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DFT on Intel Multicore

Complex DFT (Intel Core i7, 2.66 GHz, 4 cores)
Performance [Gflop/s] vs. input size
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Data Layout

Array of Double
for (int i=0;i < 2;i++) {
y[i*2] x[1i*2] + x[1*2+1];
y[i*2+1] x[1*2] - x[i*2+1];
}
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Array of Double Interleaved Complex
for (int i=0;i < 2;i++) { for (int i=0;i < 2;i++) {
y[i*2] = x[1i*2] + x[i*2+1]; y[i*4] = x[i*4] + x[1*4+2]; //real
y[i*2+1] = x[i*2] - x[i*2+1]; y[i*4+1] = x[i*4+1] + x[i*4+43]; //complex
}
" y[i*4+2] = x[i*4] - x[i*4+2]; //real
y[i*4+43] = x[i*4+1] - x[i*4+3]; //complex
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Array of Double
for (int i=0;i < 2;i++) {

}

y[i*2]
y[i*2+1]

x[1i*2] + x[1*2+1];
x[1i*2] - x[1i*2+1];

Sin

Sin O

Interleaved Complex
for (int i=0;i < 2;i++) {

y[i*4]
y[i*4+1]

y[i*4+2]
y[i*4+3]

x[i*4] + x[1*4+2]; //real
x[1i*4+41] + x[i*4+3]; //complex

x[i*4] - x[i*4+2]; //real
x[i*4+41] - x[i*4+3]; //complex

Split Complex
for (int i=0;i < 2;i++) {

}

ry[1*2]
ry[i*2+1]

iy[i*2]
iy[i*2+1]

rx[1*2] + rx[i*2+1];
rx[1*2] - rx[i*2+1];

ix[i*2] + ix[i*2+1];
ix[i*2] - ix[i*2+1];
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Rewrite Engine from Scratch
Large Implementation and Maintenance Effort
Little Reuse between “Backends”
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Option 2: C++ Meta Programming

2-SPL Code Style Data Layout AST Code
» C99 Complex
Interleaved Complex
C ++ Meta Program Split Complex
Looped Code
2 C99 Complex ~
I Z S(h;) DFTy G(h;) Unrolled Code Interleaved Complex >
7=0 Split Complex
Code with
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C99 Complex
Interleaved Complex
Template Split Complex

Instantiation
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C++ Template Meta Programming

template <int T>
struct Fibonacci{ enum { value = (Fibonacci<T - 1>::value + Fibonacci<T - 2>::value) }; };

template <>

struct Fibonacci<0>{ enum { value = 0 }; };
template <>
struct Fibonacci<1>{ enum { value =1 }; };
template <>
struct Fibonacci<2>{ enum { value =1 }; };
int main() int main()
{ Template Instantiation {
int x = 5 [::$> int x = >
cout << x << endl; cout << x << endl;

11



C++ Template Meta Programming

J

auto bodyl [&] (const int& i) {
S(hJ)DFTQG(hJ)) y[i*2] =  x[i*2] + x[i*2+1];
y[i*2+1] x[1*2] - x[1i*2+1];
}s
for(int i = @; i < 2; i+= UnrollFact) {
unroller( bodyl, i, uint_<UnrollFact - 1 >());
}
auto body2 = [&](const int& 1
Looped Code #ifdef P)R(ECOMF[’U1]'I§ &
y[0@] *= sin_ct(M_PI/4*(i+2));
#else
Unrolled Code y[@] *= sin(M_PI/4*(i+2));
#endif
}s
for(int 1 = @; i < 4; i+= UnrollFact) {
unroller( body2, i, uint_<UnrollFact - 1>() );
}

gl

Code with Precomputation

<Templates not shown>
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C++ Template Meta Programming

FFT f\j i
y N\ X
V)
N\

https://github.com/pkeir/ctfft
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C++ Template Meta Programming

<+«—— FFT

<«——  FFT

y ~ X
N\

+«—— FFT

+«—— FFT

cfft.cpp:25:60: in constexpr expansion of ‘tupconst::map(F, std::tuple<_Elements ...>) [with F =
Comp<cxns: :cx<double> (*)(const cxns::cx<double>&), Comp<Init<cxns::cx<double> >,
StaticCast<cxns::cx<double>, long unsigned int> > >; Ts = {long unsigned int, long unsigned int, long
unsigned int, long unsigned int, long unsigned int, long unsigned int, long unsigned int, long unsigned
int}; decltype (tupconst::map_helper(f, t, mk_index_range<@ul, (sizeof (Ts ...) - 1)>())) =

std: :tuple<cxns: :cx<double>, cxns::cx<double>, cxns::cx<double>, cxns::cx<double>, cxns::cx<double>,
cxns: :cx<double>, cxns::cx<double>, cxns::cx<double> >; mk_index_range<@ul, (sizeof (Ts ...) - 1)> =
indicesT<long unsigned int, Oul, 1ul, 2ul, 3ul, 4ul, 5ul, 6ul, 7ul>](tupconst::iota() [with long
unsigned int N = 8ul; decltype (tupconst::iota_helper(mk_index_range<@ul, (N - 1)>())) = std::tuple<long
unsigned int, long unsigned int, long unsigned int, long unsigned int, long unsigned int, long unsigned
int, long unsigned int, long unsigned int>; mk_index_range<@ul, (N - 1)> = indicesT<long unsigned int,
Oul, 1ul, 2ul, 3ul, 4ul, 5ul, 6ul, 7ul>]())’

https://github.com/pkeir/ctfft
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Option 2: C++ Meta Programming

2-SPL Code Style

Looped Code

2
I (Z S(h;) DFTy G(hj)) Unrolled Code
7=0
Code with
Precomputation

C++ Meta Programming
One meta program for all targets
Debugging very difficult
Errors only appear when instantiated
By default no explicit AST

Data Layout

C99 Complex
Interleaved Complex
Split Complex

C99 Complex
Interleaved Complex
Split Complex

C99 Complex
Interleaved Complex
Split Complex

AST

Code

o



Option 3: Staging in Scala

2-SPL Code Style Data Layout
» C99 Complex
_ Interleaved Complex
Scala Staging Program Split Complex
/ Looped Code
2 C99 Complex
T (Z S(h;) DFT, G(hg)) Unrolled Code Interleaved Complex
7=0 Split Complex
Code with
Precomputation
C99 Complex
Interleaved Complex
Split Complex

Staging decisions

AST

S ]

ST
(J

'llle‘g‘

rewrite

Code
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Staging Applied to the Running Example

def f(x: Array|[ Double]], y: Array| Double]]) ={ ‘_S:jiz;zzii
for (i <- @ until 2) {

y(2*1i) = x(i*2) + x(i*2+1) ~

y
Y(2*i+1) = x(i*2) - x(i*2+1) ‘:Y
}

1




Staging Applied to the Running Example

def f(x: Array| Double]], y: Array]| Double]]) ={
for (i <- © until 2) {
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}
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Staging Applied to the Running Example

def f(x: Array[ Double]], y: Array[ Double]]) ={
for (i <- © until 2) {
i=z0 y(2*i) = x(i*2) + x(i*2+1)
W_J
Array.apply(i: Int): T

Double
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def f(x: Array[ Double]], y: Array[ Double]]) ={
for (i <- © until 2) {
i=z0 y(2*i) = x(i*2) + x(i*2+1)

