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DSLs

A language that captures a domain (not general purpose)
e More concise
e Quicker to write
e Easier to maintain

e Easier to reason about



DSLs

Implementation can be roughly categorized into
e External DSLs

e Internal (Embedded) DSLs
e Shallow Embedding

 Deep Embedding



External DSLs
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Most famous
Older DSLs tend to be external DSLs

Require to design syntax, semantics and
tools for the language

Reinventing the wheel for your own
language (IR optimizations etc.)

Usually only pays off for “large” efforts
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Internal (Embedded DSLs)

» Use (abuse] the parsing infrastructure of the host language
e Limited by it — easier in modern languages

Example: Output:

#include <iostream>

= e -
#include <Eigen/Dense: Here is mat*mat:

718
using namespace Eigen; 15 22
int main()
{ Here is mat*u:
Matrix2d mat; 1
mat << 1, 2, 1
3, 4; .
Vector2d u(-1,1), v(2,0); Here is u"T*mat:
std::cout << "Here is mat*mat:'n" << mat®mat << std::endl; 2 2

std::cout << "Here is mat®*u:'n" << mat*u << std::endl; ) PR
std::cout << "Here is u*T*mat:\n" << u.transpose()*mat << std::endl; Here is u®T*v:
std::cout << "Here is u*T*wv:\n" << u.transpose()}®v << std::endl; -2

std::cout << "Here is u*v"T:\n" << u*v.transpose() << std::endl;
std::cout << "Let's multiply mat by itself"™ << std::endl;

mat = mat*mat; -2 -8
std::cout << "Mow mat is mat:\n" << mat << std::endl; 2 f

Here is u®*vw"T:

Let's multiply mat by itself
Mow mat is mat:

7 18

15 22



Internal (Embedded DSLs)

» Use (abuse] the parsing infrastructure of the host language
e Limited by it — easier in modern languages
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Internal (Embedded DSLs)

» Use (abuse] the parsing infrastructure of the host language
e Limited by it — easier in modern languages

{
("person™ -> "person”: {
("name" -> "Joe") ~ "name”: "Joe",
("age™ -> 35) ~ "age": 35,
("spouse™ -> "spouse": {
("person™ -> "person”: {
("name" -> "Marilyn") ~ E:j> "name": "Marilyn",
("age" -> 33) "age": 33
) }
) }

)
£Scala |



Shallow Embedded DSLs

Syntactic Sugar for a library

Uses (abuses) the syntax of the host language

No external tools required
easy to deploy
"\Z whole program optimization very hard

SprK debugging potentially painful
[e.g. templates]

10



Deep Embedded DSLs

Delite

Feldspar

Creates an IR instead of calling a library
expose IR manipulation to user

Uses (abuses) the syntax of the host language

Infrastructure for handling the IR required
no broad adaptation yet



MATLAB
¥ "SIMULINK
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HTML LC55
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penGL

External DSLs

||||||||||||

Feldspar

Embedded DSLs

12
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def generic_power(b: Double, n: Int): Double = {if(n == 0) else b * generic_power(b,n -1) }



def generic_power(b: Double, n: Int): Double = {if(n ==

def specialized power3(b: Double): Double = { b * b * b }

)

else b * generic_power(b,n -1) }
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def generic_power(b: Double, n: Int): Double = {if(n == 0) else b * generic_power(b,n -1) }

def specialized power3(b: Double): Double = { b * b * b }

def specialized power4(b: Double): Double = { b * b * b * b }
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def generic_power(b: Double, n: Int): Double

def specialized power3(b: Double): Double

def specialized power4(b: Double): Double

def specialized power5(b: Double): Double

= {if(n == 0) else b * generic_power(b,n -1) }

{b*b*b}

{b*b*b*b}

{b*b*b*b*b}
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Staging

def

def

def

def

def

generic_power(b: Double, n: Int): Double

specialized power3(b: Double): Double

specialized power4(b: Double): Double

specialized power5(b: Double): Double

specialized_power_generator(n: Int): Str

def recurse(n: Int): String = if(n == 1)

"def specialized power"+n+"(b: Double):Double ={

= {if(n == 0) else b * generic_power(b,n -1) }
{b*b*b}

{b*b*b*b}

{b*b*b*b*b}

ing ={

" b" else "b * " + recurse(n-1)

+ recurse(n) + " }"
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Staging

def

def

def

def

def

generic_power(b: Double, n: Int): Double

specialized power3(b: Double): Double

specialized power4(b: Double): Double

specialized power5(b: Double): Double

specialized_power_generator(n: Int): Str

def recurse(n: Int): String = if(n == 1)

"def specialized power"+n+"(b: Double):Double ={

println(specialized power_ generator(6))

= {if(n == 0) else b * generic_power(b,n -1) }

{b*b*b}

{b*b*b*b}

{b*b*b*b*b}

ing ={

" b" else "b * " + recurse(n-1)

+ recurse(n) + " }"

14



Staging

def generic_power(b: Double, n: Int): Double = {if(n == 0) else b * generic_power(b,n -1) }

def specialized power3(b: Double): Double = { b * b * b }

def specialized power4(b: Double): Double = { b * b * b * b }

def specialized power5(b: Double): Double = { b * b * b * b * b }
def specialized_power_generator(n: Int): String ={
def recurse(n: Int): String = if(n == 1) " b" else "b * " + recurse(n-1)

"def specialized power"+n+"(b: Double):Double ={ " + recurse(n) + " }"

println(specialized power_ generator(6))

def specialized power6(b: Double):Double ={ b * b * b *b * b * b }

14



Staging

def specialized power _generator(n: Int): String ={

def recurse(n: Int): String = if(n == 1) " b" else "b * " + recurse(n-1)

"def specialized power"+n+"(b: Double):Double ={ + recurse(n) + " }"
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Staging

def specialized power_generator(n: Int): String ={

def recurse(n: Int): String = if(n == 1) " b" else "b * " + recurse(n-1)
"def specialized power"+n+"(b: Double):Double ={ " + recurse(n) + " }"
N Y,

} Y

Target Code (next Stage)

15



Staging

Meta Code (current Stage)

