The CARM Tool

https://github.com/champ-hub/carm-roofline



The CARM Tool

Features:

e Microbenchmark generation

o x86_64, AARCH64, RISCV64
o |ISA extensions (AVX512, Neon, RVV, etc.)

e Application profiling
o PAPI, DBI (Dynamic Binary Instrumentation)
e Plotting

o Web-based interface




Matrix Multiplication

Application: Architecture:
e DGEMM:C=A"-B e MareNostrum 5
e Double-precision (8 bytes) o Caches: |
i o L1- 48KiB
e Square N=2048 matrices o 12— 2MB
o L3-225MiB
A
20482 Elements
8 Bytes
x 3 Matrices
96 MiB



Optimizing Matrix Multiplication

Naive GEMM implementation B

e Every iteration:

o 2loads, 1 store (24 bytes)
o 2 operations (mul, add) A C

void gemm_naive(double *A, double *B, double *C)

(int i =0; 1 < N; i++) {
(int j = 0; j < N; 3
(int k
cli x N




Optimizing Matrix Multiplication

Transposing the B matrix

e Column-major order in B

o Contiguous memory accesses
o Betterlocality A C

void gemm_transposed(double *A, double *B_T, double *C)
{

3 (int i =0; 1 < N; i++) {
(int j = 0; j < N; J

(int k = 0; Kk

C[i * N




Optimizing Matrix Multiplication

Matrix blocking

e Better cache locality
o Reuse data in higher level caches
o 32-element block — 24 KiB < L1 A - c
o Higher effective memory bandwidth

void gemm_blocked(double *A, double *B, double *C)

(int i@ = 0; i@ < N; i@ += BLOCK_SIZE) {
(int jO = 0; j§0 < N; jO += BLOCK_SIZE) {
(int kO = 0; kB < N; kB += BLOCK_SIZE) {
(int i = i0; i < i@ + BLOCK_SIZE; i++) {
(int j = §0; j < jO + BLOCK_SIZE; j++) {
(int k = k@; k < kO + BLOCK_SIZE; k++) {
Cli * N + j] Ali * N + k] B[ 7 N + K];




Optimizing Matrix Multiplication

restrict keyword

e Tells the compiler the pointers don'’t alias

o  “No other pointer will access this pointer’s data”
o Avoids redundant loads (register reuse)

void gemm_blocked_restrict(double A, double

int 1 5 2k L —
(int i0 = 0; i@ < N; i0 BLOCK_SIZE) {
int j g d ’
(int j6 = 8: jO < N: jO BLOCK_SIZE) {
(int kO = 0; kB < N; kO BLOCK_SIZE) {
(int i = i@; i < i@ + BLOCK_SIZE; i++) {
(int j = jB; j < jO + BLOCK_SIZE; j++) {

(int k = kB; k < kO + BLOCK_SIZE; k++) {

cli » N + j] A[i * N + k] * B[j

\!

kl;



Optimizing Matrix Multiplication

® AVX2 VeCt0r|Zat|0n (256'b|t) , void gemm_blocked_restrict_avx2(double
3 4
o Load 4-element vectors of Aand B
o Vector fused mUItlply'add 6 m256d vsum = _mm256_setzero_pd();
o Horizontal reduction (add the 4 elements) ‘ e T e
H 7 (; k kO BLOCK_SIZE 40
© Store in C 1€ m256d va = _mm256_loadu_pd(&A[1 * N
: m256d vb _mm256_loadu_pd(&B[ ] N
Sca|al’ AVX2 7 vsum _mm256_fmadd_pd(va, vb, vsum);
A |:| A | | | | | m128d low = _mm256_castpd256_pd128(vsum);
X — X — 18 __m128d high = _mm256_extractf128_pd(vsum, 1);
m128d sum2 = _mm_add_pd(low, high);
B |:| B | | | | | + 2€ sum2 = _mm_hadd_pd(sum2, sum2);
22 double sum = _mm_cvtsd_f64(sum2);
Sum [ [ [ [ :
T cli jl sum;
+

C[L C L]



Optimizing Matrix Multiplication

e OpenBLAS call

Register blocking / 16x4 microkernel
AVX-512 assembly

Inner-loop unrolling
Data-prefetching

(@)
(@)
(@)
(@)

chlas_dgemm(CblasRowMajor, CblasNoTrans, CblasTrans, N, N, N, 1.0, A, N, B_T, N, 6.8, C, N);




Optimizing Matrix Multiplication — Summary

e Memory-bound? e Compute-bound?
o Improve locality (1Bandwidth?) o Vectorize (1Peak-performance?)
o Reduce redundant loads (TAl1)
e Blocking and transposition
o Leverage higher caches
o TBandwidth? 10x o AVX2/AVX-512 Vectorization
° Register reuse o TPeak-performancet 8x

(@)

(@)

Memory-bound = Compute-bound

1Al} 5.5x

166x Speedup




STREAM

Memory bandwidth benchmark

Copy
Cl[i] = A[i]

16 bytes, 0 ops
Al=0

Scale
C[i] = scalar * A[i]

16 bytes, 1 operation
Al =0.0625

Add
Cl[i] = A[i] + B[i]

24 bytes, 1 operation
Al =0.0417

Triad
C[i] = A[i] + scalar * B[i]

24 bytes, 2 operations
Al =0.0833




STREAM

Memory bandwidth benchmark

Scale
e 56 Threads C[i] = scalar * A[i]

e 100 M elements

e 800 MB > 225 MiB L3 16 bytes, 1 operation

Al =0.0625
Add Triad
C[i] = A[i] + B[1i] C[i] = A[i] + scalar * B[i]
24 bytes, 1 operation 24 bytes, 2 operations
Al =0.0417 Al =0.0833




Optimizing STREAM

e Memory-bound?
o Improve locality (t1Bandwidtht) —
o Reduce redundant loads (1Al?1)

Memory accesses already contiguous
No data reuse

\— Can’t optimize the software <—‘
|

Upgrade the hardware

No redundant loads



The CARM Tool

Software Hardware
Easily identify the bottleneck Easily visualize the performance
Profiling + CARM Application Al + CARM
Powerful optimization hints Fast performance prediction




Plotting

Select Machine Results...