Double Doublel + Double
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def f(x: Array[ Double]], y: Array[ Double]]) ={
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def f(x: Array[ Double]], y: Array[ Double]]) ={
for (i <- © until 2) {
i=z0 y(2*i) = x(i*2) + x(i*2+1)
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Implementation in Lightweight Modular Staging Library
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def f(x: Array[ Double]], y: Array[ Double]]) ={
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Staging Applied to the Running Example

def f(x: Array[Rep[Double]], y: Array[Rep[Double]]) ={
for (i <- @ until 2) {
i=0 y(2*1i) = x(i*2) + x(i*2+1)

Rep|Double] = Rep[Double] + Rep|Double]

\ l
|

How to add two “Reps”?
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Staging Applied to the Running Example

def f(x: Array[Rep[Double]], y: Array[Rep[Double]]) ={
for (i <- @ until 2) {
i=0 y(2*1i) = x(i*2) + x(i*2+1)

Rep|Double] = Rep[Double] + Rep|Double]
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How to add two “Reps”?
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Staging Applied to the Running Example

def f(x: Array[Rep[Double]], y: Array[Rep[Double]]) ={
for (i <- @ until 2) {
y(2*1i) = x(i*2) + x(i*2+1)
y(2*i+1) = x(i*2) - x(i*2+1)
}
}

]
o

y
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Staging Applied to the Running Example

def f(x: Array[Rep[Double]], y: Array[Rep[Double]]) ={
for (i <- @ until 2) {
y(2*1i) = x(i*2) + x(i*2+1)
y(2*i+1) = x(i*2) - x(i*2+1)
}
}

]
o
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Staging Applied to the Running Example

def f(x: Array[Rep[Double]], y: Array[Rep[Double]]) ={
for (i <- @ until 2) {
i=1 y(2*1i) = x(i*2) + x(i*2+1)
y(2*i+1) = x(i*2) - x(i*2+1)
}
}

x| @ | © =5 L
v | e | e
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Staging Applied to the Running Example

def f(x: Array[Rep[Double]], y: Array[Rep[Double]]) ={
for (i <- @ until 2) {
i=1 y(2*1i) = x(i*2) + x(i*2+1)
y(2*i+1) = x(i*2) - x(i*2+1)
}
}
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Staging Applied to the Running Example

def f(x: Array[Rep[Double]], y: Array[Rep[Double]]) ={
for (i <- @ until 2) {
y(2*1i) = x(i*2) + x(i*2+1)
y(2*i+1) = x(i*2) - x(i*2+1)
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Staging Applied to the Running Example

def f(x: Array[Rep[Double]], y: Array[Rep[Double]]) ={
for (i <- @ until 2) {
y(2*1i) = x(i*2) + x(i*2+1)
y(2*i+1) = x(i*2) - x(i*2+1)

t0 = s + s1;
tl = s@ - sl;
t2 = s2 + s3;
t2 = s2 - s3;
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Staging Applied to the Running Example

def f(x: Array[Rep[Double]], y: Array[Rep[Double]]) ={
for (i <- @ until 2) {
y(2*1i) = x(i*2) + x(i*2+1)
y(2*¥i+1) = x(i*2) - x(i*2+1) Scalars only
Unraolled

t0 = s + s1;
tl = s@ - sl;
t2 = s2 + s3;
t2 = s2 - s3;
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trait FFT { this: Arith with Trig =>

def omega(k: Int, N: Int): Complex = {
val kth = -2.0 * k * math.Pi / N Complex(cos(kth), sin(kth)) }

case class Complex(re: Double, im: Double) {
def +(that: Complex) = Complex(this.re + that.re, this.im + that.im)
def -(that: Complex) = Complex(this.re - that.re, this.im - that.im)
def *(that: Complex) = Complex(this.re * that.re - this.im * that.im,

this.re * that.im + this.im * that.re)

}
def splitEvenOdd[T](xs: List[T]): (List[T], List[T]) = (xs: @unchecked)
match {

case e :: o :: Xt =>

val (es, os) = splitEvenOdd(xt) ((e :: es), (o :: 0s))
case Nil => (Nil, Nil)
}
def mergeEvenOdd[T](even: List[T], odd: List[T]): List[T] =
((even, odd): @unchecked) match {
case (Nil, Nil) => Nil
case ((e :: es), (o :: 0s)) => e :: (o :: mergeEvenOdd(es, o0s)) }

def fft(xs: List[Complex]): List[Complex] = xs match {
case (x :: Nil) => xs case _ => val N = xs.length
val (even@, oddd) = splitEvenOdd(xs)
val (evenl, oddl) = (fft(eveno), fft(oddo))
val (even2, odd2) = (evenl zip oddl zipWithIndex) map {
case ((x, y), k) => val z = omega(k, N) *y (x + z, x - z) } unzip; even2 ::: odd2 }}
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def +(that: Complex) Complex(this.re + that.re, this.im + that.im)
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}
def splitEvenOdd[T](xs: List[T]): (List[T], List[T]) = (xs: @unchecked)
match {

case e :: o :: xt =>

val (es, os) = splitEvenOdd(xt) ((e :: es), (o :: 0s))
case Nil => (Nil, Nil)
}
def mergeEvenOdd[T](even: List[T], odd: List[T]): List[T] =
((even, odd): @unchecked) match {
case (Nil, Nil) => Nil
case ((e :: es), (o :: 0s)) => e :: (o :: mergeEvenOdd(es, os)) }

def fft(xs: List[Complex]): List[Complex] = xs match {
case (x :: Nil) => xs case _ => val N = xs.length
val (even@, oddd) = splitEvenOdd(xs)
val (evenl, oddl) = (fft(even@), fft(oddo))
val (even2, odd2) = (evenl zip oddl zipWithIndex) map {
case ((x, y), k) => val z = omega(k, N) *y (x + z, x - z) } unzip; even2 ::: odd2 }}



trait FFT { this: Arith with Trig =>

def omega(k: Int, N: Int): Complex = {
val kth = -2.0 * k * math.Pi / N Complex(cos(kth), sin(kth)) }

case class Complex(re: Double], im: Double]) {
def +(that: Complex) = Complex(this.re + that.re, this.im + that.im)
def -(that: Complex) = Complex(this.re - that.re, this.im - that.im)
def *(that: Complex) = Complex(this.re * that.re - this.im * that.im,

this.re * that.im + this.im * that.re)

}
def splitEvenOdd[T](xs: List[T]): (List[T], List[T]) = (xs: @unchecked)
match {

case e :: o :: xt =>

val (es, os) = splitEvenOdd(xt) ((e :: es), (o :: 0s))
case Nil => (Nil, Nil)
}
def mergeEvenOdd[T](even: List[T], odd: List[T]): List[T] =
((even, odd): @unchecked) match {
case (Nil, Nil) => Nil
case ((e :: es), (o :: 0s)) => e :: (o :: mergeEvenOdd(es, os)) }

def fft(xs: List[Complex]): List[Complex] = xs match {
case (x :: Nil) => xs case _ => val N = xs.length
val (even@, oddd) = splitEvenOdd(xs)
val (evenl, oddl) = (fft(even@), fft(oddo))
val (even2, odd2) = (evenl zip oddl zipWithIndex) map {
case ((x, y), k) => val z = omega(k, N) *y (x + z, x - z) } unzip; even2 ::: odd2 }}
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X223} = %379
\ %733
| X2A2T) = %287
%737
x721
720