A
r N
def specialized power_generator(n: Int): String ={
def recurse(n: Int): String = if(n == 1) " b" else "b * " + recurse(n-1)
"def specialized power"+n+"(b: Double):Double ={ " + recurse(n) + " }"
N\ J
} '

Meta Code (current Stage)

15



Staging

#ifdef OPTION

#telse

#tendif

y[@] *= OPTION

y[@] *= ©

16



Staging

#ifdef OPTION

y[@] *= OPTION
#else

y[e] *= o

\ J
Y

Target Code (next Stage)

16



Staging

Meta Code (current Stage)

r N
#ifdef OPTION

y[@] *= OPTION
#else

y[@] *= ©
#endif

16



Compiler Assisted Staging

case class Rep[T](i: T){
def * (lhs: Rep[T]): Rep[T] = createGraphNode(this,lhs)
def createGraphNode(x: Rep[T], y: Rep[T]): Rep[T] = ???
}

def staged power(b: Rep[Double], n: Int): Rep[Double] = {
if(n == 1) b else b * staged power(b,n -1)
}

17
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def * (lhs: Rep[T]): Rep[T] = createGraphNode(this,lhs)
def createGraphNode(x: Rep[T], y: Rep[T]): Rep[T] = ??? %0

def staged power(b: Rep[Double], n: Int): Rep[Double] = {
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Compiler Assisted Staging

case class Rep[T](i: T){
def * (lhs: Rep[T]): Rep[T] = createGraphNode(this,lhs)
def createGraphNode(x: Rep[T], y: Rep[T]): Rep[T] = ??? %0

def staged power(b: Rep[Double], n: Int): Rep[Double] = {
if(n == 1) b else b * staged power(b,n -1)

} ~

Target Code (next Stage)

17



Compiler Assisted Staging

case class Rep[T](i: T){
def * (lhs: Rep[T]): Rep[T] = createGraphNode(this,lhs)

def createGraphNode(x: Rep[T], y: Rep[T]): Rep[T] = ??? %0
}
Meta Code (current Stage)
A
s N\

def staged power(b: Rep[Double], n: Int): Rep[Double] = {
if(n == 1) b else b * staged power(b,n -1)

17



Deep DSL Embedding through Staging

abstract class SPL

case class I(n: Int) extends SPL
case class F_2() extends SPL
case class Const(c: SPL) extends Rep[SPL](c)

implicit def SPLtoRep (i: SPL): Rep[SPL] = Const(i)
def tensor(x: Rep[SPL], y: Rep[SPL]): Rep[SPL] = x.createGraphNode(x, y)
def compose(x: Rep[SPL], y: Rep[SPL]): Rep[SPL] = x.createGraphNode(x, y)
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Deep DSL Embedding through Staging

abstract class SPL

case class I(n: Int) extends SPL
case class F_2() extends SPL
case class Const(c: SPL) extends Rep[SPL](c)

implicit def SPLtoRep (i: SPL): Rep[SPL] = Const(i)
def tensor(x: Rep[SPL], y: Rep[SPL]): Rep[SPL] = x.createGraphNode(x, y)
def compose(x: Rep[SPL], y: Rep[SPL]): Rep[SPL] = x.createGraphNode(x, y)

((F_2() tensor I(2)) compose (I(2) tensor F_2()) tensor I(2)) compose (I(4) tensor F_2())

(F2Q@1(2)(I(2) @ F2))®1(2))(1(4) @ F2)

18



Deep DSL Embedding through Staging

Sym(0Q) Syvm(l)
Tensor(Const(F2),Const(I(2))) Tenszor(Const(I(2)),Const(F21))
abstract class SPL x\\\‘ ‘,///
Sym(2)
Compose(Sym(0),Sym(1))
case class I(n: Int) extends SPL l
case class F_2() extends SPL Sym(3) Sym(4)
Tensor(Sym(2),Const(I(2))) Tensor(Const(I(4)),Const(F2))
case class Const(c: SPL) extends Rep[SPL](c) \\\\‘_ ‘f///
Symy3)

Compose(Sym(3),Sym(4))

implicit def SPLtoRep (i: SPL): Rep[SPL] = Const(i)
def tensor(x: Rep[SPL], y: Rep[SPL]): Rep[SPL] = x.createGraphNode(x, y)
def compose(x: Rep[SPL], y: Rep[SPL]): Rep[SPL] = x.createGraphNode(x, y)

((F_2() tensor I(2)) compose (I(2) tensor F_2()) tensor I(2)) compose (I(4) tensor F_2())

(F2Q@1(2)(I(2) @ F2))®1(2))(1(4) @ F2)
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Code Style and Data Layouts

X-SPL Code Style Data Layout

C99 Complex
Interleaved Complex

@ Split Complex

C99 Complex
Interleaved Complex
Split Complex

Looped Code

2
1, (Z S(h;) DFT, GUU)) I:> Unrolled Code

3=0

4

Code with

Precomputation
C99 Complex

Interleaved Complex
Split Complex

4



Code Style and Data Layouts

X-SPL Code Style Data Layout AST
-~
C99 Complex
Interleaved Complex
@ Split Complex
Looped Code = =
2 C99 Complex -4t
T (Z S(h;) DFT, GU?‘;)) I:> Unrolled Code I:> Interleaved Complex > g B
j=0 Split Complex - =
Code with = 3
Precomputation -/(»/ )
% C99 Complex
Interleaved Complex .
Split Complex rewrite



Code Style and Data Layouts

X-SPL Code Style Data Layout AST Code
-~
C99 Complex
Interleaved Complex
@ Split Complex
Looped Code 1
e | C99 Complex = P
™ ZS(};_.}-) DFT, G(h;) I:> Unrolled Code I:> Intgrleaved Complex > > I:> r S r.:
j=0 Split Complex - 4
Code with = 5
Precomputation -/u
% C99 Complex
Interleaved Complex .
Split Complex rewrite

20



Code Style

— Sin
< Sin
— Sin
+— Sin

2

T | Y S(h;) DFT; GUU))

