Cache PerformanceApril 9, 1996Topics:¥metrics¥cache performance analysis¥impact on C program performance

CS 347 S�96— 2 —Basic performance metricshit rate:¥fraction of memory references found in cachemiss rate:¥fraction of memory references not found in cachehit time:¥time to access cache line (includes time to determine hit or miss)miss penalty:¥time to load cache line, plus time to deliver line to processor

CS 347 S�96— 3 —Design space (structural issues)cache data size¥effect on hit time—smaller is fasterline size¥effect on miss rate—tradeoff between better spatial locality and fewer blocks¥effect on miss penalty—longer transfer time—read/modify/write penalty for write misses to multibyte blocks

CS 347 S�96— 4 —Write misses for multi-byte linesIf B>1, write misses can require read/modify/write cycleSuppose:line size is 4 bytesx and y map to same direct mapped entrybefore �store byte to x[0]� instruction entry contains:tag[y]y[0]y[1]y[2]y[3]Question:What should cache line contain after �store byte� instruction?

CS 347 S�96— 5 —Design space (operational issues)line placement strategy¥direct mapped, set associative, fully associative¥effect on total cache size (tags+data)—higher associativity requires more tag bits¥effect on miss rate—higher associativity decreases miss rate¥effect on hit time—higher associativity decreases hit time

CS 347 S�96— 6 —Design space (operational issues)line replacement strategy¥random, LRU¥effect on miss rate—LRU has up to ~10% lower miss rate¥effect on miss penalty—LRU increases miss penalty

CS 347 S�96— 7 —Design space (operational issues)write strategy¥write through—data written to both cache and memory line¥write back—data written to memory only when cache line is replaced ¥advantages of write through—read misses are cheaper. Why?—write through simpler to implement.—but requires a write buffer to pipeline writes.¥advantages of write back—reduced traffic to memory—individual writes at the processor rate

CS 347 S�96— 8 —Qualitative cache performance modelCompulsory misses¥first access to line not in cache¥�cold start� missesCapacity misses¥active portion of memory exceeds cache sizeConflict misses¥active portion of address space fits in cache, but too many lines map to same cache entry¥direct mapped and set associative placement only

CS 347 S�96— 9 —Cache analysis (R2000)ip1(double x[], double y[]){ int i; double result = 0.0 for (i=0; i<512; i++) { double xt0 = x[i]; result += xt0 * y[i]; } return result;}$L5: l.d $f0, 0($4)l.d$f2, 0($5)mul.d$f0,$f0,$f2addu$5,$5,8addu$4,$4,8addu$3,$3,1slt$2,$3,512BNE$2,$0,$L5add.d$f4,$f4,$f0C code (1-way interleaving)MIPS assembly code

CS 347 S�96— 10 —Cache analysis (R2000)

— 14 —Cache analysis (R2000)l.d $f0,0($4)x[i] miss + hitl.d$f2,0($5)y[i] miss + hitThus, 2 misses per data value(68 - 12) / 2 = 28 cycle read miss penalty (ouch!)Hit rate = 50% (very poor)

CS 347 S�96— 15 —Cache analysis (R2000)l.d $f0,0($4)x[i] miss + hitl.d$f2,8($4)x[i+1] 2 hitsl.d$f4,0($5)y[i] miss + hitl.d$f6,8($5)y[i+1] 2 hitsThus, 1 miss per data valueHit rate = 75% (better, but not great)

CS 347 S�96— 16 —Cache analysis (R2000)l.d $f0,0($4)x[i] miss+hitl.d$f2,8($4)x[i+1] 2 hitsl.d $f0,16($4)x[i+2] miss+hitl.d$f2,24($4)x[i+3] 2 hitsl.d$f4,0($5)y[i] miss+hit l.d$f6,8($5)y[i+1] 2 hitsl.d$f4,16($5)y[i+2] miss + hitl.d$f6,24($5)y[i+3] 2 hitsThus 1 miss per data value (no improvement)Implies line size of 8

CS 347 S�96— 17 —Impact of cache on C programsvoid ijk(double a[][N], double b[][N], double c[][N], int n, int iters) { int i,j,k,iter; double sum; for (iter=0; iter<iters; iter++) { for (i=0; i<n; i++) { for (j=0; j<n; j++) { sum = 0.0; for (k=0; k<n; k++) sum += a[i][k] * b[k][j]; c[i][j] = sum; } } }C = A * B

CS 347 S�96— 18 —Impact of cache on C programs for (i=0; i<n; i++) { for (j=0; j<n; j++) { sum = 0.0; for (k=0; k<n; k++) sum += a[i][k] * b[k][j]; c[i][j] = sum; }}ijk (2 loads) for (j=0; j<n; j++) { for (i=0; i<n; i++) { sum = 0.0; for (k=0; k<n; k++) sum += a[i][k] * b[k][j]; c[i][j] = sum }}for (k=0; k<n; k++) { for (i=0; i<n; i++) { r = a[i][k]; for (j=0; j<n; j++) c[i][j] += r * b[k][j]; }}jik (2 loads)kij (2 loads/1 store) for (i=0; i<n; i++) { for (k=0; k<n; k++) { r = a[i][k]; for (j=0; j<n; j++) c[i][j] += r*b[k][j]; }}ikj (2 loads/1 store)for (j=0; j<n; j++) { for (k=0; k<n; k++) { r = b[k][j]; for (i=0; i<n; i++) c[i][j] += a[i][k] * r; }}jki (2 loads/1 store)for (k=0; k<n; k++) { for (j=0; j<n; j++) { r = b[k][j]; for (i=0; i<n; i++) c[i][j] += a[i][k] * r; }}kji (2 loads/1 store)

CS 347 S�96— 19 —Matmult performance (DEC5000)

nnnnnnnlllllllsssssssuuuuuuuqqqqqqqmmmmmmm507510012515017520000.511.522.53

mflops (d.p.)matrix size (n)nikjlkijsijkujikqjkimkji

CS 347 S�96— 20 —Matmult performance (Sparc20)

nnnnnnnlllllllsssssssuuuuuuuqqqqqqqmmmmmmm507510012515017520002468101214161820

mflops (d.p.)matrix size (n)nikjlkijsijkujikqjkimkji

CS 347 S�96— 21 —Blocked matmult perf (DEC5000)

nnnnnnnlllllllsssssssuuuuuuu507510012515017520000.511.522.53

mflops (d.p.)matrix size (n)nbijklbikjsikjuijk

CS 347 S�96— 22 —Blocked matmult perf (Sparc20)

nnnnnnnmmmmmmmsssssssuuuuuuu507510012515017520002468101214161820

mflops (d.p.)matrix size (n)nbijkmbikjsikjuijk