DAP.F96 1Lecture 7: Memory Hierarchy�3 Cs and 7 Ways to Reduce MissesProfessor David A. PattersonComputer Science 252Fall 1996

DAP.F96 2Vector Summary¥Like superscalar and VLIW, exploits ILP¥Alternate model accomodates long memory latency¥Requires memory performance as well as many pipelined functional units and registers¥Much easier for hardware: more powerful instructions, more predictable memory accesses, fewer branches, ...¥Multimedia instructions (Intel MMX, SPARC Viz) represent a resurgence of vector-like instructions¥What % of computation is vectorizable? What % do compilers deliver? For new apps?

DAP.F96 3Vector: CVI instruction¥Use CVI to create index 0,m, 2m, ..., 63m¥One use: create 0, 1, 2 ... to vectorize �A[i]+i�¥Compresses out elements where zeros in mask bits—Mask = �110101� => CVI V2,#8 generates 0,8,24,40,�¥Used for conditional code to compress vector (B-28):SNESVF0,V1; sets vector mask bits to 1 if V1i „ F0CVIV2,#8; creates indices in V2POPF0,VM; R1 = number of 1s in vector maskMOVI2SVLR,R1; sets mask bits to 1 if V1i „ F0CVM; clear vector maskLVI V3,(Ra+V2); Load A elements „ 0 in original maskLVI V4,(Rb+V2); Load B elements „ 0 in original maskSUBV V3,V3,V4 ; A(I)=A(I)-B(I) when „ 0 in old maskSVI V3,(Ra+V2); Store A elements „ 0 in original mask¥For conditional expressions, what branch frequency faster for gather/scatter vs. masked vector?

DAP.F96 4Review: Who Cares About the Memory Hierarchy?¥Processor Only Thus Far in Course:—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 0 1 0 0 1 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

DAP.F96 5Review: 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.F96 6Review: 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.F96 7Review: 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 instruction x Miss penalty) x Clock cycle time

DAP.F96 8Review: Improving Cache Performance1. Reduce the miss rate,

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

DAP.F96 9Reducing 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.(Misses in Infinite Cache)—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 Fully Associative 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.(Misses in N-way Associative, Size X Cache)

DAP.F96 10

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 RateConflict

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

Conflict

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.F96 152. 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 external cache +10%, internal + 2% for 2-way vs. 1-way

DAP.F96 16Example: 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 81.461.481.471.43 161.291.321.321.32 321.201.241.251.27 641.141.201.211.23 1281.101.171.181.20(Red means A.M.A.T. not improved by more associativity)

DAP.F96 17CS 252 Administrivia¥Sorry that last homework had high ratio of time to learning; next one will be better!¥Distribute Memory hierarchy homework, to be done in pairs—Due Monday Sept 30 by 5PM in box in 273 Soda¥Pick partners and tentative projects by Monday September 23? Send email Rich Fromm with partner, short description of topic¥Part of CS 252 is expose to architecture research projects underway at Berkeley—Wednesday Septemeber 25, guest lecture on Reconfigurable Computing, part of BRASS project just starting at Berkeley

DAP.F96 183. Reducing Misses via 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