21



Code Style

2
ﬂﬁ(E:SWﬂIWTEGmﬂ

3=0

e
<«—— Sin

Y :
o Te——
— Sin O

Looped
for (int i=0;i < 2;i++) {
y[i*2] = x[i*2] + x[i*2+1];
y[i*2+1] = x[i*2] - x[i*2+1];
}

for (int i=0;i < 4;i++) {
y[i] = y[i] * sin(PI/4*(i+2));
}



Code Style

Looped
for (int 1=0;i < 2;i++) {
y[i*2] = x[i*2] + x[i*2+1];

y[i*2+1] = x[i*2] - x[i*2+1];
}
for (int i=0;i < 4;i++) {

y[i] = y[i] * sin(PI/4*(i+2));
}

2

" (Z S(h;) DFT, G(fzj))

7=0

=
<+— Sin O
— Sin 7
— Sin O
Unrolled
y[@] = x[0] + x[1];
y[1] = x[0] - x[1];
y[2] = x[2] + x[3];
y[3] = x[2] - x[3];
y[@] = y[@] * sin(PI/4*(2));
y[1] = y[1] * sin(PI/4*(3));
y[2] = y[2] * sin(PI/4*(4));
y[3] = y[3] * sin(PI/4*(5));

21



Code Style

Looped
for (int i=0;i < 2;i++) {
y[i*2] = x[i*2] + x[i*2+1];

y[i*2+1] ; x[1*2] - x[i*2+1];
}
for (int i=0;i < 4;i++) {

y[i] = y[i] * sin(PI/4*(i+2));
¥

2

7=0

™ (Z S(h,;)DFT, G(h; ))

=
Sin O
— Sin 7
— Sin O
Unrolled
y[e] = x[e] + x[1];
y[1] = x[e] - x[1];
y[2] = x[2] + x[3];
y[3] = x[2] - x[3];
y[0] = y[@] * sin(PI/4*(2));
y[1] = y[1] * sin(PI/4*(3));
y[2] = y[2] * sin(PI/4*(4));
y[3] = y[3] * sin(PI/4*(5));

Scalarized and Precomputed
x[0]
x[0]
x[2]
x[2]

to
t1

to
t1
t2
t3

=+

1+

* ¥ % %

x[1];
x[1];
x[3];
x[3];



Data Layout

2
T, (Z S(h;) DFT; G(h:;))

3=0

— Sin
«— Sin
y — Sin
— Sin

Array of Double

for (int i=0;i < 2;i++) {
y[i*2] x[1i*2] + x[1i*2+1];
y[i*2+1] x[1*2] - x[i*2+1];

}

22



Data Layout

2
77 | Y S(h;) DFT, G(hy)
3=0
— Sin A:Y
«— Sin

Y :
o Te——
— Sin O

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



Data Layout

2
T | Y S(h;) DFT2 G(h;)
j=0
=
«— Sin
y N\ X
D
<4+—— Sin O
Array of Double Interleaved Complex Split Complex
for (int i=0;i < 2;i++) { for (int i=0;i < 2;i++) { for (int i=0;i < 2;i++) {
y[i*2] = x[1*2] + x[i*2+1]; y[i*4] = x[i*4] + X[1*4+2]; //real ry[1*2] = rx[1i*2] + rx[i*2+1];
y[i*2+1] = x[i*2] - x[i*2+1]; y[i*4+1] = x[i*4+1] + x[i*4+3]; //complex ry[i*2+41] = rx[i*2] - rx[i*2+1];
}
y[i*4+2] = x[i*4] - x[i*4+2]; //real iy[i*2] = ix[i*2] + ix[i*2+1];
y[i*4+3] = x[i*4+1] - x[i*4+43]; //complex iy[i*2+41] = ix[i*2] - ix[i*2+1];
} }
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Code Style and Data Layouts

2-SPL Code Style Data Layout AST Code

C99 Complex
Interleaved Complex

@ Split Complex

C99 Complex
Interleaved Complex >~
Split Complex

Looped Code

2
Ty, (Z S(h;) DFT, GU?,«;)) I:> Unrolled Code

§
)

3=0

Code with

Precomputation =/(~>
C99 Complex

Interleaved Complex
Split Complex

4

rewrite
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Code Style and Data Layouts

2-SPL Code Style

Looped Code

2
T, (Z S(h;) DFT; G(h,f)) =) Unrolled Code

7=0
Code with
Precomputation

How to build this?
Option 1: “Do it yourself”
Option 2: C++ Meta programming
Option 3: Staging in Scala

{4

4

Data Layout

C99 Complex
Interleaved Complex
Split Complex

C99 Complex
Interleaved Complex
Split Complex

C99 Complex
Interleaved Complex
Split Complex

AST

-

D

rewrite

o

Code
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Option 1: "Do it yourself”

X-SPL

3=0

2
T3, (Z S(h;) DET; G(hy)

rewrites

Code Style

Looped Code
Unrolled Code

Code with
Precomputation

rewrites

Data Layout

C99 Complex
Interleaved Complex
Split Complex

C99 Complex
Interleaved Complex
Split Complex

C99 Complex
Interleaved Complex
Split Complex

AST

Code
=
- &
= SO
& E> i ‘Q‘
= /QO
rewrite
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Option 1: "Do it yourself”

2-SPL Code Style Data Layout

C99 Complex
Interleaved Complex
Split Complex

Looped Code
C99 Complex
) Unrolled Code Interleaved Complex
Split Complex

3=0

2
T3, (Z S(h;) DET; G(hy)

Code with

Precomputation
C99 Complex

Interleaved Complex
Split Complex

Rewrite Engine from Scratch
Large Implementation and Maintenance Effort
Little Reuse between “Backends”

AST

-

D

rewrite

o

Code

o~
: A

\ﬁ%



Option 2: C++ Meta Programming

2-SPL Code Style Data Layout AST Code

A 4

C99 Complex
Interleaved Complex

C ++ Meta Program Split Complex
Looped Code
2 C99 Complex s
T ZS(&_.}-) DFT, G(h;) Unrolled Code Interleaved Complex > 1
j=0 Split Complex

