty bit and other bookkeeping bits
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Virtual address
31 30 29----eescecceeenneees 14 13 12 11 10 9----- 3210
‘ Virtual page number ‘ Page offset ‘
20 J12
Valid Dirty Tag Physical page number
e [ g: I |
TLB hit «W
[ g‘—i | |
dT—oe- [ J
20
Physical page number I Page offset
p———————— Ph | add
Physical address tag vered |a Cache index 3'?2: oye
,|Ji 4 ‘1\2
12 Data
Cache
[ |
1
Cache hit =—(
[ J
32
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TLB miss
exception

TLBs and caches

Virtual address

l

No Yes
Physical address

No Yes

| Trytoread data
from cache
No Write access Yes
bit on?
Wn;if::iicrfm"—, Try to wiite data
Cache miss stall | ,__N° Yes P! e
while read block

Deliver data

to the CPU
Cache miss stall No Yes
while read block

\Write data into cache,
update the dirty bit, and
put the data and the
address into the write buffer
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LB, virtual memory and
TLB |Page | Cache |Possible? If so, under what circumstance?
Table

hit hit miss | Possible

miss | hit hit TLB misses, after retry data is found in cache

miss | hit miss | TLB misses, after retry data misses in cache

miss |miss | miss | TLB misses, followed by a page fault, after retry
data misses in cache

hit miss | miss | Impossible: cannot have a translation in TLB if
page is not in present memory

hit miss | hit Impossible: cannot have a translation in TLB if
page is not in present memory

miss | miss | hit Impossible: data cannot be allowed in cache if the
page is not in memory
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B chamctaristic|

Virual address | 32 bits 48 Oits
Physical address | 36 bris 40 bits
Page size 4 ¥B, 2/4 MB 4 KB, 2/4 MB

TLE organization | L TLB for Instructions ana 1 TLB for | 2TLBs for Instructions ana 2 TLBs for data
L B0t L1 TLES Tully associatve, LRU

Both are fourway set assoclative | replacement

Both use pseudo-LRU replacement | Both L2 TLBS are fourwsy st assoclatiy,

Both have 128 entrias e L

TLB misses handied In hardware L e e
Both L2 TLES have 512 entrlas

TLB misses handied In nardware

FIGURE 7.34 Address translation and TLB hardware for the Intel Pentium P4 and AMD
Opteron. The word sizs sets the maximum size of the virtus| address, buta processar nzed notuss all bits.
‘The physical address sizs is independent of word size. The P4 has one TLB for instructions and a separate
identical TLB for data, while the Opteron has both an L1 TLB and an L2 TLB for instructions and identical
L1 and L2 TLBs for data. Both processars provide suppert for large pages, which are sed for things like the
openating system or mapping a frame buffer. The large-page scheme avoids using a large number of entries

to map a single cbject that is always present.
Characteristic

odern Systems

L1 cache organization | Spilt Instruction and data caches Spilt Instruction and data caches

L1 cache size & KB for data, 365 KB trace cachafor | 64 KB each for Instructions /data
RISC Instructions (12K RISC
operations)

L1 cache assoclatvity | 4-way set assoolatve 2way 56t assoclative

L1 replacement LRU LRU

L1 block size 4 byles 64 bytes

L1 write pollcy wittenrougn wte-back

L2 cache organization | Unimed (nsruction and data) Unifled (Instruction and data)

L2 cache size 512 KB 1024 KB (L MB]

L2 cache assoclatvity | 8-way set asscolatve 16-way set assoclatve

L2 replagement. LRU RU

L2 block size 126 bytes 64 bytes

L2 wnite pollcy witte-back Wite back

tives, sez the Elaboration on page 527.
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FIGURE 7.35 Firstdevel and seconddevel caches
Opteron. The primary caches in the P4 are physically indexed and tagged; for a discussion of the alterna-

n the Intel Pentium P4 and AMD

bDbOOUI SU;

MD
Opteron

Modern Systems

0 Things are getting complicated!

1432 ARM

Instniction set architecture [ 1A32, AMDS4 | MIPS32 SPARC VO
Intended appileation Server ambedded deskiop 10W-DOWar embeddsed | saver
Dla size (mm?) (2004) 183 122 217 356
Instnictions Issued fclock 3 2 3 RISC 0ps 1 4x2
Clock rate {2004] 2.0 GHT 2.0 GHT 3.26H 0.4 GHE 1.2 GHT
Instniction cache 64 KB, 16 1B, 12000 RISC op trace 32 KB, 32 1B,
2wy set direct mapped cache (~56 KB) 323y set doway set
3s80CIatve associatve associative
Latency (clocks] Ed 4 a 1 2
Data cache 64 KB, 16 18, BB, 32 KB, 64 1B,
2way set Laway away 3243y set dway set
sat sat
Latency (clocks) 3 3 2 1 2
TLB entrles (1,0/L2 TLE) 407407512/ 16 128/128 32/32 128/512
512
Minimum page size 4 KB 4K aKB 1KB (3
On-chip L2 cache 1024 KB, 1024 KB, 512 KB, — —
16way st Away set Baway set
Oftchip L2 cache = = = = 16 MB, 2way
Sat assoclatve
Block 5126 {L1/L2, bytes) &4 &d £4/128 3z 3z

IV has two prosessors on the chip

FIGURE 7.36 Desktop, embedded, and server microprocessors in 2004, From a memory hierarchy perspective, the primary differ-
ences between categories is the L2 cache. There is no L2 cache for the low- power embedded,  large an-chip 12 for the embedded and desktop, and 16
MB off chip for the server. The processor clock rates also vary: 0.4 GHz for low-power embedded. 1 GHz or higher for the rest. Note that UltraSPARC
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Some Issues

g Processor speeds continue to increase very fast
— much faster than either DRAM or disk access times

100,000 5444555844 # 55584448t a e tnna s nan e snnnans

10,000+ =seevmnraneanaaaaiaaaaa

1,000 | EESESEEEEEESE S
Performance

100 JIEESERE SRR
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O N SV 5 o P D D N V> » A D PIDHL D $H
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s

g Design challenge: dealing with this gréwing disparity
o Prefetching? 3rdlevel caches and more? Memory design?
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Summary

0 Basics of Caches
0 Measuring and Improving Cache Performance
0 Framework for Memory Hierarchies
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