O2i2A|AH 1S

hyungho.ko@gmail.com, http://hhko.tistory.com

2011.12.17 (E) EATAME| A2 5=



1. HjojE 8328

2. ArBB 7|Xx &H
3. Hlo|H 2|E/E

4. 2EH ¥ Y

5. Reduction Ijj Ei

6. Map Ijj&l




1. GjojE] BE8




intel® Array Building Blocks

N

(

Cjjoje BZEE
(Data Parallelism)

SRR
(Task Parallelism)




HIE A

HiE B

Tt oz CFE oojE A2
AOIE 1 a0 + b0 al + bl a2 + b2
AlO|E 2 a3 + b3 ad + b4 ab + b5

Hyoz THYU glo|g Xz
AO|2 1 a0 + b0
Ato|2 2 al + bl
AO|E 3 a2 + b2
Alo|2 4 a3 + b3
AIO|2 5 ad + b4
AIO|2 6 a5 + bb

~

(Single Instruction stream, Single Data stream)

~

SIMD

(Single Instruction stream, Multiple Data stream)




Intel® Array Building Blocks

Flynn2| 8§32 AREH &7/

SISD

Single Instruction stream, Single Data stream

the 322 T HolE XE

Single Instruction stream, Multiple Data stream

Tty BB2R OhF HolH M

MISD

Multiple Instruction stream, Single Data stream

CtE @B2E TH Go|E| ME|

MIMD

Multiple Instruction stream, Multiple Data stream

CtE @B2E CHE H|0o|E ME|
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CPU

HE|AH P55C

MMX ] Multi Media eXtensions

HE|Y 3 FLEDOLO|

SSE ]Streaming SIMD Extensions

HE|Q 4 Yay

SSE2 |

SSE3 |

SSE4 |

AVX ]Advanced Vector Extensions

#E| X2| 52
(M| HX|AE %)

64 HE |

[ 128 b= |

| 256 H|E |




Array Building Blocks

CBO HE EF

(C++, Python, ...)

Intel X|ZF ]

(2ol & AC|Ma} o =2t §lF)

ZY X (Deterministic) T2 24 Y

StEgof oF7 9N S
L (CPU, Accelerator, ...)

B 1.0 (HIED ]

e

C(ME Z2 N vs 2AZE Z2HY)

.
2 E FY3}

_ (TBB: Threading Building Blocks)

~

C++ AES 2tojHaiz| ]

Intel® C++ Compiler

Visual Studio C++

GNU Compiler

[ Standard C++ Compiler ] [ Processor ] [ os }
Intel Windows
AMD Linux

—_——
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template<arbb_scalar_type_t scalar_type>

class scalar;

____________________________________________________

3.C++ 7|2 E}1} H

30/64H|E BEALT £ float, double
8/16/32H|E B3 7| = M char, short, int
8/16/32H|E B 37} 9= M unsigned char/short/int
£/ 3 7 (true £ false) bool

Szl oEHO 25} 2L Qs HE size t



A Zr2l EfQ(scalar type)

// 8H|E HE=

arbb::i8 value = 10;

// 32H E REL3H 5
e

arbb::f32 averag

= 1.345f;

// E}FY FZHAE! (arbb::i8 = arbb::f32)
arbb::i8 value = ...;

arbb::f32 average = (arbb::f32)value;

// EtY 7|28 (C++ > ArBB)
float f = 1.5f;
arbb::f32 average = f;

// EtY F4 A& (ArBB > C++)

arbb::f32 average = ...;

float f = arbb::value(average);

template <arbb_scalar_type_t scalar_type>
typename uncaptured<scalar<scalar_type> >:type value(const scalar<scalar_type>& var)
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class EE= struct 28K
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#E| 0| : dense, array, =&

|

R

®

dense<T, 2>

EEEE NEER
dense<T>

A 0| : nested

4

HIEd
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arbb::dense Z1E{|0|L{ E}2!

