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▪ Summary of features of Knights Landing (15m)

▪ Performance optimization
− matrix-matrix multiplication (25m)
− Sparse vector-dense vector dot (15m)
− Histogram (15m)

▪ Vectorization Practice
− Loop Dependency: RAW vs WAR
− Striding: SOA vs AOS
− Application: Pi calculation

Sunghwan Choi Chan Park

Contents
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▪ tar -xvzf WinterSchool2018_KNLtutorial.tar.gz

Connection / File transfer
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▪ Up to 36 tiles (64 cores / 256 threads)
− 2 cores / tile
− Shared mesh connection
− 1MB shared L2 cache / tile
− 2 512-bit VPUs / core
− Based on Intel Atom Silvermont architecture

▪ 2D mesh interconnect
▪ 2 DDR memory controllers
▪ 6 channels DDR4

− Up to 90GB/s

▪ 16GB MCDRAM
− 8 embedded DRAM controllers
− Up to 450 GB/s

Overview of KNL architecture
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1) More and Wider vector processing unit – 2 512-bit VPUs (AVX512) per core (4 threads)

2) Higher memory bandwidth – up to 450GB/s 16GB MCDRAM

3) More cores / threads – up to 64 cores / 256 threads (with 4-way Hyper-Threading)

Summary of KNL Spec
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Vectorization vs. たこ焼き調理する
SIMD (Single Instruction Multiple Data) Parallel Strategy

▪ Vectorized Operation

− Cast à vector register
− Heating à vector operation
Ex) C[:]=A[:]+B[:]

▪ 512-bit VPUs (AVX512) per core
− vector register size: 512bit
− 8 or 16 data can be treated at once

64Byte (double) 32Byte type (float, int)

ALU ALU ALU ALUCU

A[0] B[0]

C[0]

A[1] B[1] A[2] B[2] A[3] B[3]

C[1] C[2] C[3]
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Vectorization vs. たこ焼き調理する
SIMD (Single Instruction Multiple Data) Parallel Strategy

▪ If most of time consuming comes from 
flipping process, performance gain from 
parallelization become negligible.



KISTI Intel® Parallel Computing Center / Tutorial of KNL Programming 8

▪ Conditions for high Vectorization
1. Memory alignment 
2. Memory access pattern
3. Loop data dependency

▪ Memory align function
− _mm_malloc
− _mm_free
− hbw_posix_memalign for HBM

− POSIX – posix_memaglign
− C11 – algined_alloc
− Windows - _aligned_malloc

High Vectorization
Memory alignment

03020100 07060504 0908 10 11

03020100 07060504 0908 10 11

Cache block

Memory

Memory

Cache block



KISTI Intel® Parallel Computing Center / Tutorial of KNL Programming 9

MCDRAM memory modes

• MCDRAM is used as a L3 cache

Cache Mode

16GB
MCDRAM

DDR

Three modes. Selected at boot

• MCDRAM is used as a DDR
- numactl command
- memkind library

16GB
MCDRAM

DDR

Flat Mode
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Hybrid Mode

8 or 12 GB
MCDRAM

DDR
4 or 8 GB
MCDRAM

• MCDRAM is used
- as a L3 cache 
- as a DDR
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MCDRAM using by numactl command

▪ Check memory details using numactl command
− $ numactl –-hardware

▪ We can simply use MCDRAM with numactl command with membind option
− $ numactl –-membind 1 ./myapp.ex

DDR KNL
MC

DRAM

KNL with 2 NUMA nodes

node 0 node 1
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MCDRAM using by memkind library

▪ Use hbw_malloc / hbw_free function, instead of malloc / free function

▪ Add memkind library to your compile option
− CFLAGS = -O3 –std=c11 –qopenmp –qop-report=5 –xMIC-AVX512 -lmemkind

▪ Add a header file <hbwmalloc.h> in your source code
− #include <hbwmalloc.h>

https://github.com/memkind/memkind
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▪ $ vi /proc/cpuinfo

64 Physical Cores & 256 Logical Cores
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▪ Threads are allocated to be close to each other ▪ Threads are allocated to be close to each other

Compact Scatter

Thread Management
Tread Binding

▪ Allocation of threads may affect performance seriously especially for computation with many 
threads 