Code with

Precomputation
C99 Complex

Interleaved Complex

femplate 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<@>{ enum { value = 0 }; };
template <>
struct Fibonacci<1>{ enum { value =1 }; };
template <>
struct Fibonacci<2>{ enum { value =1 }; };
int main() int main()
{ Template Instantiation {
cout << x << endl; cout << x << endl;
} }

26



C++ Template Meta Programming

auto bodyl [&] (const int& i) {
y[i*2] = x[1*2] + x[1*2+1];

\\\—\‘ y[1*2+1] = x[1i*2] - x[i*2+1];
¥

C ++ Meta Program for(int 1 = @; i < 2; i+= UnrollFact) {
unroller( bodyl, i, uint_<UnrollFact - 1 >());
}
auto body2 = [&](const int& i) {
Looped Code #ifdef PRECOMPUTE
y[@] *= sin ct(M PI/4*(i+2));
#else
Unrolled Code y[@] *= sin(M_PI/4*(i+2));
#endif
¥
for(int i = @; 1 < 4; i+= UnrollFact) {
unroller( body2, i, uint_<UnrollFact - 1>() );
}

2
ﬁﬂ(E:SWﬂfquGmﬂ

3=0

Code with Precomputation

<Templates not shown>
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C++ Template Meta Programming

=<
Sin /Y
N\
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C++ Template Meta Programming

e
V)
FFT
N\
Y
T £
N\

X



C++ Template Meta Programming

e
V)
FFT
y N\ X
T £
N\

https://qgithub.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



Option 2: C++ Meta Programming

2-SPL Code Style Data Layout AST Code

A 4

C99 Complex
Interleaved Complex

C ++ Meta Program Split Complex
Looped Code
2 C99 Complex s
T ZS(&_.}-) DFT, G(h;) Unrolled Code Interleaved Complex > 1
j=0 Split Complex

Code with

Precomputation
C99 Complex

Interleaved Complex

femplate Split Complex

Instantiation
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Option 2: C++ Meta Programming

2-SPL Code Style

C ++ Meta Program
/ Looped Code
2
77 | > S(h;) DET, G(hy) Unrolled Cod
j=0
Code with
Precomputat

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

A 4

e

lon

Template
Instantiation

Data Layout

C99 Complex
Interleaved Complex
Split Complex

C99 Complex
Interleaved Complex
Split Complex

C99 Complex
Interleaved Complex
Split Complex

AST

Code

29



Option 3: Staging in Scala

2-SPL Code Style Data Layout

A 4

C99 Complex
Interleaved Complex

Scala Staging Program Split Complex
Looped Code
5 C99 Complex
" ZS(I;_.}-) DFT, G(h;) Unrolled Code Interleaved Complex
j=0 Split Complex

Code with

Precomputation
C99 Complex

Interleaved Complex

Staging decisions Split Complex

AST

rewrite

Code
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Staging Applied to the Running Example
def fizr:‘ ,?ri‘r'i)_/[@ unggtfb;(; %, y: Array| Double]]) ={ ‘:Y

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

y

V(2¥i+1) = x(i*2) - x(i*2+1) 7
} O
N\

1
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Staging Applied to the Running Example

def f(x: Array|[ Double]], y: Array| 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)

}
1




Staging Applied to the Running Example

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




Staging Applied to the Running Example

def f(x: Array|[ Double]], y: Array| Double]]) ={
for (i <- @ until 2) {
i=0 y(2*1i) = x(i*2) + x(i*2+1)
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Staging Applied to the Running Example

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

Array.apply(i: Int): T




Staging Applied to the Running Example

def f(x: Array|[ Double]], y: Array| Double]]) ={
for (i <- @ until 2) {
i=0 y(2*1i) = x(i*2) + x(i*2+1)
W_/
Array.apply(i: Int): T

Double




Staging Applied to the Running Example

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

Double Double] + Double
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Staging Applied to the Running Example

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

Double Double] + Double
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Staging Applied to the Running Example

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

Double Double] + Double
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How to add two “Reps”?




Staging Applied to the Running Example

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

Double Double] + Double
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|

How to add two “Reps”?

Implementation in Lightweight Modular Staging Library




Staging Applied to the Running Example

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

Double Double] + 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*¥1) = 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) {
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) {
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)
}
}

31



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

31



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@ - s1;
t2 = s2 + s3;
t2 = s2 - s3;

(e ® e ® ] _§




Staging Applied to the Running Example

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

t0 = s@ + s1;
tl s - sl;
t2 s2 + s3;
t2 = s2 - s3;
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y | e | Cerihey | R | pemivee




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 :: 0os)) => 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@, odd@) = 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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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@, odd@) = splitEvenOdd(xs)
val (evenl, oddl) = (fft(eveno), fft(odde))
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 omega(k: Int, N: Int): Complex = {
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case class Complex(re: Double/, im: Double]) {
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match {
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val (es, os) = splitEvenOdd(xt) ((e :: es), (o :: 0s))
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}
def mergeEvenOdd[T](even: List[T], odd: List[T]): List[T] =
((even, odd): @unchecked) match {
case (Nil, Nil) => Nil
case ((e :: es), (o :: 0os)) => 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@, oddo) = splitEvenOdd(xs)
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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 + Xx26;
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[0] = 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, ©.3826834323650898, 0.7071067811865476, 0.923!
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Staging

Selective

trait FFT {...

Double, im: Double) ==l Scala FFT Function

case class Complex(re:

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

trait FFT {...
def fft(..)
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case class Complex(re:

def fft(..)

case class Complex(re:

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

anm i iEEEEYE L i) i
mmmmmﬂmmﬂ T i i
& i il Y 6 G G B i i

n —
2 (IS | B ey
Q ALLLULLLLLE UL L LALLI
S RN pRijasnaa 00 0 B0
n” U T R e W R R T TTITTTIT I
w 0000 GBED NeRENGBRERRNNS B9
L QUREARGRNNENNG  poBRERpORGRBANEAGES
S UOBEENNNARNN, 0000R0RNNEN BRENNNN
S 80800080800000808000808080068800
h\u I b
—
I
)
—
e
>
o)
(=]
-~
)
1L
b LN
> S
o o
o
[
= )
or ~ —
b Ne)
(Y u
) .o o
— S o
e -
>
(@) )
()] ~

case class Complex(re:

def fft(..)

case class Complex(re:

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

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

trait FFT {...
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Staging

Selective

trait FFT {...