1. STLO| vectorL} C++9| H{Hof s} %t

2. dense I ES! Fef20 Y : 24 Etdat xjgloz 74

e

template<typename T, std:isize .t D = 1>

class dense;

At4 D= 101 3AH0|2] 2t HAISHK| LB 12 QIAE



Mol =&

1. IE X SEL2 end FEO 2 =2 0|F0{0f SICHOJ: while, _end_while).

2. ArBBO| H|o] & TE2 0f2toi7} ofL|zt ja = olck.

3. _for0j] Clist Q=52 MO|E&E0| otl S0I2 L EEICL
4. do/while = MO do/ until £ 5 A2 SHLC}.

5. switch®} goto= M| & E|X| & =C}.

for (i = 0, i < max_count, i++)

——

} _end for;
ArBBS 7|0f B2 C++f B8] C}Saf 22 7% 2 Za geas



_if 0|32

#define _if(cond)
{{{
ARBB_CPP_NS::detail::if _stack().push(true);
ARBB_CPP_NS::detail::if _stack().top().begin(cond);
if (ARBB_CPP_NS::detail::capturing() ||
ARBB_CPP_NS::detail::if _stack().top().if _value()) {{

~ s - -




g =0
|

call(my functlon)(argl, arg2);

Y J
2 UH EE WOl WHE BENE BE  wEE 22N U A4S

i
mju

ol 2 X (closure)0f 74X{(capture)gtLC}.
0|2 2R E = 0|0] AXE S EX 7} BhehEICE

I7HE 5 7H+E EHEA 357H 0[5}0{OF StCL.
= BEA| ArBB Efi(2Z et 3 HHI0|Y), AHEXl B 2| ArBB

I
= o|2{gh EtYU Sofl Cf st F=%}o|ofof st}




3. H|o[E] 2|&




HO|E 2|Ed

HIO[E] S171/227] =M UHE F BZ O] ALO|Of|A] R/ HotCt.

x=y+1 // write
Z=x*2; // read

RAW (Read-After-Write) 2| &/

Z=X%*2; // read
x=y+1, [/ write

WAR(Write-After-Read) | &/

x=2z%*2; [/ write . .
WAW (Write-After-Write) | =M
x=y+1, // write




WAR o|=M H|H5}7

Z=XxX%*2
~ — WAR(Write-After-Read) o|=/M
x=y+1
RAW (Read-After-Write) 2|=4 - J
a=x/2
Z=X%*2;
g - WAR(Write-After-Read) 2| &/d H|7{H
x1=y+ 1,
RAW/(Read-After-Write) o] =4 - .

a=x1l/2;




WAW 9| Ed X757

RAW(Read-After-Write) 2|&EME <

RAW(Read-After-Write) 2|&EME <

X=2z%*2;
X=y+1,
a=x/2;

~ WAW (Write-After-Read) O|=Ad

X=2z%*2;

x1=y+1;

a=xl/2;

~ WAW(Write-After-Read) 2|&/M XA El




\ ZIM/7ERE 0| E A

RAW/(Read-After-Write)
o|=M

v

4 0|8 7|

@

HIO[E| o/&8 HAH tHE

Intel® Array Building Blocks
I

I

Tt

0

xIm o| =M
(true dependency)

WAR(Write-After-Read) WAW/(Write-After-Write)
o|EY o|EY

Ha 0| F HHEY|

Ho[E| /&8 HAHE

7t% 2| &S
(false dependency)



HIO|E| 2|E/ 40| B =& ALO|Of|AM 2o i

for (int index = 1; index < N; index++)

{
}

Alindex] = Afindex - 1] + 1;

<

index = 1 ml{: A[1] = A[O] + 1;

. RAW(Read-After-Write)

olEd

index = 2¢ f: A[2] = A[1] + 1;

-

index = 3¢ : A[3] = A[2] + 1;

