Page 1RHK.S96 1Lecture 16: Memory Hierarchy� Misses, 3 Cs and 7 Ways to Reduce MissesProfessor Randy H. KatzComputer Science 252Spring 1996RHK.S96 2Review: Who Cares About the Memory Hierarchy?

CPU cost/performance, ISA, Pipelined Execution

CPU-DRAM Gap ¥ 1980: no cache in mproc; 1995 2-level cache, 60% trans.

on Alpha 21164 mproc (150 clock cycles for a miss!)

11 01 0 01 0 0 0

1 9 8 0

1 9 8 1

1 9 8 2

1 9 8 3

1 9 8 4

1 9 8 5

1 9 8 6

1 9 8 7

1 9 8 8

1 9 8 9

1 9 9 0

1 9 9 1

1 9 9 2

1 9 9 3

1 9 9 4

1 9 9 5

1 9 9 6

1 9 9 7

1 9 9 8

1 9 9 9

2 0 0 0DRAMCPU

Page 2RHK.S96 3Review: Four Questions for Memory Hierarchy Designers¥Q1: Where can a block be placed in the upper level? (Block placement)—Fully Associative, Set Associative, Direct Mapped¥Q2: How is a block found if it is in the upper level?

¥ Q3: Which block should be replaced on a miss?

(Block replacement) — Random, LRU ¥ Q4: What happens on a write?

(Write strategy) — Write Back or Write Through (with Write Buffer)

RHK.S96 4

Review: Cache Performance

miss rate x Write miss penalty)

Memory stall clock cycles = Memory accesses x

Miss rate x Miss penalty

Page 3RHK.S96 5Review: Cache PerformanceCPUtime = IC x (CPIexecution + Mem accesses per instruction x Miss rate x Miss penalty) x Clock cycle timeMisses per instruction = Memory accesses per instruction x Miss rateCPUtime = IC x (CPIexecution + Misses per

Performance

1. Reduce the miss rate,

2. Reduce the miss penalty, or

3. Reduce the time to hit in the cache.

Page 4RHK.S96 7Reducing Misses¥Classifying Misses: 3 Cs—Compulsory�The first access to a block is not in the cache, so the block must be brought into the cache. These are also called cold start misses or first reference misses

Capacity�If the cache cannot contain all the blocks needed

during execution of a program, capacity misses will occur due

to blocks being discarded and later retrieved.

(Misses in Size X Cache) — Conflict

�If the block-placement strategy is set associative or

direct mapped, conflict misses (in addition to compulsory and

capacity misses) will occur because a block can be discarded

and later retrieved if too many blocks map to its set. These are

also called collision misses

or interference misses.

Cache Size (KB)

Miss Rate per Type00 . 0 20 . 0 40 . 0 60 . 0 80 . 10 . 1 20 . 1 4

1

2481 63 26 41 2 81 - w a y

2 - w a y

4 - w a y

8 - w a y

Capacity

Compulsory

3Cs Absolute Miss RateConflict

Page 5RHK.S96 9

Cache Size (KB)

Miss Rate per Type00 . 0 20 . 0 40 . 0 60 . 0 80 . 10 . 1 20 . 1 4

1

2481 63 26 41 2 81 - w a y

2 - w a y

4 - w a y

8 - w a y

Capacity

Compulsory

2:1 Cache RuleConflict

RHK.S96 103Cs Relative Miss RateCache Size (KB)

Miss Rate per Type0%20%40%60%80%100%

1

2481 63 26 41 2 81 - w a y2 - w a y4 - w a y8 - w a yCapacity Compulsory

Conflict

Page 6RHK.S96 11How Can Reduce Misses?¥Change Block Size? Which of 3Cs affected?¥Change Associativity? Which of 3Cs affected?¥Change Compiler? Which of 3Cs affected?RHK.S96 12

Block Size (bytes) Miss Rate 0%5%10%15%20%25%

1 63 26 41 2 8

2 5 6

1K4K1 6 K

6 4 K

2 5 6 K1. Reduce Misses via Larger Block Size

Page 7RHK.S96 132. Reduce Misses via Higher Associativity¥2:1 Cache Rule: —Miss Rate DM cache size N » Miss Rate FA cache size N/2¥Beware: Execution time is only final measure!—

internal + 2% for 2-way vs. 1-way

RHK.S96 14

Example: Avg. Memory Access

Time vs. Miss Rate ¥ Example: assume CCT = 1.10 for 2-way, 1.12 for 4-way,

1.14 for 8-way vs. CCT direct mapped

Cache Size

Associativity

(KB)

1-way 1 2.33

2.15

2.07

2.01 2 1.98

1.86

1.76

1.68

1.53 8 1.46

1.48

1.47

1.43 16 1.29

1.32

1.32

1.24

1.25

1.27 64 1.14

1.20

1.21

1.23 128 1.10

Page 8RHK.S96 153. Reducing Misses via Victim Cache¥How to combine fast hit time of Direct Mapped yet still avoid conflict misses? ¥Add buffer to place data

victim cache removed

20% to 95% of conflicts

for a 4 KB direct mapped

data cache

CPUtime = IC× CPI

Execution +

Memory accesses

Instruction

× Miss rate × Miss penalty

× Clock cycle time