▪ export KMP_AFFINITY=compact,verbose
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OMP: Info #156: KMP_AFFINITY: 256 available OS procs
OMP: Info #157: KMP_AFFINITY: Uniform topology
OMP: Info #179: KMP_AFFINITY: 1 packages x 64 cores/pkg x 4 threads/core (64 total cores)
OMP: Info #206: KMP_AFFINITY: OS proc to physical thread map:
OMP: Info #171: KMP_AFFINITY: OS proc 0 maps to package 0 core 0 thread 0 
OMP: Info #171: KMP_AFFINITY: OS proc 64 maps to package 0 core 0 thread 1 
……
OMP: Info #242: KMP_AFFINITY: pid 4393 thread 0 bound to OS proc set {0}
OMP: Info #242: KMP_AFFINITY: pid 4660 thread 1 bound to OS proc set {64}

Can you guess the env. option of process?

Set KMP_AFFINITY
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OMP: Info #156: KMP_AFFINITY: 256 available OS procs
OMP: Info #157: KMP_AFFINITY: Uniform topology
OMP: Info #179: KMP_AFFINITY: 1 packages x 64 cores/pkg x 4 threads/core (64 total cores)
OMP: Info #206: KMP_AFFINITY: OS proc to physical thread map:
OMP: Info #171: KMP_AFFINITY: OS proc 0 maps to package 0 core 0 thread 0 
OMP: Info #171: KMP_AFFINITY: OS proc 64 maps to package 0 core 0 thread 1 
……
OMP: Info #242: KMP_AFFINITY: pid 4393 thread 0 bound to OS proc set {0}
OMP: Info #242: KMP_AFFINITY: pid 4660 thread 1 bound to OS proc set {64}

Can you guess the env. option of process?

Set KMP_AFFINITY

export OMP_NUM_THREADS
export KMP_AFFINITY=compact,verbose
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Example 1: Dense Matrix multiplication
Human friendly code

for(int i=0; i<SIZE; i++) {
for(int j=0; j<SIZE; j++) {

double sum = 0;
for(int k=0; k<SIZE; k++) {

sum += A[i][k] * B[k][j];
}
C[i][j] = sum;

}
}

• For a 4 x 4 case
- # of cache miss
à 4 + 16 + 4 = 24

• For a general case of SIZE x SIZE
- # of cache miss
à SIZE + SIZE * SIZE + SIZE

= SIZE * (SIZE+2)

1,1 1,2 1,3 1,4

2,1 2,2 2,3 2,4

3,1 3,2 3,3 3,4

4,1 4,2 4,3 4,4

A
Row-wise access

(i, *)

1,1 1,2 1,3 1,4

2,1 2,2 2,3 2,4

3,1 3,2 3,3 3,4

4,1 4,2 4,3 4,4

B
Colum-wise access

(*, j)

1,1 1,2 1,3 1,4

2,1 2,2 2,3 2,4

3,1 3,2 3,3 3,4

4,1 4,2 4,3 4,4

C
Fixed value access

(i, j)
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Example 1: Dense Matrix multiplication
Cache & Vectorization friendly code

for(int i=0; i<SIZE; i++) {
for(int k=0; k<SIZE; k++) {

double A_val = A[i][k];
for(int j=0; j<SIZE; j++) {

C[i][j] += A_val * B[k][j];
}

}
}

• For a 4 x 4 case
- # of cache miss
à 4 + 4 + 4 = 12

• For a general case of SIZE x SIZE
- # of cache miss
à SIZE + SIZE + SIZE

= 3 * SIZE

1,1 1,2 1,3 1,4

2,1 2,2 2,3 2,4

3,1 3,2 3,3 3,4

4,1 4,2 4,3 4,4

A
Fixed value access

(i, k)

1,1 1,2 1,3 1,4

2,1 2,2 2,3 2,4

3,1 3,2 3,3 3,4

4,1 4,2 4,3 4,4

B
Row-wise access

(k, *)

1,1 1,2 1,3 1,4

2,1 2,2 2,3 2,4

3,1 3,2 3,3 3,4

4,1 4,2 4,3 4,4

C
Row-wise access

(i, *)
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Example 1: Dense Matrix multiplication
Source code – MMmul.c