~O
™

A [ i N EE bl £ i
wmmmmmmmﬂ I I I P i 1}
L L Gll W 6 G G G & G i B

-
2 (JRCISS || R B B
Q DEONEENEEDENNNNN00 BR 0 B0 B
S LR LT T R R R
n” LT T i P R T TTLTTTT R
w 0060 O6E0  NOBRNGRNAGRNNS 40
L RORRANARNARANND  RARREDRRANNRNRNNAS
S UOBEENNNARNN, 0000R0RNNEN BRENNNN
S 808000060006860800008000080000800
h\u I :
—
I
)
—
e
>
o)
(=]
N
)
1L
b LN
> S
o o
@)
[
S )
o ~ —
~ Ko
) >
) . o)
— = 0o
Ne) -
>
(@) )
(] ~

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

A 4

C99 Complex
Interleaved Complex

Scala Staging Program Split Complex
Looped Code
5 C99 Complex
" ZS(I;_.}-) DFT, G(h;) Unrolled Code Interleaved Complex
j=0 Split Complex

Code with

Precomputation
C99 Complex

Interleaved Complex

Staging decisions Split Complex

AST

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)

}

y(2*i+l) = x(i*2)

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

@

y t0 = Plus(s@,s1)

Scalars only
Unrolled

- |

sO + sl;
s - sl;
s2 + s3;
t2 = s2 - s3;

38



Code Style: Arrays

def f(x: Array[Double]], y: Array[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)
}
}



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)
——

Rep[...].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)
——

Rep[...].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)
——

Rep[...].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?

39



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,9) t1l = apply(x,1)

39



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,9) t1l = apply(x,1)

t2 = Plus(t@,t1)

39



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?

t0 = apply(x,0) t1 = apply(x,1)

t2 = Plus(t@,t1)

update(y,0)

39



Code Style: Arrays

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

t2 = Plus(t@,t1)

update(y,0)

39



Code Style: Arrays

def f(x: Rep[Array[Double]], y: Rep[Array[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 = apply(x,0) t1 = apply(x,1)

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

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

39



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

t0 = apply(x,0) t1 = 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)

39



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

t0 = apply(x,0) t1 = 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)

39



Code Style: Arrays

def f(x: Rep[Array[Double]], y: Rep[Array[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 = apply(x,0) t1 = apply(x,1) t4 = apply(x,2)

t2 = Plus(t@,t1)

t3 = Minus(te,t1)

t6 = Plus(t4,t5)

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

to = x[0];
t1 = x[1];
t2 = to + t1;
y[e] = t2;
t3 = to - t1;
y[1l] = t3;
t4 = x[0];
t5 = x[1];

t6 = t4 + Xx5;

t5 = apply(x,3)

t7 = Minus(t4,t5)

update(y,3)

39



Code Style: Loops & Arrays

def f(x:

}

}

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

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

Array[Double]]) ={
Range]) {

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

x(i*2)

- x(i*2+1)



Code Style: Loops & Arrays

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



Code Style: Loops & Arrays

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

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]) {

~__ -
T~

How to apply on a Rep?

Loop(i, @, 2)

40



Code Style: Loops & Arrays

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

~__ -
T~

How to apply on a Rep?

Loop(i, @, 2) ‘

40



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) ‘



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

Loop(i, @, 2) ‘

40



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

0

Block bo




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

}

Block bo

t0 = apply(x,i)

tl = apply(x,i+1)

‘///’

Loop
Body

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

t0 = apply(x,i) - t1 = apply(x,i+l)

t2 = Plus(to,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*1i) = x(i*2) + x(i*2+1) Loop
y(2*i+1) = x(i*2) - x(i*2+1) :} Body
}
}

t0 = apply(x,i) " t1 = apply(x,i+l)
t2 = Plus(to,t1) ’

update(y,i,t2)

Block bo




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

Block bo
gl
t0 = apply(x,1i) t1 = apply(x,i+l)
‘.:<
t2 = Plus(te,t1) t3 = Minus(t@,t1)

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

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

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

Block bo
gl
t0 = apply(x,1i) t1 = apply(x,i+l)
‘.:<
t2 = Plus(te,t1) t3 = Minus(t@,t1)

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

I

=




Code Styl

e: 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

gl
t0 = apply(x,1i) t1 = apply(x,i+l)
‘.:<
t2 = Plus(to,t1)

update(y,i,t2)

t3 = Minus(t@,t1)

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

I

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

{

t0 = x[1i];
tl = x[i+1];
t2 = t0 + t1;
y[i] = t2;
t3 = t9 - t1;
y[i+1l] = t3;

- |

40



Abstraction over Code Types



Abstraction

over Code Types

Unrolled, scalarized

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

for (i <- @ until 2) {

5 = x(i® i+
V(z'le = ‘(f_z) . *{?_g*? te = s@ + s1;
y(2*i+l) = x(i*2) - x{i*2+1) Tl = 5@ - s1;
} t2 = 52 + 53;
} t2 = 52 - s53;
Scalars only
Unrolled
X s1 | 52 l 3 | 54 |
L= = = =
Y | th = Plus(sd,s1) | t1 = Minus(s,s1) | 12 = Plus(s2,s3) | t3 = Mimes(s2,s3) |

41



Abstraction over Code Types

Unrolled, scalarized

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

y(2:+] = x(%:2) * x{%:2+1j oo e ol
y(2*i+1) = x(i*2) - x(i*2+1) t1 = 50 - s1;
} t2 = 52 + 53;
} t2 = 52 - s53;
Scalars only
Unrolled
s1 52 l 3 54 |
i = i i
7 =
12 = Plus(sd,s!