X2} = %318
217

X219} = %471

2(21) = =475
%731

*2A22) = %577
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o
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x2(30) = %293

x2114] = %458
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R
A H

*2(29] = x491

X2[26] = 2485

X220} = %473

typedef struct {
double* input;
double* output;

} spiral_t;

const double x708[]

void staged(spiral_t* x0) {

double* x2 = x@->output;
double* x1 = x@->input;
double x6 = x1[0@];
double x22 = x1[16];
double x38 = x6 + x22;
double x14 = x1[8];
double x30 = x1[24];
double x46 = x14 + x30;
double x343 = x38 + x46;
double x10 = x1[4];
double x26 = x1[20];
double x42 = x10 + x26;
double x18 = x1[12];
double x34 = x1[28];
double x50 = x18 + x34;

double x344 = x42 + x50;
double x345 = x343 + x344;
double x8 = x1[2];

double x24 = x1[18];
double x115 = x8 + x24;

double x16 = x1[10];
double x32 = x1[26];
double x123 = x16 + x32;
double x346 = x115 + x123;
double x12 = x1[6];

double x28 = x1[22];
double x119 = x12 + x28;
double x20 = x1[14];
double x36 = x1[30];
double x127 = x20 + x36;

double x347
double x348
double x349
x2[@] = x349;

double x7 = x1[1];

x119 + x127;
X346 + x347;
X345 + x348;

double x23 = x1[17];
double x39 = x7 + x23;
double x15 = x1[9];
double x31 = x1[25];
double x47 = x15 + x31;
double x76 = x39 + x47;
double x11 = x1[5];
double x27 = x1[21];
double x43 = x11 + x27;
double x19 = x1[13];
double x35 = x1[29];
double x51 = x19 + x35;

{ 1.0, 0.9238795325112867, ©.7071067811865476, ©.3826
const double x709[] = { -0.0, 0.3826834323650898, 0.7071067811865476, ©.923
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Selective Staging

trait FFT {...

case class Complex(re: Double, im: Double) m===lp Scagla FFT Function

def fft(..)

21
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Rep[Double], im: Rep[Double]) ==p>

case class Complex(re:

trait FFT {...
def fft(..)



Selective Staging

trait FFT {...

Scala FFT Function

Double)

Double, im:

case class Complex(re:

def fft(..)

21

&

Beadsddcastatacaateacasndacastad
LK T TET

(I IS | | e i

CLCTTTTTIITTTI T DR R N T
050000 B0 00080 B0 0 009

T R W = R R ITTTITTI])

TT T TR TTTTTITIITTITIT

UEREBRRANENNN  OUNERNRNNNNNNNNS
..-.-.-.-.w-.-.-.-.-. (1111]1]]

geeaRooocERcRCERERRERROORORERRAD
i: .

‘Double])

, 1m:

Double

case class Complex(re:

def fft(..)
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Selective Staging

trait FFT {...

Scala FFT Function

Double)

Double, im:

case class Complex(re:

def fft(..)
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case class Complex(re:

def fft(..)

case class Complex(re:

trait FFT[T] {...
def fft(..)

trait FFT {...



Selective Staging

trait FFT {...
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case class Complex(re:

def fft(..)

case class Complex(re:

def fft(..)
case class Complex(re:

trait FFT[T] {...
def fft(..)

trait FFT {...



Option 3: Staging in Scala

2-SPL Code Style Data Layout
» C99 Complex
_ Interleaved Complex
Scala Staging Program Split Complex
/ Looped Code
2 C99 Complex
T (Z S(h;) DFT, G(hg)) Unrolled Code Interleaved Complex
7=0 Split Complex
Code with
Precomputation
C99 Complex
Interleaved Complex
Split Complex

Staging decisions

AST

S ]

ST
(J

'llle‘g‘

rewrite

Code
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Code Style: Unrolled and Scalarized

def f(x: Array[Rep[Double]], y: Array[Rep[Double]]) ={
for (i <- @ until 2) {
y(2*1i) = x(i*2) + x(i*2+1)
y(2*i+1) = x(i*2) - x(i*2+1)
}
}

| @ | O @ O

v | s | Emiern | et | i

Scalars only

Unrolled

t0 = s + s1;
tl = s@ - sl;
t2 = s2 + s3;
t2 = s2 - s3;

- |
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Code Style: Arrays

def f(x:

}

}

y(2*%i)
y(2*i+1)

Array[Double]], y:
for (i <- @ until 2) {

x(i*2) + x(i*2+1)

x(i*2)

- x(i*2+1)

Array[Double]]) ={



Code Style: Arrays

def f(x: Array[Double]], y: Array[Double]]) ={
for (i <- @ until 2) {
i=0 y(2*1) = x(i*2) + x(i*2+1)



Code Style: Arrays

def f(x: Array[Double]], y: Array[Double]]) ={
for (i <- @ until 2) {
i=0 y(2*1) = x(i*2) + x(i*2+1)
——

Repl...].apply(i: Int): T



Code Style: Arrays

def f(x: Array[Double]], y: Array[Double]]) ={
for (i <- @ until 2) {
i=0 y(2*1) = x(i*2) + x(i*2+1)
——

Repl...].apply(i: Int): T
How to apply() on a Rep?



Code Style: Arrays

def f(x: Array[Double]], y: Array[Double]]) ={
for (i <- @ until 2) {
i=0 y(2*1) = x(i*2) + x(i*2+1)
——

Repl...].apply(i: Int): T
How to apply() on a Rep?

Implementation in Lightweight Modular Staging Library



Code Style: Arrays

def f(x: Array[Double]], y: Array[Double]]) ={
for (i <- @ until 2) {
i=0 y(2*1) = x(i*2) + x(i*2+1)
——

Repl...].apply(i: Int): T
How to apply() on a Rep?



Code Style: Arrays

def f(x:

Array[Double]], y: Array[Double]]) ={

for (i <- @ until 2) {

i=0 y(2*1)

= x(i*2) + x(i*2+1)
——

Repl...].apply(i: Int): T

How to apply() on a Rep?
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Code Style: Arrays

def f(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={
for (i <- @ until 2) {
i=0 y(2*1) = x(i*2) + x(i*2+1)
——

Repl...].apply(i: Int): T
How to apply() on a Rep?

te = apply(x,0) tl = apply(x,1)
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Code Style: Arrays

def f(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={
for (i <- @ until 2) {
i=0 y(2*1) = x(i*2) + x(i*2+1)
——

Repl...].apply(i: Int): T
How to apply() on a Rep?

te = apply(x,0) tl = apply(x,1)

t2 = Plus(t@,t1)

24



Code Style: Arrays

def f(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={
for (i <- @ until 2) {
i=0 y(2*1) = x(i*2) + x(i*2+1)
——

Repl...].apply(i: Int): T
How to apply() on a Rep?

te = apply(x,0) tl = apply(x,1)

t2 = Plus(t@,t1)

update(y,0)