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20

#include <stdio.h>
#include <string.h>
#include <omp.h>
#define SIZE 4096
 
int main(int argc, char *argv[]) {

double time;
double *A = (double*)_mm_malloc(sizeof(double)*SIZE*SIZE, 64);
double *B = (double*)_mm_malloc(sizeof(double)*SIZE*SIZE, 64);
double *C = (double*)_mm_malloc(sizeof(double)*SIZE*SIZE, 64);

 
#pragma omp parallel for
for(int i=0; i<SIZE; i++) {

#pragma vector aligned
#pragma omp simd
for(int j=0; j<SIZE; j++) {

A[i*SIZE+j] = (double)(i + j);
B[i*SIZE+j] = (double)(j - i);

}
}
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Example 1: Dense Matrix multiplication
Source code – MMmul.c

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

/////////////////////////////////////////////////
memset(C, 0, sizeof(double)*SIZE*SIZE);

 
time = -omp_get_wtime();
#pragma omp parallel for
for(int i=0; i<SIZE; i++) {

#pragma omp simd
#pragma vector aligned
for(int j=0; j<SIZE; j++) {

double sum = 0;
for(int k=0; k<SIZE; k++) {

sum += A[i*SIZE+k] * B[k*SIZE+j];
}
C[i*SIZE+j] = sum;

}
}
time += omp_get_wtime();
printf("\ti-j-k MMmul time: %lf (secs)\n", time);
printf("\t\tlast element: %lf\n\n", C[(SIZE-1)*SIZE+SIZE-1]);

40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

/////////////////////////////////////////////////
memset(C, 0, sizeof(double)*SIZE*SIZE);

 
time = -omp_get_wtime();
#pragma omp parallel for
for(int i=0; i<SIZE; i++) {

for(int k=0; k<SIZE; k++) {
double A_val = A[i*SIZE+k];
#pragma omp simd

 #pragma vector aligned
for(int j=0; j<SIZE; j++) {

C[i*SIZE+j] += A_val * B[k*SIZE+j];
}

}
}
time += omp_get_wtime();
printf("\ti-k-j MMmul time: %lf (secs)\n", time);
printf("\t\tlast element: %lf\n\n", C[(SIZE-1)*SIZE+SIZE-1]);

/////////////////////////////////////////////////
_mm_free(A);
_mm_free(B);
_mm_free(C);

 
return 0;

}
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Example 1: Dense Matrix multiplication
Results – Auto vectorization? Remove –no-vec option and simd directives

Compile with
–no-vec option and simd directive

Compile without
–no-vec option and simd directive
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Example 1: Dense Matrix multiplication
Results – Auto vectorization? Remove –no-vec option and simd directives

Compile with
–no-vec option and simd directive

Compile without
–no-vec option and simd directive

Let’s Check this code line
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Example 1: Dense Matrix multiplication
Let’s use MCDRAM (Multi Channel DRAM)

#define SIZE 6144

$ export OMP_NUM_THREADS=256 $ export OMP_NUM_THREADS=16

???

???
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Example 2: Dot Product (Prefetch)
Dot Product Between Sparse Vector and Dense Vector

double A  = malloc(sizeof *A     * N);
double B  = malloc(sizeof *B     * M);
double B_ = malloc(sizeof *B_    * N);
double C  = malloc(sizeof *C     * N);
int index = malloc(sizeof *index * N);

for (int i = 0; i < N; i++)
C[i] = A[i] * B[index[i]];

for (int i = 0; i < N; i++)
B_[i] = B[index[i]];

for (int i = 0; i < N; i++)
C[i] = A[i] * B_[i];

B

index

A

C

1 3 6 8

0 1 2 3 4 5 6 7 8 9 10 11

Code
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Example 2: Dot Product (Prefetch)
Dot Product Between Sparse Vector and Dense Vector

double A  = malloc(sizeof *A     * N);
double B  = malloc(sizeof *B     * M);
double B_ = malloc(sizeof *B_    * N);
double C  = malloc(sizeof *C     * N);
int index = malloc(sizeof *index * N);

for (int i = 0; i < N; i++)
C[i] = A[i] * B[index[i]];

for (int i = 0; i < N; i++)
B_[i] = B[index[i]];

for (int i = 0; i < N; i++)
C[i] = A[i] * B_[i];