RAW(Read-After-Write)

o|ES
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EXTER T

Superscalar sequence Map Geometric decomposition Gather Reduction

00000B00| 2Add3ddad A 00000000
00000000 a@q@@ea@h.....]
00000000 BEOBOO0®E
00000B0o0|
catter
ceeceses sgease £
00000000 1
ooooooog 99%00600@e0RRE] oo
Category Reduction Recurrence Q Q Q Q
Speculative selection Partition ==== i
< 0000p000| [PDPD9D0D |
00000000 DOODODDE
00000000 l rir
wv Nesting OOOOOOOO \ /
S 00000000 00000000
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Reduction I} &1
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Reduction IJEl vs. CJ|O|E| o|=A

int sum = 0;
for (int index = 1; index < N; index++)

{
}

sum += index; // RAW(Read-After-Write) 2| =M

~

int partial_sums[2] = {0, O};

for (int index = 1; index < N/2; index++)

{
}

partial_sums[0] += index;

for (int index = N/2; index < N; index++)

{
}

partial_sums[1] += index;

int sum = partial_sums[0] + partial_sums[1];

|E/d0] Ex5X|L, 2 SZF ALt =M= U= JEGICt




Reduction
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by
N
5

=c|&(and)
=c|f(or)

HYEtAE =2|gh(xor)

add_reduce()
mul_reduce()
min_reduce()
max_reduce()
and_reduce()
or_reduce()

xor_reduce()

FullReduction

sum()

all()

any()



Reduction 0| K|

1. 1D -> scalar dstScalar = add_reduce(srcVec);
1 2 3 4 1+2+3+4
2.2D -> 1D dstVec = add_reduce(srcVec2D);
1 2 1+2
3 4 3+4

3. 2D -> 1D, strided dstVec = add reduce(srcVec2D, level);

§ 1 2 1+3
)
by 3 4 2+4
5
E
> 4. 2D nested -> 1D dstVec = add_reduce(srcNestedVec);
5: 1 2 3 1+2+3
@
[ 4 4
5 6 5+6

NV VARV
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AB=C
.
a b p q _ (ap + br) (aq + bs)
c d r s - (cp +dr) (cq/+ ds)

Reduction =2l




1. ojoje] &

) | a
1 0 2 3
1 0 2 3
2
-1 3 1 1 -1 3 1

dense<f32, 2> a;

dense<f32> x;




2. A+ =Y

X conceptuallyExtendVector
3 2 1 3 2 1
3 2 1

dense<f32, 2> conceptuallyExtendVector = repeat_row(x, a.num_rows());



3. ZHoO|Y &

A= a?l conceptuallyExtendVectorQ| & |4t

(arbb::dense?| operator* g T =)

a conceptuallyExtendVector mult

0 2 3 2 1 1x3 =3 0x2=0 2x1 =2
X =

3 1 3 2 1 -1x3=-3| 3x2=6 I1x1=1

dense<f32, 2>mult = a * conceptuallyExtendVector;




multof] Chal 3 CH9I2 o E3He 7ok

St7| 2|5} arbb::add_reduce gt = =!!

3+0+2=5 3+6+1=4
-3 6 1

b = add_reduce(mult);
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1 (0] 2 3121
1. repeat_row ) ) 312 |1

2. operator * X

31012
3. add_reduce NRE |> 3+0+2=5 | -3+6+1=4

void arbb_matrix_vector(

—_
o
N
w
N
=

_
w
=
w
N
=

const dense<f32, 2>& a, /U A
const dense<f32>& x, // Y™ HH
dense<f32>& b) // E: A _dE DM

{

dense<f32, 2> conceptuallyExtendVector = repeat_row(x, a.num_rows());

intel® Array Building Blocks

dense<f32, 2>mult = a * conceptuallyExtendVector;

b = add_reduce(mult);
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void arbb_matrix_multiplication(
o

const arbb::dense<arbb::f32, 2>& a, // el M x Q™
const arbb::dense<arbb::f32, 2>& b, // B Q x N =
arbb::dense<arbb::f32, 2>& c) // &3 diE M A}

{

using namespace arbb;

usize m = a.num_rows();
usize n = b.num_cols();

_for (usizei =0,i < n, ++i)