24



Code Style: Arrays

def f(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={
for (i <- @ until 2) {
y(2*¥i) = x(i*2) + x(i*2+1)
y(2*¥i+1l) = x(i*2) - x(i*2+1)

te = apply(x,0) tl = apply(x,1)

t2 = Plus(t@,t1)

update(y,0)
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Code Style: Arrays

def f(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={
for (i <- @ until 2) {
y(2*¥i) = x(i*2) + x(i*2+1)
y(2*¥i+1l) = x(i*2) - x(i*2+1)

te = apply(x,0) tl = apply(x,1)

t2 = Plus(t@,t1) t3 = Minus(t@,t1)

update(y,9) update(y,1)
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Code Style: Arrays

def f(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={
for (i <- @ until 2) {
i=1 y(2*¥i) = x(i*2) + x(i*2+1)
y(2*¥i+1l) = x(i*2) - x(i*2+1)
}
}

te = apply(x,8) tl = apply(x,1) t4 = apply(x,2) t5 = apply(x,3)

t2 = Plus(t@,t1) t3 = Minus(t@,t1) t6 = Plus(t4,t5)

update(y,0) update(y,1) update(y,2)
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Code Style: Arrays

def f(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={

for (i <- @ until 2) {
y(2*¥i) = x(i*2) + x(i*2+1)
y(2*¥i+1l) = x(i*2) - x(i*2+1)

t0 = apply(x,9) tl = apply(x,1) t4 = apply(x,2)

t2 = Plus(t@,t1) t3 = Minus(t@,t1) t6 = Plus(t4,t5)

update(y,0) update(y,1) update(y,2)

t5 = apply(x,3)

t7 = Minus(t4,t5)

update(y,3)
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Code Style: Arrays

def f(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={

for (i <- @ until 2) {
y(2*¥i) = x(i*2) + x(i*2+1)
y(2*¥i+1l) = x(i*2) - x(i*2+1)

t0 = apply(x,9) tl = apply(x,1) t4 = apply(x,2)

t2 = Plus(t@,t1) t3 = Minus(t@,t1) t6 = Plus(t4,t5)

update(y,0)

update(y,1) update(y,2)

to
t1
t2 =
y[e]
t3 =
y[1
t4 =
t5
t6 =
y[@
t7 =

t5 = apply(x,3)

t7 = Minus(t4,t5)

update(y,3)

x[0];

x[1];
t0 + ti;

to - t1;
= t3;
x[0];
x[1];
t4 + x5;

t4 - Xx5;
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Code Style: Loops & Arrays

def f(x: Array[Double]], vy: Array[Double]]) ={
for (i <- 0 until 2: Range]) {
y(2*1) = x(i*2) + x(i*2+1)
y(2*i+l) = x(i*2) - x(i*2+1)
}
}



Code Style: Loops & Arrays

def f(x: Array[Double]], vy: Array[Double]]) ={
for (i <- 0 until 2: Range]) {



Code Style: Loops & Arrays

def f(x: Array[Double]], vy: Array[Double]]) ={
for (i <- © until 2: Range]) {
N— g
T~

How to apply on a Rep?



Code Style: Loops & Arrays

def f(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={
for (i <- © until 2: Rep[Range]) {

N— g
——

How to apply on a Rep?

Loop(i, @, 2)

25



Code Style: Loops & Arrays

def f(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={
for (i <- © until 2: Rep[Range]) {

N— g
——

How to apply on a Rep?

Loop(i, @, 2) ‘

25



Code Style: Loops & Arrays

def f(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={
for (i <- © until 2: Rep[Range]) {

}

y(2*1i)

x(i*2) + x(i*2+1)

y(2*i+1) ; x(i*2) - x(i*2+1)

}

Loop(i, @, 2)
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Code Style: Loops & Arrays

def f(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={
for (i <- © until 2: Rep[Range]) {
y(2*1) x(1*2) + x(i*2+1) Loop
y(2*i+1) x(i*2) - x(i*2+1) :} Body
}
}

Loop(i, @, 2) ‘

25



Code Style: Loops & Arrays

def f(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={
for (i <- © until 2: Rep[Range]) {
y(2*1) x(1*2) + x(i*2+1) Loop
y(2*i+1) x(i*2) - x(i*2+1) :} Body
}
}

Loop(i, @, 2) ‘

Block bo




Code Style: Loops & Arrays

def f(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={
for (i <- © until 2: Rep[Range]) {
y(2*1) x(1*2) + x(i*2+1) Loop
y(2*i+1) x(i*2) - x(i*2+1) :} Body
}
}

Block bo
‘(,//

t0 = apply(x,i) tl = apply(x,i+1)




Code Style: Loops & Arrays

def f(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={
for (i <- © until 2: Rep[Range]) {
y(2*1) x(1*2) + x(i*2+1) Loop
y(2*i+1) x(i*2) - x(i*2+1) :} Body
}
}

Loop(i, @, 2) /q
t0 = apply(x,i) - tl = apply(x,i+1)

t2 = Plus(t@,t1)

Block bo




Code Style: Loops & Arrays

def f

(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={

for (i <- © until 2: Rep[Range]) {

}

y(2*1)
y(2*i+1)

}

x(1*2) + x(i*2+1) Loop
x(i*2) - x(i*2+1) Body

Block bo

t0 = apply(x,i) " tl = apply(x,i+1)
t2 = Plus(t@,t1) ’

update(y,i,t2)

25



Code Style: Loops & Arrays

def f(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={
for (i <- @ until 2: Rep[Range]) {

y(2*i) = x(i*2) + x(i*2+1) Loop
y(2*i+1) = x(i*2) - x(i*2+1) Body
}
}
Block be ﬂ

t0 = apply(x,i) " tl = apply(x,i+1)
IIIIII..I-> —
t2 = Plus(to,t1) ’ t3 = Minus(te,t1)

update(y,i,t2) update(y,i+1,t3) \

I




Code Style: Loops & Arrays

def f(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={
for (i <- @ until 2: Rep[Range]) {

y(2*i) = x(i*2) + x(i*2+1) Loop
y(2*i+1) = x(i*2) - x(i*2+1) Body
}
}
Block be ﬂ

t0 = apply(x,i) " tl = apply(x,i+1)
IIIIII..I-> —
t2 = Plus(to,t1) ’ t3 = Minus(te,t1)

update(y,i,t2) update(y,i+1,t3) \

I




Code Style: Loops & Arrays

def f(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={

}

for (i <- © until 2: Rep[Range]) {

y(2*i) = x(i*2) + x(i*2+1) Loop
y(2*i+1) = x(i*2) - x(i*2+1) Body

}

Block bo

el
t0 = apply(x,i) tl = apply(x,i+1)
‘.:<
t2 = Plus(t@,t1)

update(y,i,t2)

t3 = Minus(te,t1)

update(y,i+1,t3) v\\\\

I

for (int i=0;i < 2;i++)

{

t0 = x[1i];
tl = x[i+1];
t2 = 10 + ti;
y[i] = t2;
t3 = t0 - t1;
y[i+1] = t3;

- |
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Abstraction over Code Types



Abstraction over Code Types

Unrolled, scalarized

def fs(x: Array[Rep[Double]], y: Array[Rep[Double]]) ={

until 2) {

x(i*2) + x(i*2+1)
x(i*2) - x(i*2+1)

t@ = 58 + s1;
tl = s@ - s1;
t2 = s2 + s3;
t2 = 52 - s3;
Scalars only
Unrolled

for (i <- @
y(2*i) =
y(2*i+1) =
}
}
X s1
—
¥ ‘ 0 = Plus(s0,51) |

t1 = Minus(s@,s1) ‘

T ]
t2 = Plus(s2,53) £3 = Minus(s2,53)