B

index

A

C

1 3 6 8

0 1 2 3 4 5 6 7 8 9 10 11

Code
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Example 2: Dot Product (Prefetch)
Dot Product Between Sparse Vector and Dense Vector

double A  = malloc(sizeof *A     * N);
double B  = malloc(sizeof *B     * M);
double B_ = malloc(sizeof *B_    * N);
double C  = malloc(sizeof *C     * N);
int index = malloc(sizeof *index * N);

for (int i = 0; i < N; i++)
C[i] = A[i] * B[index[i]];

for (int i = 0; i < N; i++)
B_[i] = B[index[i]];

for (int i = 0; i < N; i++)
C[i] = A[i] * B_[i];

B

index

A

C

1 3 6 8

0 1 2 3 4 5 6 7 8 9 10 11

Code
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Example 2: Dot Product (Prefetch)
Dot Product Between Sparse Vector and Dense Vector

double A  = malloc(sizeof *A     * N);
double B  = malloc(sizeof *B     * M);
double B_ = malloc(sizeof *B_    * N);
double C  = malloc(sizeof *C     * N);
int index = malloc(sizeof *index * N);

for (int i = 0; i < N; i++)
C[i] = A[i] * B[index[i]];

for (int i = 0; i < N; i++)
B_[i] = B[index[i]];

for (int i = 0; i < N; i++)
C[i] = A[i] * B_[i];

B

index

A

C

1 3 6 8

0 1 2 3 4 5 6 7 8 9 10 11

Code
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Code

Example 2: Dot Product (Prefetch)
Dot Product Between Sparse Vector and Dense Vector

double A  = malloc(sizeof *A     * N);
double B  = malloc(sizeof *B     * M);
double B_ = malloc(sizeof *B_    * N);
double C  = malloc(sizeof *C     * N);
int index = malloc(sizeof *index * N);

for (int i = 0; i < N; i++)
C[i] = A[i] * B[index[i]];

for (int i = 0; i < N; i++)
B_[i] = B[index[i]];

for (int i = 0; i < N; i++)
C[i] = A[i] * B_[i];

1 3 6 8

0 1 2 3 4 5 6 7 8 9 10 11

B_
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Code

Example 2: Dot Product (Prefetch)
Dot Product Between Sparse Vector and Dense Vector

double A  = malloc(sizeof *A     * N);
double B  = malloc(sizeof *B     * M);
double B_ = malloc(sizeof *B_    * N);
double C  = malloc(sizeof *C     * N);
int index = malloc(sizeof *index * N);

for (int i = 0; i < N; i++)
C[i] = A[i] * B[index[i]];

for (int i = 0; i < N; i++)
B_[i] = B[index[i]];

for (int i = 0; i < N; i++)
C[i] = A[i] * B_[i];

1 3 6 8 B_
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Code

Example 2: Dot Product (Prefetch)
Dot Product Between Sparse Vector and Dense Vector

double A  = malloc(sizeof *A     * N);
double B  = malloc(sizeof *B     * M);
double B_ = malloc(sizeof *B_    * N);
double C  = malloc(sizeof *C     * N);
int index = malloc(sizeof *index * N);

for (int i = 0; i < N; i++)
C[i] = A[i] * B[index[i]];

for (int i = 0; i < N; i++)
B_[i] = B[index[i]];

for (int i = 0; i < N; i++)
C[i] = A[i] * B_[i];

1 3 6 8 B_
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Code

Example 2: Dot Product (Prefetch)
Dot Product Between Sparse Vector and Dense Vector

double A  = malloc(sizeof *A     * N);
double B  = malloc(sizeof *B     * M);
double B_ = malloc(sizeof *B_    * N);
double C  = malloc(sizeof *C     * N);
int index = malloc(sizeof *index * N);

for (int i = 0; i < N; i++)
C[i] = A[i] * B[index[i]];

for (int i = 0; i < N; i++)
B_[i] = B[index[i]];

for (int i = 0; i < N; i++)
C[i] = A[i] * B_[i];

1 3 6 8 B_
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Code

Example 2: Dot Product (Prefetch)
Dot Product Between Sparse Vector and Dense Vector

double A  = malloc(sizeof *A     * N);
double B  = malloc(sizeof *B     * M);
double B_ = malloc(sizeof *B_    * N);
double C  = malloc(sizeof *C     * N);
int index = malloc(sizeof *index * N);

for (int i = 0; i < N; i++)
C[i] = A[i] * B[index[i]];

for (int i = 0; i < N; i++)
B_[i] = B[index[i]];

for (int i = 0; i < N; i++)
C[i] = A[i] * B_[i];