—aF
t1 = Minus{sd,s1)

—F
3 = Minas(s2,s3)

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

for (i <- @ until 2) {
y(2*i)

y(2*iv1)

Unrolled, Arrays

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

x(i*2)

- x(i*2+1)

-+
-
wounon

x[e];
®[1];
te + t1;
= t2;
1o - t1;
= t3;

41



Abstraction over Code Types

Looped, Arrays

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

%x(1*2) + x(i*2+1) 7 Lloop
w(i*2) - x(i*2+1) | Body

for (int i=6;i < 2;i++)
{

te = x[i];
t1 = x[i+1];
t2 = 1@ + t1;
- x y[i] = t2;
’ t3 = te - t1;
y[i+1] = t3;

Block b@

Unrolled, scalarized

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

for (i <- @ until 2) {

yi2*1) = x(i*2) + x(i*2+1) -
y(2°4+1) = x(i*2) - x(i*2+1) e

t2

} t2

58
5@
52
52

[

s1;
s1;
53;
s3;

Scalars only
Unrolled

o L=
t1 = Minus{s8,s1) t2 = Plus{s2,s3)

—F
3 = Minas(s2,s3)

Unrolled, 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+l) = x(i*2) - x(i*2+1)

i=1

= apply(x.3}

3 = soplylx, )

" —F
t2 = Plus(ts, 1) 3 = Mismite, 1) 6« Plunitd,es) &7 = Minus(ts,t8)

*

update(y, ) updately,2} upsately,3)
- o e

-+
-
wounon

-
wn
wowon

=
¥I3]

x[8];
x[1];
te + t1;

1o - t1;

41



Abstraction

Looped, Arrays

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

1
I}

for (int i=6;i < 2;i++)

{
te = x[i];
Looptl, #, 7) A t1 = x[i+1];
A0 t2 = 1@ + t1;
- ——{ = y[i] = t2;
Block b@ T R t3 = t@ - t1;
SO y[i+1) = t3;

def f

for (i <- @ until 2:

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

)

over Code Types

Unrolled, scalarized

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

: . . @ = 58 + s1;
y(2*i+1) = x(i*2) - x(i*2+1) 1 = =0 - 51
} t2 = 52 + 53;
¥ t2 = 52 - s53;
Scalars only
Unrolled
s s1 | 52 l 53 | 4 |
i T e e = I
— —— — =
¥ [ th = Plus(sd,s1) | t1 = Minus(sd,s1) | t2 = Plus{s2,s3) | t3 = Mines(s2,53) |

(looptype: L, x: Array Y

Range|) {
= x(i*2) + x(i*2+1)
x(i*2) - x(i*2+1)

Unrolled, Arrays

def fy(x: Rep[Array[Double]], y: Rep[Array[Double]]) ={
for (i <- @ until 2) {
y(2*i) ®(i%2) + x(i*2+1)
y(2%i+1) = x(i*2) - x(i*2+1) {g”] :at?'t1-
} ! y[1] = t3;
ta = x[e];
t5 = x[1];
t6 = t4 + x5;
y[e] = t6;
t7 = t4 - x5;
y[3] = t7;

ta = x[e];
t1 = x[1];
- t2 =t + ti;

1

8 = applyix,0) ey

T
*2 = Plus(te, 1)

* *
update(y, ) wpdately, 1}
~- = -

Array )

1l
~

41



Abstraction

Looped, Arrays

def f,(x: Rep[array[Double]], y: Rep[Array[Double]]) ={
for (i <- @ until 2: Rep[Range]) {
y(2*1) = x(i*2) + x(i*2+1) O loop
y(2*i+1) = x(i*2) - x(i*2+1) J Body
1
I

for (int i=6;i < 2;i++)

{
@ = x[i];
t1 = x[i+1];
t2 = to + t1;

— y[i] = t2;
- — t3 = te - t1;
yli+1] = t3;
}

Block b@

f3(

Array[Double] |,
Array[Double]

def f

for (i <- @ until 2:

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

)

over Code Types

Unrolled, scalarized

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

: . . 16 = 5@ + s1;
y(2%i+1) = x(i*2) - x(i*2+1)

tl = 5@ - s1;
} t2 = 52 + 53;
¥ t2 = 52 - s53;

Scalars only
Unrolled

(looptype: L, x:
Range|) {
= x(i*2) + x(i*2+1)
x(i*2) - x(i*2+1)

Array > Y

Unrolled, Arrays

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

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

Array )

1l
~

te = x[0];
t1 = x[1];
t2 = te + t1;
y[@] = t2;
t2 = te - t1;
y[1] = t3;
ta = x[e];
5 = x[1];
t6 = t4 + x5;
y[e] = t6;

t7 = t4 - x5;

y[3] = t7;

41



Abstraction over Code Types

Looped, Arrays Unrolled, scalarized Unrolled, Arrays

def F5(x: l?cp[&rr‘av[llj?uble].'_,_y: Rep[array[Double]]) ={ def fi(x: arr'ay[ﬁeu[[.)oublelj, y: Array[Rep[Double]]) ={ def fa(x: Rep[Array[bouble]], y: Rep[Array[Double]]) ={ t9 = X[ﬂ]%
for (i <- @ until Z: Rep[Range]) { for {:ll(- ] unt:!.]. 2y { ) for (i <- © until 2) { t1 = x[1];
y(2*1) = x(1*2) + x(i*2+1) '1__ Loop v(2*i}) = x(i*2) + x(i*2+1) 10 = @ + s1: y(2H) = x(i%2) + x(i*241) t2 = t@ + t1;
y(2*i+1) = x(i*2) - x(i*2#1) J Body y(2*9+1) = x(i*2) - x(i*2+1) oo e Vezeis) = x(i%2) - x(i%291) yle] = t2;
} } 2 = 52 + $3; i=1 1 3= te - 11
1 _ = y[1] = t3;
t2 = 52 - s3; } t4 = x[e];
for (int i=6;i < 2;i++) = H
« ! ’ t5 = x[1];
t6 = t4 5;
te = x[i]; acalalrls znlyI o tz;x ;
£ = x[inl; frote 17 = t4 - x5;
| t2 = to + t1; Y031 = 17;
i A i y[i] = £2; P
Block b@ S f | t3 = te - t1; s
e — v -~ 1217 - +a= B = - = — 2 — e
= — ff o pp—— y[i+1] = t3; X ’I | A l > | i | T - applyix,8) - amlytx, e = seplyla,2) | 15 = apply(x,} »
— } | — — o [: " j
R e f— - — —
[ | s = mnuse ‘- —aF =& t3 u Plus(ts, t1) 3w Mimen (e, 11} o« Plunitd, 8] £7 u Minus(td,t5]
{ ¥ [ b = Plus(sd, | 1 = Minus(sd,s1) | 2 = Plus(s2,s3) | Mimus (52,53 | 1
[ ] ! }
¥ aly, i1 pdate(y, 8} vpdate(y, 1 pdateir,} weate(y, )
e s =

f3(

Array[Double] |,
Array[Double]