Abstraction over Code Types

Unrolled, scalarized Unrolled, Arrays

def fs(x: Array[Rep[Double]], y: Array[Rep[Double]]) ={

for (i <- @ until 2) { def f;(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={

for (i <- @ until 2) {

*4 = i* i*
y(2*1) = x(i%2) + x(i*2+1) 18 = sB + sl: y(2*1) = x(i*2) + x(i*2+1)
y(2*i+1) = x(i*2) - x(i*2+1) ’ 4 = q
tl = s@ - s1; i=1 y(2*i+1) = x(i*2) - x(i*2+1)
i t2 = 52 + s3;
¥ t2 = s2 - s3; 1
Scalars only
Unrolled
—
_— ——
X 51 52 53 54 dm— =
: o e o 0 = apply(x,8) t1 = apply(x,1) t4 = apply(x,2) t5 = apply(x,3)
[ | \ — — e
= — E — 2 = Plus(te, t1) €3 = Minus(te, t1) t6 = Plus(td,ts) &7 = Minus(td, £5)
v 10 - Plus(s@,sl) t1 = Minus(s@,s1) t2 = Plus(s2,s3) t3 - Minus(s2,53)
update(y,e) updata(y, 1) update(y,2) vpdate(y,3)
Lot g —
— e =

=== ==



Abstraction over Code Types

Looped, Arrays Unrolled, scalarized Unrolled, Arrays

def f,(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={ def 5(x: Array[Rep[Double]], y: Array[Rep[Double]]) ={ def £5(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={
for (i <- @ until 2: Rep[Range]) { for (i <- @ until 2) { for (i <- @ until 2) {
) ; . 4 = e f
y(2*1) = x(i%2) + x(i*241) | loop y(2*i) = x(}*Z) + x(i*2+41) t0 = s8 + s1; y(2*1) = x(i*2) + x(i*2+1)
y(2*i+1) = x(i*2) - x(i*2+1)  Body ; y(2*i+1) = x(i*2) - x(i*2+1) t1 = se - si; iosl y(2*i+1) = x(i*2) - x(i*2+1)
t2 = s2 + s3;
} } t2 = 52 - s3; }
for (int i=8;i < 2;i++)
{ te = x[i]; Scalars only
= ;
g n | A s t1 = x[i+1]; Unrolled
I PR t2 = te + t1;
E—— '/’ Vo p— o y[i] = t2; Yy -
0cC 44— t3 = te - t1; — —
— 3 ylis] = t3;° X = a2 = s — — T, —
= apply(x,: / u‘,‘ = apply(x,i+1 ’ : . . . 0 = apply(x,8) t1 = apply(x,1) t4 = apply(x,2) t5 = apply(x,3)
—— } | | | = = e
13 = Minus(te,t1) W p— T ] 2 = Plus(t8,t1) €3 = Minus(t8,t1) t6 = Plus(td,5) €7 = Minus(td,t5)
! l v ‘ 10 - Plus(s@,sl) | t1 = Minus(s@,s1) t2 = Plus(s2,s3) t3 = Minus(s2,53)
IR N s wpdate(y,1) oo | s

g

—




Abstraction over Code Types

Looped, Arrays Unrolled, scalarized Unrolled, Arrays

: : = def f A R Doubl: © A R Doubl. = = 3

def f5(x: Ff(‘p[Arr‘ay[?Duh?E]]) y: Rep[Array[Double]]) ={ ef fs(x 'rrfy[ ep[Double]], y: Array[Rep[Double]]) ={ def £5(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={ te = x[a]{

for (i <- @ until 2: Rep[Range]) { for (i <- @ until 2) { for (i <- @ until 2) { tl = x[1];
Y(2*1) = x(i*2) + x(i*241) 7 Loop W@ ) oo 2) e ) te = s + s1; Y(2*1) = x(1%2) + x(i*241) OB o &Y

- q : P o . . 5 = .
y(2*i+1) = x(i*2) - x(i*2+1)  Body y(2*i+1) = x(i*2) - x(i*2+1) t1 = se - si; - y(2*i+1) = x(i*2) - x(i*2+1) tgﬂl :atZ,tl
i t2 = s2 + s3; - 1-—t3 ’

} ¥ t2 = s2 - s3; } o (ol

——— " = H

Ior‘ (int i=8;i < 2;i++) t5 = x[1];
te = x[i]; Scalars only t6 = t4 + x5;

=Xl y(e] = ts;
t1 = x[i+1]; Unrolled e
= H

= t2; —x —
Block b@ t3 = to - t1; =T T
ylis] = t3; X o 2 - — = T
} ) . = : 0 = apply(x,8) t1 = apply(x,1) t4 = apply(x,2) t5 = apply(x,3)
— | \ = e
E — E — 2 = Plus(te,c1) €3 = Minus(te, 1) t6 = Plus(ta, ts) €7 = Minus(td,t5)
¥ ‘ 0 = Plus(s0,51) | t1 = Minus(s0,s1) ‘ t2 = Plus(s2,53) | 3 = Minus(s2,53) ‘
update(y,8) updately,1) update(y,2) update(y,3)
o Lo —= T
T

def f (looptype: L, x: Array A Array )
for (i <- © until 2: Range|) {
y(2*i) = x(i*2) + x(i*2+1)
y(2*i+1)= x(i*2) - x(i*2+1)

1l
~

b}



Abstraction over Code Types

Unrolled, scalarized

def f3(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={ def fs(x: Array[Rep[Double]], y: Array[Rep[Double]]) ={
for (i <- @ until 2: Rep[Range]) { for (i ¢<- @ until 2) {
y(2*1) = x(i*2) + x(i*2+1) \L Loop y(2*1) = x(i*2) + x(i*2+1) t0 = 58 + s1:
y(2*i+1) = x(i*2) - x(i*2+41)  Body v(2*i+1) = x(i*2) - x(i*2+1) S

Looped, Arrays

} t2 = 52 + s3;
4 ¥ t2 = 52 - s3;
for (int i=8;i < 2;i++)
{ te = x[i]; Scalars only
= ;
t1 = x[i+1]; Unrolled
t2 = te + ti;
y[i] = t2;
Block be t3 = te - t1;
y[i+1] = t3; X s 2 ‘ s ‘
} i |
P = — | —
¥ ‘ 0 = Plus(s0,51) t1 = Minus(s0,s1) ‘ t2 = Plus(s2,53) | £3 = Minus(s2,53)

'F3(

Array[Double] |,
Array[Double]

def f (looptype: L, x: Array
for (i <- © until 2: Range|) {
y(2*i) = x(i*2) + x(i*2+1)

y(2*i+1)= x(i*2) - x(i*2+1)

b}

Unrolled, Arrays

def f;(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={ :? - :E?}’
for (i <- @ until 2) { £2 - 0 +‘t1'
y(2*i) = x(i*2) + x(i*2+1) y[ﬂi e 2
i=1 }y(2*1+1) = x(i*2) - x(i*2+1) 3 = to - t1;
y[1] = t3;
¥ t4 = x[0];
t5 = x[1];

t6 = td + X5;
y[@] = t6;

t7 = t4 - x5;
y[3] = t7;
— R ——
— =
0 = apply(x,8) t1 = apply(x,1) t4 = apply(x,2) t5 = apply(x,3)
sy e
t2 = Plus(t®,tl) 3 = Minus(t@,tl) t6 = Plus(td,t5) 7 = Minus(td,t5)
update(y,8) update(y,1) update(y,2) update(y,3)
P . =
—— e —
S =

1l
~

A Array )
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Abstraction over Code Types

