Memory System PerformanceOctober 29, 1998Topics¥Impact of cache parameters¥Impact of memory reference patterns—matrix multiply—transpose—memory mountain range15-213class20.ppt

CS 213 F�98— 2 —class20.pptBasic Cache OrganizationtsbCache (C = S x E x B bytes)S = 2s setsE blocks/setCache block(cache line)

Address space (N = 2n bytes)Valid bitdata1 bitB = 2b bytes (block size)tagt bitsAddress (n = t + s + b bits)

CS 213 F�98— 3 —class20.pptMulti-Level Cachessize:speed:$/Mbyte:block size:200 B5 ns4 B8 KB5 ns16 B128 MB DRAM70 ns$1.50/MB4 KB10 GB10 ms$0.06/MB larger, slower, cheaperMemoryMemorydisk

diskTLBL1 Icache

L1 Dcache regsL2 DcacheL2 Icache

Processor1M SRAM6 ns$200/MB32 Blarger block size, higher associativity, more likely to write backCan have separate Icache and Dcache or unified Icache/Dcache

CS 213 F�98— 4 —class20.pptCache Performance MetricsMiss Rate¥fraction of memory references not found in cache(misses/references)¥Typical numbers:5-10% for L11-2% for L2Hit Time¥time to deliver a block in the cache to the processor (includes timeto determine whether the block is in the cache)¥Typical numbers1 clock cycle for L13-8 clock cycles for L2Miss Penalty¥additional time required because of a miss—Typically 10-30 cycles for main memory

CS 213 F�98— 5 —class20.pptImpact of Cache and Block SizeCache Size¥Effect on miss rate—Larger is better¥Effect on hit time—Smaller is fasterBlock Size¥Effect on miss rate—Big blocks help exploit spatial locality—For given cache size, can hold fewer big blocks than little ones, though¥Effect on miss penalty—Longer transfer time

CS 213 F�98— 6 —class20.pptImpact of Associativity¥Direct-mapped, set associative, or fully associative?Total Cache Size (tags+data)¥Higher associativity requires more tag bits, LRU state machine bits¥Additional read/write logic, multiplexorsMiss rate¥Higher associativity decreases miss rateHit time¥Higher associativity increases hit time—Direct mapped allows test and data transfer at the same time for readhits.Miss Penalty¥Higher associativity requires additional delays to select victim

CS 213 F�98— 7 —class20.pptImpact of Write Strategy¥Write-through or write-back?Advantages of Write Through¥Read misses are cheaper. Why?¥Simpler to implement.¥Requires a write buffer to pipeline writesAdvantages of Write Back¥Reduced traffic to memory—Especially if bus used to connect multiple processors or I/O devices¥Individual writes performed at the processor rate

CS 213 F�98— 8 —class20.pptQualitative Cache Performance ModelCompulsory Misses¥First access to line not in cache¥Also called �Cold start� missesCapacity Misses¥Active portion of memory exceeds cache sizeConflict Misses¥Active portion of address space fits in cache, but too many linesmap to same cache entry¥Direct mapped and set associative placement only

CS 213 F�98— 9 —class20.pptMiss Rate AnalysisAssume¥Block size = 32B (big enough for 4 32-bit words)¥n is very large—Approximate 1/n as 0.0¥Cache not even big enough to hold multiple rowsAnalysis Method¥Look at access pattern by inner loopCA kiBkjij

CS 213 F�98— 10 —class20.pptInteractions Between Program & CacheMajor Cache Effects to Consider¥Total cache size—Try to keep heavily used data in highest level cache¥Block size (sometimes referred to �line size�)—Exploit spatial localityExample Application¥Multiply n X n matrices¥O(n3) total operations¥Accesses—n reads per source element—n values summed per destination¨But may be able to hold in register/* ijk */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 */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; }}Variable sumheld in register