1l
~

def f (looptype: L, x: A[Array , Yy: AlArray )
for (i <- @ until 2: Range|) {
y(2*i) = x(i*2) + x(i*2+1)
y(2*¥i+1l)= x(i*2) - x(i*2+1)

}}
type NoRep[T] =T



Abstraction over Code Types

Looped, Arrays Unrolled, scalarized Unrolled, Arrays

def F5(x: l?cp[&rr‘av[llj?uble].'_,_y: Rep[array[Double]]) ={ def fi(x: arr'ay[ﬁeu[[.)oublelj, y: Array[Rep[Double]]) ={ def fa(x: Rep[Array[bouble]], y: Rep[Array[Double]]) ={ t9 = X[ﬂ]%
for (i <- @ until 2: Rep[Range]) { for {:ll(- ] unt:!.]. 2y { ) for (i <- © until 2) { t1 = x[1];
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, NoRep,
Array[Double] |, Array[Double] |,
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1l
~

def f (looptype: L, x: A[Array , Yy: AlArray )
for (i <- @ until 2: Range|) {
y(2*i) = x(i*2) + x(i*2+1)
y(2*¥i+1l)= x(i*2) - x(i*2+1)
3}

type NoRep[T] =T



Abstraction over Code Types

Unrolled, scalarized

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

Looped, Arrays

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

for (i <- @ until 2: Rep[Range]) { for (i <- @ until 2) {
y(2*i) = x(§'2] + x(i*2+1) | Loop y(g-_:lJ = x(::L'2) + x{::L‘2+1J Do D6 o
§ y(2*i+1) = x(i*2) - x(i*2+1) J Body y(2*i+1) = x(i*2) - x(i*2+1) = 20 - ot
¥ t2 = 52 + 53;
¥ t2 = 52 - s53;
for t i=8;i < 2 )
( te = x[i]; Scalars only
H
TR 1 t1 = x[i+1]; Unrolled
2y t2 = te + t1;
- - T, II - ¥l ] = t2;
Block b@ ) f LA t3 = te - t1;
,..‘.(Y.A._ 4—';*_\,1_ — v[is1] = t3: [ | = l | |
" —~— e el o -
— t i
Y / T
dasire,ea) | | 3 - minus(n [ 7 | =& | = | &
f ¥ Minus{s
Ty I
¥ updataly, i=1 -
— =4

fa( f3(

, NoRep,
Array[Double] |, NoRep[Array[
Array[Double] NoRep[Array|[

) )

def f

Double|]],
Double | ]]

(looptype: L, x:
for (i <- @ until 2: Range|) {
y(2*i) = x(i*2) + x(i*2+1)
y(2*¥i+1l)= x(i*2) - x(i*2+1)

3}

type NoRep[T] =T

11111111111111

Array , y: AlArray )

Unrolled, Arrays

te = x[0];
t1 = x[1];
a4 t2 =t + t1;
 oae) yle] = t2;
t3 = t@ - t1;
y[1] = t3;
ta = x[e];
5 = x[1];
t6 = t4 + x5;
y[8] = t6;
t7 = t4 - x5;
y[3] = t7;

f3(

NoRep,
Array[Double] |,
Array[Double]

1l
~
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Abstraction over Code Types

Unrolled, scalarized

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

Looped, Arrays

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

for (i <- @ until 2: Rep[Range]) { for (i <- @ until 2) {
y(2*i) = x(§'2] + x(i*2+1) | Loop y(g-_:lJ = x(::L'2) + x{::L‘2+1J Do D6 o
§ y(2*i+1) = x(i*2) - x(i*2+1) J Body y(2*i+1) = x(i*2) - x(i*2+1) = 20 - ot
¥ t2 = 52 + 53;
¥ t2 = 52 - s53;
for t i=8;i < 2 )
( te = x[i]; Scalars only
H
TR 1 t1 = x[i+1]; Unrolled
2y t2 = te + t1;
- - T, II - ¥l ] = t2;
Block b@ ) f LA t3 = te - t1;
,..‘.(Y.A._ 4—';*_\,1_ — v[is1] = t3: [ | = l | |
" —~— e el o -
— t i
Y / T
dasire,ea) | | 3 - minus(n [ 7 | =& | = | &
f ¥ Minus{s
Ty I
¥ updataly, i=1 -
— =4

fa( f3(

, NoRep,
Array[Double] |, NoRep[Array[
Array[Double] NoRep[Array|[

) )

def f

Double|]],
Double | ]]

(looptype: L, x:
for (i <- @ until 2: Range|) {
y(2*i) = x(i*2) + x(i*2+1)
y(2*¥i+1l)= x(i*2) - x(i*2+1)

3}

type NoRep[T] =T

11111111111111

Array , y: AlArray )

Unrolled, Arrays

te = x[0];
t1 = x[1];
a4 t2 =t + t1;
 oae) yle] = t2;
t3 = t@ - t1;
y[1] = t3;
ta = x[e];
5 = x[1];
t6 = t4 + x5;
y[8] = t6;
t7 = t4 - x5;
y[3] = t7;

f3(

NoRep,
Array[Double] |,
Array[Double]

1l
~
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Option 3: Staging in Scala

2-SPL Code Style Data Layout

A 4

C99 Complex
Interleaved Complex

Scala Staging Program Split Complex
Looped Code
5 C99 Complex
" ZS(I;_.}-) DFT, G(h;) Unrolled Code Interleaved Complex
j=0 Split Complex