Looped, Arrays Unrolled, scalarized Unrolled, Arrays

: : = def f A R Doubl: © A R Doubl. = = 3

def f5(x: Ff(‘p[Arr‘ay[?Duh?E]]) y: Rep[Array[Double]]) ={ ef fs(x 'rrfy[ ep[Double]], y: Array[Rep[Double]]) ={ def £5(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={ te = x[a]{

for (i <- @ until 2: Rep[Range]) { for (i <- @ until 2) { for (i <- @ until 2) { tl = x[1];
y(2*i) = x(i*2) + x(i*2+1) 7 Loop y(2*¥i) = x(i*2) + x(i*2+1) 18 = sB + sl: y(2*1) = x(i*2) + x(i*2+1) t2 = 10 + t1;

. . . p o o T s H = - t2-
y(2*i+1) = x(i*2) - x(i*2+1) _/ Body ; y(2*i+1) = x(i*2) x(i*2+1) t1 = se - si; s Y(2*i+1) = x(i*2) - x(i*2+1) Egal tat?,tl'
t2 = 52 + s3; - } 1 ’

1] = t3;

} } t2 = 52 - s3; } ::‘EL ! x[e];

—— " = H

Ior‘ (int i=8;i < 2;i++) t5 = x[1];
t0 = x[i]; Scalars only t6 = t4 + x5;

= x[il; y(e] = ts;
toortd, 3, 2 ye 1 = x[i+1]; Unrolled 7 = th - xS;

I PR t2 = t0 + t1; (3] = t7;

* i J. \ — x y[i] = t2; — B

Block b@ / [ A— | — t3 = te - ti; {{,,-/f"’/ \::*x-\
- *-’7[ { « y[i+1] = t3; X 5 2 5 4 — s
(x,1) Tty = a 1 ’ : . e : 0 = apply(x,8) t1 = apply(x,1) t4 = apply(x,2) t5 = apply(x,3)
} = | | _— | _ s . e
y SR Ga) TS ‘ T ) | T 2 = Plus(te,t1) 3 = Minus(t8, 1) 6 = Plus(td,ts) 7 = Minus(td, €5)
1,03) = spdate(y,) updata(y, 1) wastety,2) wpntety,3)
: g

f3(

Array[Double] |,
Array[Double]

def f (looptype: L, x: Array A Array )
for (i <- © until 2: Range|) {
y(2*i) = x(i*2) + x(i*2+1)
y(2*i+1)= x(i*2) - x(i*2+1)

1l
~

}}
type NoRep[T] =T



Abstraction over Code Types

Looped, Arrays Unrolled, scalarized Unrolled, Arrays

3 3 = def f A R Doubl: © A R Doubl. = - 1
def fs(x: F}(‘p[hrr‘ay[ﬁ!uuh?s]]) y: Rep[Array[Double]]) ={ ef fa(x 'rr?y[ ep[‘ou e]], y: Array[Rep[Double]]) ={ def £,(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={ ta - X[a]{
for (i <- @ until 2: Rep[Range]) { for (i <- @ until 2) { for (i <- © until 2) { t1 = x[1];
ey OOeE) CHeEE) L y(2:4) = x(i*2) + x(ir241) te = s@ + s1; y(2*1) = x(i*2) + x(i*2+1) o=
; 5 : b I . . B = .
y(2*i+1) = x(i*2) - x(i*2+41) _f Body y(2*1+1) = x(i*2) - x(i*2+1) t1 = se - si; - y(2*i+1) = x(i*2) - x(i*2+1) {§“1 :at?’tl.
} t2 = 52 + 53; - } 1-:t3' g
} } t2 = 52 - s3; } ::‘EL ! x(el:
—— " = H
Ior‘ (int i=8;i < 2;i++) t5 = x[1];
te = x[i]; Scalars only t6 = t4 + Xx5;
= x[il; y(e] = ts;
Loop(d, @, 2) P t1 = x[i+1]; Unrolled ol JXS;
[ e /) ;ES Eﬁt;‘tl; y[3] = t7;
b . * —— x —
Block be 13 = to - t1; =T T
STt x | | > } N ~— —,
}  E— = apply(x,1) t4 = apply(x,2) (x,3)
! T | [—— [
¥ 0 = Plus(sd | 1 = Minus(s0,s1) t2 = Plus(s2,53) | 3 = Minus(s2,53) lt J l a 2 e P‘Tct"m l L )
(v, ) ate(y, 1) update(y,2) pate(y,1)
- g P
S _:‘7‘_:-:\ ; =

£3( s (
, NoRep,
Array[Double] |, Array[Double] |,
Array[Double] Array[Double]

1l
~

def f (looptype: L, x: Array A Array )
for (i <- © until 2: Range|) {
y(2*1i) x(i*2) + x(i*2+1)
y(2*i+1)= x(i*2) - x(i*2+1)

}}
type NoRep[T] =T



Abstraction over Code Types

Looped, Arrays Unrolled, scalarized Unrolled, Arrays

: : = def f5(x: Al Rep[Doubl A Rep[Doubl = 5 ;

def f5(x: Ff(‘p[Arr‘ay[?Duh?E]]) y: Rep[Array[Double]]) ={ ef fs(x 'rrfy[ ep[Double]], y: Array[Rep[Double]]) ={ def £5(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={ te = x[a]{

for (i <- @ until 2: Rep[Range]) { for (i <- @ until 2) { for (i <- @ until 2) { tl = x[1];
y(2*i) = x(i*2) + x(i*2+1) 7 Loop y(2*¥i) = x(i*2) + x(i*2+1) 18 = sB + sl: y(2*1) = x(i*2) + x(i*2+1) t2 = 10 + t1;
y(2*i+1) = x(i*2) - x(i*2+41) J Body y(2*1+1) = x(i*2) - x(i*2+1) t1 = se - si; - y(2*i+1) = x(i*2) - x(i*2+1) 291 :at?’ﬂ.
} t2 = 52 + s3; = } y[li:ts' ’

} } t2 = 52 - s3; ¥ t4 = x[o]:

e » = H

Ior‘ (int i=8;i < 2;i++) t5 = x[1];
t0 = x[i]; Scalars only t6 = t4 + x5;

= x[i]; y[e] = t6;
toortd, 3, 2 ye 1 = x[i+1]; Unrolled 7 = th - xS;

I T t2 = te + t1; (3] = t7;

! v ——— y[il = t2; —p— B

Block b@ / [ — | t3 = te - ti; {{,,-/f"’/ \::*x-\
i y[i] = t3; X 2 2 a “ = =
t® = app. !_.",:,‘ 1 } ’ : e . 0 = apply(x,8) t1 = apply(x,1) - ly(x,2) t5 = apply(x,3)
- | - | [—— [——
¥ 9 = Plus(s@ | 1 = Minus(s@,51) t2 = Plus(s2,53) 3 = Minus(s2,53) lc o o Ism ! l s l( !
,,,,,,,,,, ) ate(y,1) wpdate(y,2) paate(y,3)
o = L=
=== _::f_‘j -

3 ( fa( fa(
, NoRep, NoRep,
Array[Double] |, NoRep[Array|[ Double |]], Array[Double] |,
Array[Double] NoRep[Array|[ Double | ]] Array[Double]

) ) )

def f (looptype: L, x: Array A Array )
for (i <- © until 2: Range|) {
y(2*i) = x(i*2) + x(i*2+1)
y(2*i+1)= x(i*2) - x(i*2+1)

