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Memory layout

Try it on your laptop!

$ lstopo



Hierarchy

Latency of n  bytes of data is given by

where  is the start up time and  is the inverse of the bandwidth.

[Eij10; Figure 1.5]

Cache lines and prefetch

Accessing value not in the cache → cache miss

This value is then loaded along with a whole cache line (e.g., 64 or 128 contiguous bytes)

Following cache lines may also be anticipated and prefetched



This shows the importance of data locality. An algorithm performs better if it accesses data close

in memory and in a predictable pattern.

[Eij10; Figure 1.11]

Illustration with matrices

32840.043f0

    78.996 μs (0 allocations: 0 bytes)  78.996 μs (0 allocations: 0 bytes)

mat 256×256 Matrix{Float32}:
 0.527077  0.450468  0.28065    0.110057  …  0.560694   0.110752   0.116643

 0.539877  0.737784  0.0327936  0.53604      0.597117   0.610633   0.618558

 0.105658  0.607284  0.945027   0.995979     0.451952   0.472591   0.909302

 0.900055  0.402007  0.983827   0.602473     0.79844    0.0593285  0.122851

 0.960867  0.640711  0.731122   0.345144     0.826524   0.830398   0.72307

 0.225663  0.294357  0.72335    0.94912   …  0.0926533  0.992242   0.35116

 0.763231  0.609189  0.920635   0.970358     0.247668   0.587043   0.581519

 ⋮                                        ⋱                        ⋮

 0.212283  0.149478  0.751258   0.138508  …  0.777536   0.394903   0.628085

 0.464098  0.181321  0.253819   0.442517     0.328426   0.561918   0.198394

 0.968459  0.213115  0.0981857  0.865626     0.0827388  0.474113   0.742891

 0.121368  0.848538  0.660215   0.578315     0.589844   0.332572   0.0411975

 0.92124   0.380043  0.207908   0.156609     0.336153   0.916459   0.663848

 0.759592  0.399084  0.989288   0.699869  …  0.487427   0.693563   0.704572

 = 

#include <stdio.h>

float sum(float *mat, int n, int m) {
  float total = 0;
  for (int i = 0; i < n; i++) {

for (int j = 0; j < m; j++) {
  total += mat[i + j * n];
}

  }
  return total;
}

What is the performance issue of this code ?

@btime c_sum($mat)1

mat = rand(Cfloat, 2^8, 2^8)1

c_sum(x:: ) = ccall(("sum", sum_matrix_lib), Cfloat, (Ptr{Cfloat}, 

Cint, Cint), x, size(x, 1), size(x, 2));

1



Arithmetic intensity

Consider a program requiring m  load / store operations with memory for o  arithmetic

operations.

The arithmetic intensity is the ratio .

The arithmetic time is 

The data transfer time is 

As arithmetic operations and data transfer are done in parallel, the time per iteration is

So the number of operations per second is .

This piecewise linear function in  gives the roofline model.

Tip

See examples in [Eij10; Section 1.7.1].



The roofline model

compute-bound : For large arithmetic intensity (Alg2 in above picture), performance

determined by processor characteristics

bandwidth-bound : For low arithmetic intensity (Alg1 in above picture), performance

determined by memory characteristics

Bandwidth line may be be lowered by inefficient memory access (e.g., no locality)

Peak performance line may be lowered by inefficient use of CPU (e.g., not using SIMD)

[Eij10; Figure 1.16]



Cache hierarchy for a multi-core CPU

Cache coherence : Update L1 cache when the corresponding memory is modified by another core.

[Eij10; Figure 1.13]



Parallel sum

#include <vector>
#include <stdint.h>
#include <omp.h>
#include <stdio.h>

extern "C" {
float sum(float *vec, int length, int num_threads, int verbose) {
  float total = 0;
  omp_set_dynamic(0); // Force the value `num_threads`
  omp_set_num_threads(num_threads);
  #pragma omp parallel
  {
    int thread_num = omp_get_thread_num();

int stride = length / num_threads;
    int last = stride * (thread_num + 1);
    if (thread_num + 1 == num_threads)
      last = length;

if (verbose >= 1)
      fprintf(stderr, "thread id : %d / %d %d:%d\n", thread_num, omp_get_num_th
reads(), stride * thread_num, last - 1);
    #pragma omp simd
    for (int i = stride * thread_num; i < last; i++)
      total += vec[i];
  }
  return total;
}
}

32644.576f0

    2.734 μs (0 allocations: 0 bytes)  2.734 μs (0 allocations: 0 bytes)

32644.598f0

    2.165 μs (3 allocations: 80 bytes)  2.165 μs (3 allocations: 80 bytes)

@btime c_sum($vec, num_threads = 1, verbose = 0)1

@btime c_sum($vec; num_threads, verbose = 0)1



32644.598f0

  thread id : 0 / 2 0:32767thread id : 0 / 2 0:32767
thread id : 1 / 2 32768:65535thread id : 1 / 2 32768:65535
    0.000051 seconds0.000051 seconds

vec

[0.959851, 0.031101, 0.777444, 0.703164, 0.252252, 0.734915, 0.292296, 0.017012, 0.2490

 = 

Low level implementation using POSIX Threads (pthreads) covered in "LEPL1503 : Projet 3". We

use the high level  library in this course.

log_size  = 

num_threads  = 

16

2

Can you spot the issue in the code ?