CS 213 F�98— 11 —class20.pptMatmult Performance (Sparc20)

nnnnnnnllll suuuuuuuqqqqq

mm50751001251501752000246

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

CS 213 F�98— 12 —class20.pptLayout of Arrays in MemoryC Arrays Allocated in Row-Major Order¥Each row in contiguous memory locationsStepping Through Columns in One Rowfor (i = 0; i < n; i++)sum += a[0][i];¥Accesses successive elements¥For block size > 8, get spatial locality—Cold Start Miss Rate = 8/BStepping Through Rows in One Columnfor (i = 0; i < n; i++)sum += a[i][0];¥Accesses distant elements¥No spatial locality—Cold Start Miss rate = 1a[0][0]a[0][1]a[0][2]a[0][3]0x800000x800080x800100x80018a[1][0]a[1][1]a[1][2]a[1][3]0x808000x808080x808100x80818¥˚¥˚¥Memory Layout¥˚¥˚¥a[0][255]0x807F8a[1][255]0x80FF8¥ ¥˚¥¥˚¥˚¥a[255][255]0xFFFF8

CS 213 F�98— 13 —class20.pptMatrix multiplication (ijk)/* ijk */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 */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; }}ABC

(i,*)(*,j)(i,j)Inner loop:Column-wise

Row-wise

Fixed

Approx. Miss Ratesabc0.251.00.0

CS 213 F�98— 14 —class20.pptMatrix multiplication (jik)/* jik */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 }}/* jik */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 }}ABC

(i,*)(*,j)(i,j)Inner loop:Row-wise

Column-wise

Fixed

Approx. Miss Ratesabc0.251.00.0

CS 213 F�98— 15 —class20.pptMatrix multiplication (kij)/* kij */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]; }}ABC(i,*)

(i,k)(k,*)

Inner loop:Row-wise

Row-wise

Fixed

Approx. Miss Ratesabc0.00.250.25

CS 213 F�98— 16 —class20.pptMatrix multiplication (ikj)/* ikj */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]; }}ABC(i,*)

(i,k)(k,*)

Inner loop:Row-wise

Row-wise

Fixed

Approx. Miss Ratesabc0.00.250.25

CS 213 F�98— 17 —class20.pptMatrix multiplication (jki)/* jki */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; }}ABC(*,j)(k,j)Inner loop:

(*,k)Column -wise

Column-wise

Fixed

Approx. Miss Ratesabc1.00.01.0

CS 213 F�98— 18 —class20.pptMatrix multiplication (kji)/* kji */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; }}ABC(*,j)(k,j)Inner loop:

(*,k)Fixed

Column-wise

Approx. Miss Ratesabc1.00.01.0

CS 213 F�98— 19 —class20.pptSummary of Matrix Multiplication 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 (L=2, S=0, MR=1.25) 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 (L=2, S=0, MR=1.25)kij (L=2, S=1, MR=0.5) 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 (L=2, S=1, MR=0.5)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 (L=2, S=1, MR=2.0)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 (L=2, S=1, MR=2.0)

CS 213 F�98— 20 —class20.pptMatmult performance (DEC5000)

nnnnnnnllll suuuuuuuqqqqq

mm507510012515017520000.511.5

lkijsijkujikqjkimkji(L=2, S=1, MR=0.5)

(L=2, S=0, MR=1.25)

(L=2, S=1, MR=2.0)

CS 213 F�98— 21 —class20.pptMatmult Performance (Sparc20)

nnnnnnnllll suuuuuuuqqqqq

mm50751001251501752000246

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

CS 213 F�98— 22 —class20.ppt

k i jk j i1 4 1 . 31 4 1 . 31 3 1 . 41 2 8 . 11 2 3 . 53 61 2 0 . 53 5 . 31 0 0 . 13 4 . 59 1

2 9 . 46 5 . 72 7 . 36 2 . 22 6 . 15 7 . 92 4 . 85 7 . 32 4 . 25 2 . 92 3 . 15 1 . 42 2 . 4