1 3 6 8 B_
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Example 2: Dot Product (Prefetch)
Source Code of Dot Product
01: #include <stdio.h>
02: #include <stdlib.h>
03: #include <math.h>
04: #include <omp.h>
05:
06: int main(int argc, char **argv){
07: int N = 10000000;
08: int Nnnz = atoi(argv[1]);
09:    double time;
10: int *index = malloc(sizeof *index * Nnnz);
11: double *svector_in = malloc(sizeof *svector_in * Nnnz);
12:    double *fvector_in = malloc(sizeof *fvector_in * N );
13: double *svector_out = malloc(sizeof *svector_out * Nnnz);
14: double *temp = malloc(sizeof *temp * Nnnz);
15: for (int i = 0; i < N; i++)
16: fvector_in[i] = (double)(i);
17: for (int i = 0; i < Nnnz; i++) {
18: svector_in[i] = (double)(i);
19: index[i] = i * (int)(N / Nnnz);
20: svector_out[i] = 0.;
21: temp[i] = fvector_in[index[i]];
22: }

23:    time = -omp_get_wtime();
24:  for (int j = 0; j < 100000; j++)
25: #pragma simd
26: for (int i = 0; i < Nnnz; i++)
27: svector_out[i] = svector_in[i] * fvector_in[index[i]];
28:  time += omp_get_wtime();
29:  printf("call-core: %e (secs)\n", time);
30:
31:  time = -omp_get_wtime();
32:  for (int j = 0; j < 100000; j++)
33: #pragma simd
34: for (int i = 0; i < Nnnz; i++)
35: svector_out[i] = svector_in[i] * temp[i];
36:  time += omp_get_wtime();
37: printf("call-core: %e (secs)\n", time);
38:
39:   free(index); free(svector_in);
40:   free(svector_out); free(fvector_in);
41:  return 0;
42: }
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64 threads w/ scatter 256 threads w/ scatter

Example 2: Dot Product (Prefetch)
without MCDRAM

256 threads w/ compact
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Example 3: Histogram
Human friendly code

46672963 2231952 …34age

hist +1

63 / 20

hist[3]++

3index

for(int i=0; i<N; i++)
{

int index = (int)(age[i] / 20);
hist[index]++;

}
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Example 3: Histogram
Human friendly code

46672963 2231952 …34age

hist +1+1

29 / 20

hist[1]++

1index

for(int i=0; i<N; i++)
{

int index = (int)(age[i] / 20);
hist[index]++;

}
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Example 3: Histogram
Human friendly code

46672963 2231952 …34age

hist +2+1

67 / 20

hist[3]++

3index

for(int i=0; i<N; i++)
{

int index = (int)(age[i] / 20);
hist[index]++;

}
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Example 3: Histogram
Human friendly code

46672963 2231952 …34age

hist +2+1+1

46 / 20

hist[2]++

2index

for(int i=0; i<N; i++)
{

int index = (int)(age[i] / 20);
hist[index]++;

}
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Example 3: Histogram
Human friendly code

46672963 2231952 …34age

hist +2+2+1

52 / 20

hist[2]++

2index

for(int i=0; i<N; i++)
{

int index = (int)(age[i] / 20);
hist[index]++;

}
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Example 3: Histogram
Cache & Vectorization friendly code

2313index

46672963 2231952 …34age

int index[VL];
for(int i=0; i<N; i+=VL)
{

for(int j=i; j<i+VL; j++)
index[j-i] = (int)(age[j] / 20);

for(int j=0; j<VL; j++)
hist[index[j]]++;

}
hist +1

hist[3]++

VL

age[j] / 20
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Example 3: Histogram
Cache & Vectorization friendly code

2313index

age[j] / 20

46672963 2231952 …34age

int index[VL];
for(int i=0; i<N; i+=VL)
{

for(int j=0; j<VL; j++)
hist[index[j]]++;

}
hist +1+1

hist[1]++

VL
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Example 3: Histogram
Cache & Vectorization friendly code

2313index

hist[3]++

age[j] / 20

46672963 2231952 …34age

int index[VL];
for(int i=0; i<N; i+=VL)
{

for(int j=0; j<VL; j++)
hist[index[j]]++;