@time c_sum(vec; num_threads, verbose = 1)1

vec = rand(Cfloat, 2^log_size)1

c_sum(x:: ; num_threads = 1, verbose = 0) = ccall(("sum", sum_lib), 

Cfloat, (Ptr{Cfloat}, Cint, Cint, Cint), x, length(x), num_threads, verbose);

1



Many processors

#include <omp.h>
#include <stdio.h>

extern "C" {
void sum_to(float *vec, int length, float *local_results, int num_threads, int 
verbose) {
  omp_set_dynamic(0); // Force the value `num_threads`
  omp_set_num_threads(num_threads);
  #pragma omp parallel
  {
    int thread_num = omp_get_thread_num();

int stride = length / num_threads;
    int last = stride * (thread_num + 1);
    if (thread_num + 1 == num_threads)
      last = length;

if (verbose >= 1)
      fprintf(stderr, "thread id : %d / %d %d:%d\n", thread_num, omp_get_num_th
reads(), stride * thread_num, last - 1);

float no_false_sharing = 0;
    #pragma omp simd
    for (int i = stride * thread_num; i < last; i++)
      no_false_sharing += vec[i];

local_results[thread_num] = no_false_sharing;
  }
}

float sum(float *vec, int length, int num_threads, int factor, int verbose) {
  float* buffers[2] = {new float[num_threads], new float[num_threads / facto
r]};
  sum_to(vec, length, buffers[0], num_threads, verbose);
  int prev = num_threads, cur;
  int buffer_idx = 0;
  for (cur = num_threads / factor; cur > 0; cur /= factor) {

sum_to(buffers[buffer_idx % 2], prev, buffers[(buffer_idx + 1) % 2], cur, v
erbose);

prev = cur;
buffer_idx += 1;

  }
  if (prev == 1)

return buffers[buffer_idx % 2][0];
  sum_to(buffers[buffer_idx % 2], prev, buffers[(buffer_idx + 1) % 2], 1, verbo
se);
  return buffers[(buffer_idx + 1) % 2][0];
}
}



Benchmark

If we have many processors, we may want to speed up the last part as well:

32644.574f0

  thread id : 0 / 2 0:32767thread id : 0 / 2 0:32767
thread id : 1 / 2 32768:65535thread id : 1 / 2 32768:65535
thread id : 0 / 1 0:1thread id : 0 / 1 0:1
    0.000060 seconds0.000060 seconds

32741.525f0

    2.804 μs (0 allocations: 0 bytes)  2.804 μs (0 allocations: 0 bytes)

32741.52f0

    6.378 μs (3 allocations: 80 bytes)  6.378 μs (3 allocations: 80 bytes)

many_vec

[0.370511, 0.00970083, 0.86593, 0.974048, 0.597032, 0.0696814, 0.596172, 0.159249, 0.58

 = 

many_log_size  = 

base_num_threads  = 

factor  = 

16

2

2

@time many_sum(vec; base_num_threads, factor, verbose = 1)1

@btime c_sum($many_vec)1

@btime many_sum($many_vec; base_num_threads, factor)1

many_vec = rand(Cfloat, 2^many_log_size)1

many_sum(x:: ; base_num_threads = 1, factor = 2, verbose = 0) = 

ccall(("sum", many_sum_lib), Cfloat, (Ptr{Cfloat}, Cint, Cint, Cint, Cint), x, 

length(x), base_num_threads, factor, verbose);

1



Amdahl's law

Speed-up and efficency

Def: Speed-up Def: Efficiency
Let  bet the time with  processes

 → Unlikely

 → Ideal

 → Realistic

Amdahl's law

 : Percentage of  that is sequential

 : Percentage of  that is parallelizable

Application to parallel sum

The first sum_to  takes  operations. Assuming factor  is 2 , there is one operation for each of

the  subsequent sum_to .



How to get  ?

    Activating  Activating project at `~/work/LINMA2710/LINMA2710/Lectures` project at `~/work/LINMA2710/LINMA2710/Lectures`

biblio

CitationBibliography("/home/runner/work/LINMA2710/LINMA2710/Lectures/references.bib", A

 = 

Loading bibliography from `/home/runner/work/LINMA2710/LINMA2710/Lectures/ref
erences.bib`...

Loading completed.

0.2

BenchmarkTools.DEFAULT_PARAMETERS.seconds = 0.21