. T Select a Machine to View CARM Results .
From the CLI, open the web interface:

python ResultsGUI.py
e Outputs a link to open in a browser I

| Select Machine Results... %

MareNostrum 5

Pentium Il 300

Bl S VANV /B D



From the web interface

Benchmarking

Run CARM Benchmarks

-— .
c— - :
| Select Machine Results... CARM Benchmarks Configuration

FrOm the CLI MareNostrum 5

Machine Cache Sizes per Core (Kb):

L L3 Total Size

python run.py

--1isa
--threadS Thread Counts to Benchmark:
--inst .
@ Interleave Threads (NUMA)
e Automatically detects cache size, frequency, etc. ISA Extensions to Benchmark
v AVX512 v AvX2 @B SSE v Scalar
e Generates and runs: T
o 4 Memory microbenchmarks (L1, L2, L3, DRAM) v op @sp

Load/Store Ratio Configuration:

o 2 Arithmetic microbenchmark (add, fused multiply-add)
e Stores the results ready for plotting

@ Only Loads @@ Only Stores

DRAM Test Size Configuration:

Custom Size (Kb) v Auto_Adjust




MareNostrum 5 — Scalar, single-threaded roof

Cache Aware Roofline Model

FP FMA scalar Peak: 11.9331 GFLOP/s'—

Performance (GFLOP/s)

25D S T S D A0 S O A o L D O LD B D T ot oL o
Arithmetic Intensity (flop/byte)



P rOfl I IN g Run Application Analysis

Application To Profile

From the CLI;

MareNostrum 5

python PMU_AI_Calculator.py <binary>

Application Analysis Method

® Captures PAPI output DBl DBI(RO) @ PMU (ROI)

o Application must be annotated with PAPI
region of interest calls

e Processes and stores result for plotting demo/gemm naive

Application Specification

Enter executable arguments

Application Source Code must be Injected to Profile Region of Interest

Run Application Close



Performance (GFLOP/s)

Cache Aware Roofline Model
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Performance (GFLOP/s)

2—4

Cache Aware Roofline Model
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Performance (GFLOP/s)

2—4

Cache Aware Roofline Model

Z 22
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, Cache Aware Roofline Model
2

23

g 2
@)
—
&
= Better register reuse
&)
2 Y
g Less loads / bytes
Al increases
2-1
2—2
2 2= 2! 2 o P g 2l

Arithmetic Intensity (flop/byte)



Optimizing Matrix Multiplication

[ ] AVX2 VeCtorlzatlon (256'b|t) 2 void gemm_blocked_restrict_avx2(double
3 o
o Load 4-element vectors of Aand B
o Vector fused mUItlply'add m256d vsum = _mm256_setzero_pd();
o Horizontal reduction (add the 4 elements) j‘ e T =
H 7 (; k kO BLOCK_SIZE 40
© Store in C 16 m256d va = _mm256_loadu_pd(&A[1 * N
g m256d vb _mm256_loadu_pd(&B[J \
| | | vsum _mm256_fmadd_pd(va, vb, vsum);
4 Elements ACT T T ‘
o X m128d low = _mm256_castpd256_pd128(vsum);
B |:|:|:|:| 18 m128d high = _mm256_extractf128_pd(vsum, 1);
m128d sum2 = _mm_add_pd(low, high);
+ 20 sum2 = _mm_hadd_pd(sum2, sum2);
< :
| | | — sum double sum = _mm_cvtsd_f64(sum2);
A C n Bt jl sum;
+
%(—/

1 Block



Performance (GFLOP/s)

Cache Aware Roofline Model
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Cache Aware Roofline Model
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Performance (GFLOP/s)

Cache Aware Roofline Model

2>

-
NN . _aAm 1
C 4
25 L £ “‘:
.
S
L e B8 BB BN BB B L__ N | -I-I-I-I-lv-l-l-‘ﬁ" - .
. .
Y .
. “
2 Phe soses’
e
- estes®
s P 4 “::“
.
L 3" S
3 & e9%s®
2 & = ¢“:“’
. “
P e%%e®
.
’ “:“
2 ot e
2 .‘ a ¢“::“
Y .
L 38 2
s 4 “::‘O
®
L3S
ol o Jesses®
.
" e®3s®
.
& "“,‘
.
Y .
0 = “':“‘
Y *
A “
2 2 - “‘::“
Rt
.
’ ““‘
.
4] - “::“
2 ’ “:“
4 es%st .
A3t 0
ot e
““"
2-2““‘
-

20 22 2 2% 2c 2t 2° 2
Arithmetic Intensity (flop/byte)



Performance (GFLOP/s)

Cache Aware Roofline Model
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Performance (GFLOP/s)
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Cache Aware Roofline Model

Arithmetic Intensity (flop/byte)




Performance (GFLOP/s)

Cache Aware Roofline Model
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Performance (GFLOP/s)

Cache Aware Roofline Model
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