}
hist +2+1

VL
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Example 3: Histogram
Cache & Vectorization friendly code

2313index

hist[3]++

age[j] / 20

46672963 2231952 …34age

int index[VL];
for(int i=0; i<N; i+=VL)
{

for(int j=0; j<VL; j++)
hist[index[j]]++;

}
hist +2+1+1

VL
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Example 3: Histogram
Cache & Vectorization friendly code

1002index

age[j] / 20

46672963 2231952 …34age

int index[VL];
for(int i=0; i<N; i+=VL)
{

for(int j=i; j<i+VL; j++)
index[j-i] = (int)(age[j] / 20);

for(int j=0; j<VL; j++)
hist[index[j]]++;

}

VL

hist +2+2+1

hist[3]++
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Example 3: Histogram
Source code – Histogram.c

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

#include <stdio.h>
#include <time.h>
#include <omp.h>
#define N 960000000
#define VL 512
 
int main(int argc, char *argv[]) {

srand(time(NULL));
double time;
int *age = (int*)_mm_malloc(sizeof(int)*N, 64);
int hist[5];

 
int randomNum = 0;
#pragma omp parallel
{

randomNum = rand() % 100;
#pragma omp for simd
#pragma vector aligned
for(int i=0; i<N; i++)

age[i] = randomNum;
}

/////////////////////////////////////////////////
for(int i=0; i<5; i++) hist[i] = 0;
time = -omp_get_wtime();
for(int i=0; i<N; i++) {

int index = (int)(age[i] / 20);
hist[index]++;

}
time += omp_get_wtime();
printf("\t1 Histogram time: %lf (secs)\n", time);
for(int i=0; i<5; i++) printf("\t\t%d\n", hist[i]);

 printf("\n");

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61

/////////////////////////////////////////////////
for(int i=0; i < 5; i++) hist[i] = 0;
time = -omp_get_wtime();
#pragma omp parallel
{

int *index = (int*)_mm_malloc(sizeof(int)*VL, 64);
int hist_private[5];
for(int i=0; i<5; i++) hist_private[i] = 0;
#pragma omp for
for(int i=0; i<N; i+=VL) {

#pragma omp simd
#pragma vector aligned
for(int j=i; j<i+VL; j++)

index[j-i] = (int)(age[j] / 20);
 

for(int j=0; j<VL; j++)
hist_private[index[j]]++;

}
#pragma omp critical
{

for(int i=0; i<5; i++)
hist[i] += hist_private[i];

}
_mm_free(index);

}
time += omp_get_wtime();
printf("\t2 Histogram time: %lf (secs)\n", time);
for(int i=0; i<5; i++) printf("\t\t%d\n", hist[i]);

 printf("\n");

62
63
64
65
66

////////////////////////////////
_mm_free(age);

 
return 0;

}
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Example 3: Histogram
Results

???

???
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Example 3: Histogram
Optimization Report

Let’s Check this code line



KISTI Intel® Parallel Computing Center / Tutorial of KNL Programming 47

Example 3: Histogram
Optimization Report

Let’s Check this code line
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#define N 100000000

int *a = malloc(sizeof *a * (N + 1));

for (int i = 0; i < N; i++)
a[i] = a[i + 1];

for (int i = 1; i <= N; i++)
a[i] = a[i - 1];

a

Example 4: Loop Dependency
Loop Dependency and Vectorization

write read
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#define N 100000000
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for (int i = 1; i <= N; i++)
a[i] = a[i - 1];

Example 4: Loop Dependency
Loop Dependency and Vectorization

write write
after
read

read
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#define N 100000000
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Example 4: Loop Dependency
Loop Dependency and Vectorization

read write
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#define N 100000000

int *a = malloc(sizeof *a * (N + 1));

for (int i = 0; i < N; i++)
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Example 4: Loop Dependency
Loop Dependency and Vectorization

read read
after
write

read
after
write

read
after
write

read
after
write

read
after
write

write

WAR : write after read
RAW : read after write
Which one is vectorizable?

a
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Example 4: Loop Dependency
Source Code
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▪ $ ./loop

▪ write after read : 5.000000e+15
▪ read after write : 0.000000e+00
▪ write after read (simd) : 5.000000e+15
▪ read after write (simd) : 5.000000e+15