Code with

Precomputation
C99 Complex

Interleaved Complex

Staging decisions Split Complex

AST

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
.
*
L
.
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)

}
N W,
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)

} }



Abstraction over Data Layout

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

}
N W,
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 W,
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(0)

}
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|[ ] A
val data:
extends @ def apply (i: Int]): = data(i)
class Vector { 3“‘ def update (i: Int], y: ) = { data(i) =y }
type looptype = o }

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



Abstraction over Data Layout

class LoopedArray extends Vector|[ ] A
val data:
extends w def apply (i: Int]): = data(i)
Slrae Vieesar { ca’ def update (i: Int], y: ) = { data(i) =y }
type looptype = o }
def apply (i: Int]): 6.
def update (i: A[Int], y: T) %n‘ class UnrolledScalar extends Vector [ NoRep] {
} ‘., val data: Array| ]
extends "4 def apply (i: Int):
def update (i: Int, y: )

¥



Abstraction over Data Layout

class LoopedArray extends Vector|[ ] A
val data:
extends w def apply (i: Int]): = data(i)
class Vector { 3“‘ def update (i: Int], y: ) = { data(i) =y }
type looptype = ’a“ }
def apply (i: Int]): ..
def update (i: A[Int], y: T) %n‘ class UnrolledScalar extends Vector [ NoRep] {
} ‘., 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*¥i) = x(i*2) + x(i*2+1)
y(2*¥i+1) = x(i*2) - x(i*2+1)
}
}
val x = new LoopedArray
val y = new UnrolledScalar

f(x,y)



Abstraction over Data Layout

class LoopedArray extends Vector|[ ] A
val data:
extends w def apply (i: Int]): = data(i)
class Vector { 3“‘ def update (i: Int], y: ) = { data(i) =y }
type looptype = ’v“ }
def apply (i: Int]): ..
def update (i: A[Int], y: T) xu‘ class UnrolledScalar extends Vector [ NoRep] {
} ‘., 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*¥i) = x(i*2) + x(i*2+1)
y(2*¥i+1) = x(i*2) - x(i*2+1) °
}
}
val x = new LoopedArray
val y = new UnrolledScalar

f(x,y)



Abstraction over Data Layout

class Vector {
type looptype =

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

}

def f

)

class LoopedArray extends Vector|[
val data:

extends w def apply (i: Int]):
o def update (i: Int], y:
)
%u. class UnrolledScalar extends Vector [
;%, val data: Array[ ]
extends ‘4 def apply (i: Int):
def update (i: Int, y: )
}
(x: Vector , y: Vector

for (i <- © until 2: y.looptype) {

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

}

val x
val y

f(x,y)

new LoopedArray
new UnrolledScalar

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 w def apply (i: Rep[Int]): Rep[Double] = data(i)
class Vector[A] 1, T, LI{ ,“‘ def update (i: Rep[Int], y: Rep[Double]) = { data(i) =y }

type looptype = L o }
def apply (i: A[Int]): T 6.
def update (i: A[Int], y: T) x%; class UnrolledScalar extends Vector [NoRep, Rep[Double], NoRep] {
¥ *s,, val data: Array[Rep[Double]]
extends ‘&

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

def f[A1[ |, A2[ |, L1, L2, T] (x: Vector[Al[ |, T, L1], y: Vector[Al[ |, T, L2]) ={
for (i <- © until 2: y.looptype) {
y(2*¥i) = x(i*2) + x(i*2+1)
y(2*¥i+1l) = x(i*2) - x(i*2+1)
}

} t0 = apply(x,0) t1 = 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 w def apply (i: Rep[Int]): Rep[Double] = data(i)
class Vector[A] 1, T, LI{ ,“‘ def update (i: Rep[Int], y: Rep[Double]) = { data(i) =y }

type looptype = L o }
def apply (i: A[Int]): T R
def update (i: A[Int], y: T) class UnrolledScalar extends Vector [NoRep, Rep[Double], NoRep] {

¥ ;I..‘ val data: Array[Rep[Double]]
extends 4 - jef apply (i: Int): Rep[Double]

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

def f[A1[ |, A2[ |, L1, L2, T] (x: Vector[Al[ |, T, L1], y: Vector[Al[ |, T, L2]) ={
for (i <- © until 2: y.looptype) {

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) t1 = apply(x,1)
val x = new LoopedArray ﬁ
val y = new UnrolledScalar y £2 = Pus (e, tL)

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)
class Vector[A[ ], T, LI{ o def update (i: Rep[Int], y: Rep[Double]) = { data(i) =y }
type looptype = L R }
def apply (i: A[Int]): T ‘,
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[A1[ |, A2[ |, L1, L2, T] (x: Vector[Al[ |, T, L1], y: Vector[Al[ |, T, L2]) ={
for (i <- © until 2: y.looptype) {
y(2*¥i) = x(i*2) + x(i*2+1)
y(2*¥i+1l) = x(i*2) - x(i*2+1)
}

} te = apply(x,9) tl = apply(x,1) t4 = apply(x,2) t5 = apply(x,3)
val x

e L e v | e Pt
val y = new UnrolledScalar £2 = Plus(to,t1) £6 = Plus(t4,t5)

f(x,y) 44



Abstraction over Data Layout

class LoopedArray extends Vector|[ ] A
val data:
extends w def apply (i: Int]): = data(i)
class Vector { ’."‘ def update (i: Int], y: ) = { data(i) =y }
type looptype = "a’ }
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):
~ def update (i: Int, y: )
“‘ }
extends
‘\‘ class StagedTree extends Vector [ NoRep] A
“‘ 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

3=0

2
™ (Z S(h;) DFT, G(h; ))

iy 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[ALl[ |, T, L2]) ..

AST

rewrite

Code

46



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 sigmaspl = ..
val ¥ = sigmaspl.translate

val input = new LoopedArrayInterleavedComplex )
val output = new LoopedArraySplitComplex

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

7
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*1) x(i*2) + x(i*2+1)
y(2*i+1l) = x(i*2) - x(i*2+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*1) x(i*2) + x(i*2+1)
y(2*i+1l) = x(i*2) - x(i*2+1)
}
}




Benefits

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