DAP Spr.�98 'UCB 1Lecture 10: Memory Hierarchy�3 Cs and 7 Ways to Reduce MissesProfessor David A. PattersonComputer Science 252Spring 1998

DAP Spr.�98 'UCB 2Review: DSP vs. General Purpose MPU¥The �MIPS/MFLOPS� of DSPs is speed of Multiply-Accumulate (MAC). —DSPs are judged if keep the multipliers busy 100%¥The "SPEC" of DSPs is 4 algorithms: —Inifinite Impule Response (IIR) filters—Finite Impule Response (FIR) filters—FFT, and convolvers¥In DSPs, algorithms are king!—Binary compatability not an issue¥Software is not (yet) king in DSPs. —People still write in assembly language—Libraries very important so don�t have to write 4 algorithms—Some call anything they write in assembly language �library�

DAP Spr.�98 'UCB 3Review: How are DSP Instruction Sets Different?¥Zero overhead loops and repeat instructions ¥Multiple memory ports¥High Speed Multiple-Accumulate¥Specialized memory addressing —Autoincrement—Modular arithmetic for circular buffers (delay lines) —Bit reversal (FFT) ¥Narrow data widths, special overflow, rounding

DAP Spr.�98 'UCB 4Review: Who Cares About the Memory Hierarchy?mProc60%/yr.DRAM7%/yr.

11 0 1 0 0 1 0 0 0

1980

1981

1983

1984

1985

1986

1987

1988

1989

1990

1991

1992

1993

1994

1995

1996

1997

1998

1999

2000DRAMCPU

1982

Processor-MemoryPerformance Gap:(grows 50% / year)

Performance�Moore�s Law�¥Processor Only Thus Far in Course:—CPU cost/performance, ISA, Pipelined Execution CPU-DRAM Gap¥1980: no cache in mproc; 1995 2-level cache on chip(1989 first Intel mproc with a cache on chip)

DAP Spr.�98 'UCB 5Processor-Memory Performance Gap �Tax� Processor % Area %Transistors (»cost)(»power)¥Alpha 2116437%77%¥StrongArm SA11061%94%¥Pentium Pro64%88%—2 dies per package: Proc/I$/D$ + L2$¥Caches have no inherent value, only try to close performance gap

DAP Spr.�98 'UCB 6 Generations of Microprocessors ¥Time of a full cache miss in instructions executed:1st Alpha (7000): 340 ns/5.0 ns = ˚68 clks x 2 or1362nd Alpha (8400):266 ns/3.3 ns = ˚80 clks x 4 or3203rd Alpha (t.b.d.):180 ns/1.7 ns =108 clks x 6 or648¥1/2X latency x 3X clock rate x 3X Instr/clock � »5X

DAP Spr.�98 'UCB 7Review: 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? (Block identification)—Tag/Block¥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)

DAP Spr.�98 'UCB 8Review: Cache PerformanceCPU time = (CPU execution clock cycles + Memory stall clock cycles) x clock cycle timeMemory stall clock cycles = (Reads x Read miss rate x Read miss penalty + Writes x Write miss rate x Write miss penalty)Memory stall clock cycles = Memory accesses x Miss rate x Miss penalty

DAP Spr.�98 'UCB 9Review: Cache PerformanceCPUtime = Instruction Count 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 instruction x Miss penalty) x Clock cycle time

DAP Spr.�98 'UCB 10Review: Improving Cache Performance1. Reduce the miss rate,

2. Reduce the miss penalty, or3. Reduce the time to hit in the cache.

will occur due to blocks being discarded and later retrieved.(Misses in Fully Associative Size X Cache)—Conflict

�If block-placement strategy is set associative or direct mapped, conflict misses (in addition to compulsory & capacity misses) will occur because a block can be discarded and later retrieved if too many blocks map to its set. Also called collision misses

or interference misses

.(Misses in N-way Associative, Size X Cache)

Cache Size (KB)

Miss Rate per Type00 . 0 2 0 . 0 4 0 . 0 6 0 . 0 8 0 . 1 0 . 1 2 0 . 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 Rate (SPEC92)Conflict

Compulsory vanishinglysmall

Cache Size (KB)

Miss Rate per Type00 . 0 2 0 . 0 4 0 . 0 6 0 . 0 8 0 . 1 0 . 1 2 0 . 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

miss rate 1-way associative cache size X = miss rate 2-way associative cache size X/2

Cache 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

ConflictFlaws: for fixed block sizeGood: insight => invention

DAP Spr.�98 'UCB 15How Can Reduce Misses?¥3 Cs: Compulsory, Capacity, Conflict¥In all cases, assume total cache size not changed:¥What happens if:1) Change Block Size: Which of 3Cs is obviously affected?2) Change Associativity: Which of 3Cs is obviously affected?3) Change Compiler: Which of 3Cs is obviously affected?

DAP Spr.�98 'UCB 16

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

DAP Spr.�98 'UCB 172. Reduce Misses via Higher Associativity¥2:1 Cache Rule: —Miss Rate DM cache size N » Miss Rate 2-way cache size N/2¥Beware: Execution time is only final measure!—Will Clock Cycle time increase?—Hill [1988] suggested hit time for 2-way vs. 1-way external cache +10%, internal + 2%

DAP Spr.�98 'UCB 18Example: 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 mappedCache SizeAssociativity (KB)1-way2-way4-way8-way 12.332.152.072.01 21.981.861.761.68 41.721.671.611.53 81.461.48

1.471.43 161.291.321.321.32321.201.241.251.27641.141.201.21

(Red means A.M.A.T. not

improved by more associativity)

DAP Spr.�98 'UCB 19CS 252 Administrivia¥Upcoming events in CS 25225-FebMemory Hierachy: Caches; Meeting signup

25-FebProject Survey due (Wed)

26-Feb

HW #2 due by 6:00 PM (Thu)

6 minute Proj. Meetings 1:00-2:00, 4:30—6:00

27-FebMemory Hierarchy Example; 4-MarQuiz 1 (5:30PM — 8:30PM, 306 Soda) (Wed)Pizza at LaVal�s 8:30 — 10PM¥Part of CS 252 is expose to architecture research projects underway at Berkeley—Friday March 6, guest lecture on Reconfigurable Computing, part of BRASS project at Berkeley

DAP Spr.�98 'UCB 203. Reducing Misses via a�Victim Cache�¥How to combine fast hit time of direct mapped yet still avoid conflict misses? ¥Add buffer to place data discarded from cache¥Jouppi [1990]: 4-entry victim cache removed 20% to 95% of conflicts for a 4 KB direct mapped data cache¥Used in Alpha, HP machines

CPUtime = IC× CPI

Execution +

Memory accesses

Instruction

× Miss rate × Miss penalty

× Clock cycle time

CPUtime = IC× CPI

Execution +

Memory accesses

Instruction

× Miss rate × Miss penalty

× Clock cycle time