1l
~

}}
type NoRep[T] =T



Abstraction over Code Types

Looped, Arrays Unrolled, scalarized Unrolled, Arrays

: : = def f5(x: Al Rep[Doubl A Rep[Doubl = 5 ;

def f5(x: Ff(‘p[Arr‘ay[?Duh?E]]) y: Rep[Array[Double]]) ={ ef fs(x 'rrfy[ ep[Double]], y: Array[Rep[Double]]) ={ def £5(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={ te = x[a]{

for (i <- @ until 2: Rep[Range]) { for (i <- @ until 2) { for (i <- @ until 2) { tl = x[1];
y(2*i) = x(i*2) + x(i*2+1) 7 Loop y(2*¥i) = x(i*2) + x(i*2+1) 18 = sB + sl: y(2*1) = x(i*2) + x(i*2+1) t2 = 10 + t1;
y(2*i+1) = x(i*2) - x(i*2+41) J Body y(2*1+1) = x(i*2) - x(i*2+1) t1 = se - si; - y(2*i+1) = x(i*2) - x(i*2+1) 291 :at?’ﬂ.
} t2 = 52 + s3; = } y[li:ts' ’

} } t2 = 52 - s3; ¥ t4 = x[o]:

e » = H

Ior‘ (int i=8;i < 2;i++) t5 = x[1];
t0 = x[i]; Scalars only t6 = t4 + x5;

= x[i]; y[e] = t6;
toortd, 3, 2 ye 1 = x[i+1]; Unrolled 7 = th - xS;

I T t2 = te + t1; (3] = t7;

! v ——— y[il = t2; —p— B

Block b@ / [ — | t3 = te - ti; {{,,-/f"’/ \::*x-\
i y[i] = t3; X 2 2 a “ = =
t® = app. !_.",:,‘ 1 } ’ : e . 0 = apply(x,8) t1 = apply(x,1) - ly(x,2) t5 = apply(x,3)
- | - | [—— [——
¥ 9 = Plus(s@ | 1 = Minus(s@,51) t2 = Plus(s2,53) 3 = Minus(s2,53) lc o o Ism ! l s l( !
,,,,,,,,,, ) ate(y,1) wpdate(y,2) paate(y,3)
o = L=
=== _::f_‘j -

3 ( fa( fa(
, NoRep, NoRep,
Array[Double] |, NoRep[Array|[ Double |]], Array[Double] |,
Array[Double] NoRep[Array|[ Double | ]] Array[Double]

) ) )

def f (looptype: L, x: Array A Array )
for (i <- © until 2: Range|) {
y(2*i) = x(i*2) + x(i*2+1)
y(2*i+1)= x(i*2) - x(i*2+1)

1l
~

}}
type NoRep[T] =T



Option 3: Staging in Scala

2-SPL Code Style Data Layout
» C99 Complex
_ Interleaved Complex
Scala Staging Program Split Complex
/ Looped Code
2 C99 Complex
T (Z S(h;) DFT, G(hg)) Unrolled Code Interleaved Complex
7=0 Split Complex
Code with
Precomputation
C99 Complex
Interleaved Complex
Split Complex

Staging decisions

AST

S ]

ST
(J

'llle‘g‘

rewrite

Code
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Abstraction over Data Layout

class DataAbstraction[T] {
def apply (i: Int):

def update (i: Int, y: T)
}



Abstraction over Data Layout

class DataAbstraction[T] {
def apply (i: Int):
def update (i: Int, y: T)

.
*
L
.
.
.
“
.

class Array[T] extends DataAbstraction[T] {
def apply (i: Int):

def update (i: Int, y: T)

}



Abstraction over Data Layout

class DataAbstraction[T] {
def apply (i: Int):

def update (i: Int, y: T)
}

.
extends,++* *+, extends
““ ..’0
* -
s -

class Array[T] extends DataAbstraction[T] { class List[T] extends DataAbstraction[T] {
def apply (i: Int):

def apply (i: Int):
def update (i: Int, y: T) def update (i: Int, y: T)
} }



Abstraction over Data Layout

class DataAbstraction[T] {
def apply (i: Int):
def update (i: Int, y: T)

}
N \ A
extends,«+* *. extends
class Array[T] extends DataAbstraction[T] { class List[T] extends DataAbstraction[T] {
def apply (i: Int): def apply (i: Int):
def update (i: Int, y: T) def update (i: Int, y: T)
} }

def f[T](x: DataAbstraction, y: DataAbstraction) {
x(0) = y(0)
}



Abstraction over Data Layout

class DataAbstraction[T] {
def apply (i: Int):
def update (i: Int, y: T)

}
N \ A
extends,«+* *. extends

class Array[T] extends DataAbstraction[T] { class List[T] extends DataAbstraction[T] {

def apply (i: Int): def apply (i: Int):

def update (i: Int, y: T) def update (i: Int, y: T)

} }
val a = Array[Double](3) def f[T](x: DataAbstraction, y: DataAbstraction) {
val b = List[Double](3) x(0) = y(9)

}
f(a,b)



Abstraction over Data Layout

class Vector {
type looptype =

def apply (i: Int]):
def update (i: Int], y: T)



Abstraction over Data Layout

class LoopedArray extends Vector[ ] {
val data:
extends w def apply (i: Int]): = data(i)
class Vector { " def update (i: Int], y: ) = { data(i) =y }
type looptype = R }

def apply (i: Int]): ¥
def update (i: Int], y: T)
}



Abstraction over Data Layout

class LoopedArray extends Vector[ ] {
val data:
extends w def apply (i: Int]): = data(i)
class Vector { " def update (i: Int], y: ) = { data(i) =y }
type looptype = R }
def apply (i: Int]): ‘:.
def update (i: A[Int], y: T) " class UnrolledScalar extends Vector [ NoRep] {
} s, val data: Array[ ]
extends "4 def apply (i: Int):
def update (i: Int, y: )

}



Abstraction over Data Layout

class LoopedArray extends Vector[ ] {
val data:
extends W def apply (i: Int]): = data(i)
class Vector { " def update (i: Int], y: ) = { data(i) =y }
type looptype = R }
def apply (i: Int]): ‘:.
def update (i: A[Int], y: T) " class UnrolledScalar extends Vector [ NoRep] {
} s, val data: Array[ ]
extends "4 def apply (i: Int):
def update (i: Int, y: )
}
def f (x: Vector , y: Vector ) ={

for (i <- © until 2: y.looptype) {
y(2*1i) x(i*2) + x(i*2+1)
y(2*i+1) x(i*2) - x(i*2+1)

}

new LoopedArray
new UnrolledScalar

val x
val y

f(x,y)



Abstraction over Data Layout

class LoopedArray extends Vector[ ] {
val data:
extends W def apply (i: Int]): = data(i)
class Vector { " def update (i: Int], y: ) = { data(i) =y }
type looptype = o }
def apply (i: Int]): ‘:.
def update (i: A[Int], y: T) " class UnrolledScalar extends Vector [ NoRep] {
} s, val data: Array[ ]
extends "4 def apply (i: Int):
def update (i: Int, y: )
}
def f (x: Vector , y: Vector ) ={

for (i <- © until 2: y.looptype) {
y(2*1i) x(i*2) + x(i*2+1)

y(2*i+1) = x(i*2) - x(i*2+1)
\ o

new LoopedArray
new UnrolledScalar

val x
val y

f(x,y)