• icc -std=c99 -qopt-report=5 -xMIC-AVX512 -o loop loop.c

Example 4: Loop Dependency
Results of Code Run

Incorrect!
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▪ LOOP BEGIN at loop.c(30,5)

▪ remark #25401: memcopy(with guard) generated
▪ remark #15541: outer loop was not auto-vectorized: consider using SIMD directive

▪ LOOP BEGIN at loop.c(30,5)

▪ <Multiversioned v2>

▪ remark #15304: loop was not vectorized: non-vectorizable loop instance from multiversioning

▪ remark #25439: unrolled with remainder by 2

▪ remark #25456: Number of Array Refs Scalar Replaced In Loop: 2
▪ LOOP END

▪ LOOP BEGIN at loop.c(30,5)

▪ <Remainder, Multiversioned v2>

▪ LOOP END

▪ LOOP END

Example 4: Loop Dependency
Optimization Report
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#define N 100000000

struct {
double x;
double y;

} *point = malloc(sizeof *point * N);

struct {
double *x;
double *y;

} set;
set.x = malloc(sizeof *(set.x) * N);
set.y = malloc(sizeof *(set.y) * N);

point

x y x y x y x y x y x y

Example 5: Structure of Array vs Array of Structure
SOA and Vectorization
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#define N 100000000
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} set;
set.x = malloc(sizeof *(set.x) * N);
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x y x y x y x y x y x y

x

y

set

Example 5: Structure of Array vs Array of Structure
SOA and Vectorization
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#define N 100000000

struct {
double x;
double y;

} *point = malloc(sizeof *point * N);

struct {
double *x;
double *y;

} set;
set.x = malloc(sizeof *(set.x) * N);
set.y = malloc(sizeof *(set.y) * N);

point

x y x y x y x y x y x y

x

y

set

Example 5: Structure of Array vs Array of Structure
SOA and Vectorization

stride = 2

stride = 1
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Example 5: Structure of Array vs Array of Structure
Source Code
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▪ $ ./soa
▪ Array of Structure: 0.262025 (secs)
▪ Structure of Array: 0.123625 (secs)

• icc -std=c99 -qopt-report=5 -xMIC-AVX512 -o soa soa.c -lgomp

Example 5: Structure of Array vs Array of Structure
Performance on Xeon Phi Knights Landing 7210 (64 cores, 4 HyperT/core) without MCDRAM
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▪ LOOP BEGIN at soa.c(23,5)
▪ remark #15416: vectorization support: non-unit strided store was generated 

for the variable <point->y[i]>, stride is 2 [ soa.c(24,9) ]
▪ remark #15415: vectorization support: non-unit strided load was generated for 

the variable <point->x[i]>, stride is 2 [ soa.c(24,27) ]
▪ remark #15305: vectorization support: vector length 16
▪ remark #15399: vectorization support: unroll factor set to 2
▪ remark #15300: LOOP WAS VECTORIZED
▪ remark #15452: unmasked strided loads: 1
▪ remark #15453: unmasked strided stores: 1
▪ remark #15475: --- begin vector cost summary ---
▪ remark #15476: scalar cost: 7
▪ remark #15477: vector cost: 4.180
▪ remark #15478: estimated potential speedup: 1.670
▪ remark #15488: --- end vector cost summary ---
▪ remark #25015: Estimate of max trip count of loop=3125000
▪ LOOP END

▪ LOOP BEGIN at soa.c(29,5)
▪ remark #15388: vectorization support: reference set.y[i] has aligned 

access [ soa.c(30,9) ]
▪ remark #15389: vectorization support: reference set.x[i] has unaligned 

access [ soa.c(30,25) ]
▪ remark #15381: vectorization support: unaligned access used inside loop body
▪ remark #15412: vectorization support: streaming store was generated for 

set.y[i] [ soa.c(30,9) ]
▪ remark #15412: vectorization support: streaming store was generated for 

set.y[i] [ soa.c(30,9) ]
▪ remark #15305: vectorization support: vector length 16
▪ remark #15309: vectorization support: normalized vectorization overhead 