{
dense<f32, 2> mult = a * repeat_row(b.col(i), m);
dense<f32> col = add_reduce(mult);
¢ = replace_col(c, i, col);

} _end_for;
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\Map & vs. O|O|E| o|&E/d

for (inti =0;i < size; i++)

{
)

afi] = afi] + b[i] / c[i] * d[i];

a[0] = a[0] + b[0] / c[0] * d[O];

a[l] = a[1] + b[1] / c[1] * d[1];

a[2] = a[2] + b[2] / c[2] * d[2];
RAW/WAR/WAW 2|E/F0| EXH5tX| Bf=C}.
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Map I & vs. Barrier

HE ZENY

-

‘Barrier

dense<f32> A, B, C, D;
A=A+B/C*D;

Azha T2 MY

ediid

void kernel(f32& a, f32 b, f32 ¢, f32d){
a=a+(blc)*d;
}

a.ense<f32> A, B CD;
map(kernel)(A, B, C, D);
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R

void serial_mandel(const std::complex<double>& c,
unsigned int max_recurrences, unsigned char& output)

{
unsigned int i = 0;
std::complex<double> z = c;
while (i < max_recurrences) {
if (z.real() * z.real() + z.imag() * z.imag() > 4.0)
break;
z=z%*z+
i++;
}
output = static_cast<unsigned char>(static_cast<double>(i) / max_recurrences * 255);
}

void serial_mandelbrot(double x0, double y0, double x1, double y1,

unsigned int width, unsigned int height, unsigned int max_recurrences, unsigned char* output)
{

double dx = (x1 - x0) / width;

double dy = (y1 - y0) / height;

for (unsigned int j = 0; j < height; j++) {
for (unsigned int i = 0; i < width; i++) {
unsigned int index = j * width + i;
double x = x0 + i * dx;
double y = y0 + j * dy;
serial_mandel(std::complex<double>(x, y), max_recurrences, output[index]);




for (unsigned int j = 0; j < height; j++) /l &

{

for (unsigned int i = 0; i < width; i++) /&

{

[kl
[

[El
N

unsigned int index = j * width + i;

double x = x0 + i * dx;

doubley = y0 + j * dy;

serial_mandel(std::complex<double>(x, y), max_recurrences, output[index]);
A

serial_mandel E0|A = K| H=0F A2

ro

C}.

23 13} 20| 2= M| o= 4 (RAW/WAR/WAW)O| EX|8}X| S=Ch.
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void serial_mandel(const std::complex<double>& c, unsigned int max_recurrences, unsigned char& output)

{

unsigned inti = 0;
std::complex<double> z = c;

while (i < max_recurrences) {
if (z.real() * z.real() + z.imag() * z.imag() > 4.0)
break;
z=z*z+ ¢
i++;

} void arbb_mandelbrot_map(u32 max_recurrences, f64 x0, f64 y0, f64 dx, f64 dy, u8& output)
{

output = static_ u32i=0;

const array<f64, 2> pos = position<2>().as<f64>();

const std::complex<f64> c(x0 + pos[0] * dx, yO + pos[1] * dy);
std::complex<f64> z = c;

_while (i < max_recurrences)

{
_if (norm(z) > 4.0)
{
_break;
} _end_if;

z=2z2%*z+
++i;
} _end_while;

output = u8(f64(255u * i) / f64(max_recurrences));
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void arbb_mandelbrot(double x0, double y0, double x1, double y1,

unsigned int max_recurrences, dense<u8, 2>& output)

call(arbb_mandelbrot_call)(x0, y0, x1, yl, max_recurrences, output);

output.read_only_range();

void arbb_mandelbrot_call(f64 x0, f64 y0, f64 x1, f64 y1,

u32 max_recurrences, dense<u8, 2>& output)

usize width = output.num_cols();

usize height = output.num_rows();

f64 dx = (x1 - x0) / f64(width);
f64 dy = (y1 - y0) / f64(height);

map(arbb_mandelbrot_map)(max_recurrences, x0, y0, dx, dy, output);