Abstraction over Data Layout

class LoopedArray extends Vector|

class Vector {
type looptype =

def apply (i: Int]):
def update (i: Int], y:

}

def f

val data:

extends w def apply (i:

*e

.0
extends ‘4

def update (i:

class UnrolledScalar extends Vector [

val data: Array|

Int
Int

def apply (i: Int):
def update (i: Int, y:

}

(x: Vector
for (i <- © until 2: y.looptype) {

x(i*2) + x(i*2+1)

y(2*i) =
y(2*i+1) = x(i*2) - x(i*2+1)
}
}
val x = new LoopedArray
val y = new UnrolledScalar

f(x,y)

, y: Vector

):
A

]

1A

= data(i)
) = { data(i) =y }

NoRep] {




Abstraction over Data Layout

class LoopedArray extends Vector[Rep,Rep[Double], Rep] {
val data: Rep[Array[Double]]
extends @ def apply (i: Rep[Int]): Rep[Double] = data(i)
class Vector[A] ], T, LI{ o def update (i: Rep[Int], y: Rep[Double]) = { data(i) =y }
type looptype = L K }
def apply (i: A[Int]): T ‘.
def update (i: A[Int], y: T) ‘%x. class UnrolledScalar extends Vector [NoRep, Rep[Double], NoRep] {

} ;‘.. val data: Array[Rep[Double]]
extends 4 def apply (i: Int): Rep[Double]

def update (i: Int, y: Rep[Doublel)
}

def f[AL[ |, A2[ |, L1, L2, T] (x: Vector[Al[ |, T, L1], y: Vector[ALl[ |, T, L2]) ={
for (i <- © until 2: y.looptype) {
y(2*1i) x(i*2) + x(i*2+1)
y(2*i+1) = x(i*2) - x(i*2+1)
}

} t@ = apply(x,0) tl = apply(x,1)
val x = new LoopedArray y
val y = new UnrolledScalar

f(x,y)



Abstraction over Data Layout

class LoopedArray extends Vector[Rep,Rep[Double], Rep] {
val data: Rep[Array[Double]]
extends @ def apply (i: Rep[Int]): Rep[Double] = data(i)
class Vector[A] 1, T, L1{ o def update (i: Rep[Int], y: Rep[Double]) = { data(i) =y }

type looptype = L ”.’ }
def apply (i: A[Int]): T ‘.
def update (i: A[Int], y: T) class UnrolledScalar extends Vector [NoRep, Rep[Double], NoRep] {

} ;‘.. val data: Array[Rep[Double]]
extends 4 def apply (i: Int): Rep[Double]

def update (i: Int, y: Rep[Doublel)
}

def f[AL[ |, A2[ |, L1, L2, T] (x: Vector[Al[ |, T, L1], y: Vector[ALl[ |, T, L2]) ={

for (i <- © until 2: y.looptype) {
y(2*1i) = x(i*2) + x(i*2+1)
y(2*i+1) = x(i*2) - x(i*2+1)

}
} t0 = apply(x,0) t1l = apply(x,1)
val x = new LoopedArray y ﬁ
val y = new UnrolledScalar el )

f(x,y)



Abstraction over Data Layout

class LoopedArray extends Vector[Rep,Rep[Double], Rep] {
val data: Rep[Array[Double]]

extends w def apply (i: Rep[Int]): Rep[Double] = data(i)
o def update (i: Rep[Int], y: Rep[Double]) = { data(i) = y }

class Vector[A[ |, T, L|{ o°
type looptype = L o }
def apply (i: A[Int]): T ﬁ.
def update (i: A[Int], y: T) ‘%x. class UnrolledScalar extends Vector [NoRep, Rep[Double], NoRep] {
} ‘s, val data: Array[Rep[Double]]
extends ‘4

def apply (i: Int): Rep[Double]
def update (i: Int, y: Rep[Doublel)

}

def f[AL[ |, A2[ |, L1, L2, T] (x: Vector[Al[ |, T, L1], y: Vector[ALl[ |, T, L2]) ={

for (i <- © until 2: y.looptype) {
y(2*1i) = x(i*2) + x(i*2+1)
y(2*i+1) = x(i*2) - x(i*2+1)

} te = apply(x,0) tl = apply(x,1) t4 = apply(x,2) t5 = apply(x,3)
val x = new LoopedArray y
val y = new UnrolledScalar tz = Plus(te,tl) t6 = Plus(t4,t5)

-F(XJy) 29



Abstraction over Data Layout

class LoopedArray extends Vector[ ] {
val data:
extends @ def apply (i: Int]): = data(i)
= EEe Weeter { ”." def update (i: Int], y: ) = { data(i) = y }
type looptype = ‘," }
def apply (i: A[Int]): %., extends
def update (i: A[Int], y: T) %', class UnrolledScalar extends Vector [ NoRep] {
} “ %, val data: Array[ ]
. def apply (i: Int):
Y def update (i: Int, y: )
“‘ }
extends
“‘_ class StagedTree extends Vector [ NoRep] {
‘-‘ val data:
def apply (i: Int]): = data(i)
def update (i: Int], y: ) = { data(i) =y }

}



Option 3: Staging in Scala

2-SPL Code Style

Looped Code
Unrolled Code

w Code with
\\ Precomputation

Staging decisions .\\

def f[AL[ |, A2[ |, L1, L2, T]

Data Layout

C99 Complex
Interleaved Complex
Split Complex

C99 Complex
Interleaved Complex
Split Complex

C99 Complex
Interleaved Complex
Split Complex

(x: Vector[Al[ |, T, L1], y: Vector[Al[ |, T, L2]) ..

AST

S ]

o HEEELE

llllﬂ‘g‘

rewrite

Code

31



Benefits

Single Decision Point for Data Layout and Code Style

val sigmaspl = ..
val ¥ = sigmaspl.translate

val input = new LoopedArrayInterleavedComplex )
val output = new LoopedArraySplitComplex

val unrolled code = new UnrolledScalarizedC99Complex >>'
val twiddles = TwiddleComputation] ]

—

val ast = f(input,output,unrolled code,twiddles)



Benefits

Single Decision Point for Data Layout and Code Style

val
val

val
val
val
val

val

sigmaspl = ..

f = sigmaspl.translate

input = new LoopedArrayInterleavedComplex )
output = new LoopedArraySplitComplex

unrolled code = new UnrolledScalarizedC99Complex

twiddles = TwiddleComputation| ]
7

ast = f(input,output,unrolled code,twiddles)

Single Maintenance Point for Translations

def f (x: Vector , y: Vector
for (i <- @ until 2: y.looptype) {

}

x(i*2) + x(i*2+1)
x(i*2) - x(i*2+1)

y(2*1)
y(2*i+1)




Benefits

Single Decision Point for Data Layout and Code Style

val sigmaspl = ..
val ¥ = sigmaspl.translate

val input = new LoopedArrayInterleavedComplex )
val output = new LoopedArraySplitComplex

val unrolled code = new UnrolledScalarizedC99Complex >>'
val twiddles = TwiddleComputation] ]

-

val ast = f(input,output,unrolled code,twiddles)

Single Maintenance Point for Translations

def f (x: Vector , y: Vector
for (i <- @ until 2: y.looptype) {
y(2*1i) x(i*2) + x(i*2+1)
y(2*i+1) x(i*2) - x(i*2+1)
}

}




Benefits

Certain Errors Manifest at Compile Time
DFT(47) has ~16.000 Decomposition
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