1.182
▪ remark #15300: LOOP WAS VECTORIZED
▪ remark #15442: entire loop may be executed in remainder
▪ remark #15449: unmasked aligned unit stride stores: 1
▪ remark #15450: unmasked unaligned unit stride loads: 1
▪ remark #15467: unmasked aligned streaming stores: 2
▪ remark #15475: --- begin vector cost summary ---
▪ remark #15476: scalar cost: 7
▪ remark #15477: vector cost: 0.680
▪ remark #15478: estimated potential speedup: 10.180
▪ remark #15488: --- end vector cost summary ---
▪ remark #25015: Estimate of max trip count of loop=6250000
▪ LOOP END

Example 5: Structure of Array vs Array of Structure
Optimization Report
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Example 6: Pi Calculation
Source Code
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▪ $ ./pi
▪ value: 3.141697e+00
▪ core-time: 2.681885(secs)

▪ value: 3.141340e+00
▪ core-time: 1.370413(secs)

▪ value: 3.141749e+00
▪ core-time: 1.226880(secs)

• icc -std=c99 -qopt-report=5 -xMIC-AVX512 -o pi pi.c -lgomp -D_GNU_SOURCE

Example 6: Pi Calculation
Performance on Xeon Phi Knights Landing 7210 (64 cores, 4 HyperT/core) without MCDRAM
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▪ LOOP BEGIN at pi.c(19,5)
▪ remark #15382: vectorization support: call to function drand48(void) cannot be 

vectorized [ pi.c(20,26) ]
▪ remark #15382: vectorization support: call to function drand48(void) cannot be 

vectorized [ pi.c(21,26) ]
▪ remark #15344: loop was not vectorized: vector dependence prevents 

vectorization
▪ remark #15346: vector dependence: assumed OUTPUT dependence between 

call:drand48(void) (20:26) and call:drand48(void) (21:26)
▪ remark #15346: vector dependence: assumed OUTPUT dependence between 

call:drand48(void) (21:26) and call:drand48(void) (20:26)
▪ LOOP END

▪ LOOP BEGIN at pi.c(44,5)
▪ remark #15389: vectorization support: reference x[i] has unaligned 

access [ pi.c(45,26) ]
▪ remark #15389: vectorization support: reference x[i] has unaligned 

access [ pi.c(45,31) ]
▪ remark #15389: vectorization support: reference y[i] has unaligned 

access [ pi.c(45,38) ]
▪ remark #15389: vectorization support: reference y[i] has unaligned 

access [ pi.c(45,43) ]
▪ remark #15388: vectorization support: reference z[i] has aligned access [ pi.c(45,9) ]
▪ remark #15381: vectorization support: unaligned access used inside loop body
▪ remark #15412: vectorization support: streaming store was generated for 

z[i] [ pi.c(45,9) ]
▪ remark #15412: vectorization support: streaming store was generated for 

z[i] [ pi.c(45,9) ]
▪ remark #15305: vectorization support: vector length 32
▪ remark #15309: vectorization support: normalized vectorization overhead 0.050
▪ remark #15300: LOOP WAS VECTORIZED
▪ remark #15442: entire loop may be executed in remainder
▪ remark #15449: unmasked aligned unit stride stores: 1
▪ remark #15450: unmasked unaligned unit stride loads: 2
▪ remark #15467: unmasked aligned streaming stores: 2
▪ remark #15475: --- begin vector cost summary ---
▪ remark #15476: scalar cost: 120
▪ remark #15477: vector cost: 10.680
▪ remark #15478: estimated potential speedup: 11.220
▪ remark #15482: vectorized math library calls: 1
▪ remark #15487: type converts: 1
▪ remark #15488: --- end vector cost summary ---
▪ remark #25015: Estimate of max trip count of loop=3125000
▪ LOOP END

Example 6: Pi Calculation
Optimization Report

▪ LOOP BEGIN at pi.c(33,5)
▪ remark #15305: vectorization support: vector length 16
▪ remark #15309: vectorization support: normalized vectorization overhead 

1.467
▪ remark #15300: LOOP WAS VECTORIZED
▪ remark #15442: entire loop may be executed in remainder
▪ remark #15448: unmasked aligned unit stride loads: 1
▪ remark #15450: unmasked unaligned unit stride loads: 1
▪ remark #15475: --- begin vector cost summary ---
▪ remark #15476: scalar cost: 21
▪ remark #15477: vector cost: 1.870
▪ remark #15478: estimated potential speedup: 11.190
▪ remark #15488: --- end vector cost summary ---
▪ remark #25015: Estimate of max trip count of loop=6250000
▪ LOOP END