5 1 . 22 1 . 25 1 . 22 0 . 8

02 04 06 08 0100120140160matrix size (n)i j ki k j

k j i Matmult Performance (Alpha 21164)(L=2, S=1, MR=0.5)

(L=2, S=0, MR=1.25)(L=2, S=1, MR=2.0)

Too big for L1 CacheToo big for L2 Cache

CS 213 F�98— 23 —class20.pptBlock Matrix MultiplicationC11 = A11B11 + A12B21 C12 = A11B12 + A12B22C21 = A21B11 + A22B21 C22 = A21B12 + A22B22A11 A12A21 A22

Example n=8, B = 4:B11 B12B21 B22

X= C11 C12C21 C22

Key idea: Sub-blocks (i.e., Aij) can be treated just like scalars.

CS 213 F�98— 24 —class20.pptBlocked Matrix Multiply (bijk)for (jj=0; jj<n; jj+=bsize) { for (i=0; i<n; i++) for (j=jj; j < min(jj+bsize,n); j++) c[i][j] = 0.0; for (kk=0; kk<n; kk+=bsize) { for (i=0; i<n; i++) { for (j=jj; j < min(jj+bsize,n); j++) { sum = 0.0 for (k=kk; k < min(kk+bsize,n); k++) { sum += a[i][k] * b[k][j]; } c[i][j] += sum; } } }}

CS 213 F�98— 25 —class20.pptBlocked Matrix Multiply AnalysisABCblock reusedn timesin succession row sliver accessedbsize times

Update successiveelements of sliver ikkkkjjjjfor (i=0; i<n; i++) { for (j=jj; j < min(jj+bsize,n); j++) { sum = 0.0 for (k=kk; k < min(kk+bsize,n); k++) { sum += a[i][k] * b[k][j]; } c[i][j] += sum; }

¥Innermost loop pair multiplies 1 X bsize sliver of A times bsize Xbsize block of B and accumulates into 1 X bsize sliver of C¥Loop over i steps through n row slivers of A & C, using same B

InnermostLoop Pair

CS 213 F�98— 26 —class20.pptBlocked matmult perf (DEC5000) nnn

lllllsssssssu

7510012515017520000.511.522.53 ikjuijk

CS 213 F�98— 27 —class20.pptBlocked matmult perf (Sparc20) nnn

mmmmmsssssssu

75100125150175200024681012

bijkmbikjsikjuijk

CS 213 F�98— 28 —class20.pptBlocked matmult perf (Alpha 21164)

02 0

1605 07 5100125150175200225250275300

475500matrix size (n)bijkbikji j ki k j

CS 213 F�98— 29 —class20.pptMatrix transposefor (i=0; i < N; i++) for (j=0; j < M; j++) dst[j][i] = src[i][j]Row-wise transpose:for (j=0; j < M; j++) for (i=0; i < N; i++) dst[j][i] = src[i][j]Column-wise transpose:1 2 3 45 6 7 8N rowsM cols

T1 52 63 74 8M rowsN cols

CS 213 F�98— 30 —class20.ppt

2 0 4 85 1 21 2 83 20100200300400500600

CS 213 F�98— 31 —class20.ppt

2 0 4 85 1 21 2 83 20100200300400500600

CS 213 F�98— 32 —class20.ppt

2 0 4 85 1 21 2 83 20100200300400500600

CS 213 F�98— 33 —class20.ppt

Large Matrix Transposition Throughputs01 02 03 04 05 06 01024 X 10241024 X 20482048 X 1024

CS 213 F�98— 34 —class20.pptThe Memory Mountain Range

128

127

96

64

63

48

32

31

24

16

15

2

112001000800600400200012001000800600

CS 213 F�98— 35 —class20.pptEffects Seen in Mountain RangeCache Capacity¥See sudden drops as increase working set sizeCache Block Effects¥Performance degrades as increase stride—Less spatial locality¥Levels off—When reach single access per block