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TAKAYUKI KANDO*

Although much various optimization technologies are studied now, including all these op-
timization technologies, especially highly problem dependent optimizations bloats code size
of compiler too much. One approach is the following: the optimizations build into a part of
component library the solution instead of build into compiler itsself, which is able to realize
with meta-programming technique. But including the optimizations in a library in this way,
there is a problem how to reflect the difference in execution environment. This problem is
dealt with introducing parameters for optimization, profiling trial execution in an execution
environment, and looking for a suitable parameter value. In this presentation, FFT is taken
for the example, and we describe memory hierarchy conscious optimization for FFT, which
is implemented in meta-programming technique, and adaptive optimization based on execu-
tion time profiling. Our method consists of three steps. Stepl: They are some FFT code
generation (ex. unrolling of a loop, static evaluation of a trigonometric-functions value) for
each small constant size data used as a kernel. Step2: Execution time measurement of the
kernel for every size generated in the preceding step. Step3: Generation of the final FFT
code by selection and composition of the kernel based on the measurement results. C++
template meta-programming technique was used in Step 1 and Step3. The above method and
its evaluation are reported.
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template<typename Float>
struct complex
{
//Float is type parameter
Float re;

Float im;

complex(Float real, Float imaginary)
: re(real), im(imaginary) {;}
3
template<typename Float>
complex<Float> operator+(complex<Float> a
, complex<Float> b)

{return(a.re + b.re, a.im + b.im);}
01 000oO0ooocooooooooag

Fig.1 Generic complex number class sample.
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//Generic version
template<int N>
struct Factorial
{
typedef Factorial<N-1> Recursion;
static const int result
= n * Recursion::result;
};
//Special version for N == 1
template<>
struct Factorial<1>
{static const int result = 1;};
//Equivalent to constant 6

Factorial<3>::result;
02 0O0o0oOopoooooo

Fig.2 Factorial computation in compile time.

//Generic version
template<typename T, unsigned N>
struct Power
{
typedef Power<T, (N-1)> Recursion;

static inline T exec(T x)
{return (x * Recursion::exec(x));}
};
//Special version for N == 1.
template<typename T>
struct Power<T,1>
{
static inline T exec(T x)
{return (x);}
};
//Equivalent to code "xxx*x"

Power<double, 3>::exec(x);
03 DOoOooopoooog
Fig.3 Code generation for power.
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a-Bit rivers ordering (8)
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Fig.4 Array access pattern of FFT (N = 8).
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Table 1 The comparison of this library and FFTW.
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Fig.6 Overview of the library.
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//Generic version

template<int N>

#include"FFTPlan.h"

//Planning

typedef typename Plan<32>::division FFT;
//Transform

FFT: :transform(data, data);

07 0Doooooooo
Fig.7 User code sample.
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template <typename InitialEnv
, template<typename E> class Cond
, template<typename E> class Body>
class For
{
template<typename Env
, bool cond>
struct Iterate
{
typedef typename Body<Env>::Env
NextEnv;
static const bool nextCond
= Cond<NextEnv>::cond;
typedef typename Iterate<NextEnv
, nextCond>::Result Result;
};
template<typename Env>
struct Iterate<Env, false>
{
typedef Env Result;
};
static const bool initialCond
= Cond<InitialEnv>::cond;
public:
typedef typename Iterate<InitialEnv
, initialCond>: :Result Result;
};

08 ForOOOOOoOoOOO
Fig.8 Definition of “For” template.
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template<typename prec, int s, int e
, typename £f>
struct StaticReal
{
typedef prec precision;
typedef RealSpec<prec> Spec;
typedef typename Spec::Digit Digit;
static const int nDigitsEX
= Spec::nDigitsEX;
static const bool isz
= StaticIsZero<Digit
, nDigitsEX,f>::result;
static const int sign = isz? 0
(s >07 1: (s <07 -1: 0));
static const int exp = isz? 0: e;

typedef f frac; //64bit unsigned integer

09 0DOoooOooooo
Fig.9 Definition of floating point number.
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template<typename a, typename b
, bool a_is_zero>

struct StaticMulRealZeroCheck

{
typedef typename a::precision prec;
typedef RealSpec<prec> Spec;
typedef typename Spec::Digit Digit;
static const int nDigitsEX
= Spec::nDigitsEX;
static const int nFracBits
= Spec::nFracBits;
static const int exp = a::exp + b::exp;
typedef StaticMulEXFraction<Digit
, nDigitsEX,typename a::frac
, typename b::frac> mul;
typedef StaticNormalizeEXFraction<Digit
, nFracBits, nDigitsEX
,false, typename mul::result> n;
typedef StaticReal<prec
, a::sign * b::sign
, exp + n::shifts
, typename n::result> result;
};

template<typename a, typename b>
struct StaticMulRealZeroCheck<a,b,true>
{
typedef typename a::precision prec;
typedef RealSpec<prec> Spec;
typedef typename Spec::Digit Digit;
static const int nDigitsEX
= Spec::nDigitsEX;
typedef StaticReal<prec,0,0
,StaticFraction<Digit
,nDigitsEX,0> > result;
}
template<typename a, typename b>
struct StaticMulReal

{
typedef
typename StaticMulRealZeroCheck
<a,b,(a::sign == 0 || b::sign == 0)>
::result result;
}

010 00O0O0O0O0Ooooo
Fig. 10 Definition of floating point multiplication.
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0 2 StaticReal<> 000000
Table 2 Operations of StaticReal<>.
oo oo
0o 0.0 StaticRealConst<prec>::zero
0o 1.0 StaticRealConst<prec>::one
oo 2.0 StaticRealConst<prec>::two
oo % StaticRealConst<prec>::half
00 e StaticRealConst<prec>::eps
oo w StaticRealConst<prec>::pi
oo 3 StaticRealConst<prec>::half_pi
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00 sin(fx) StaticSinQ<x>::result
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// max size of kernel size
static const int MaxN = 32768;
template<int N>
struct FullStaticCooleyTukeyKernelTime
{

/* general template(place holder)

for specialized templates. */

static const clock_t Ticks = -1;
};
template<>
struct FullStaticCooleyTukeyKernelTime<2>
{static const clock_t Ticks = 812;};
template<>
struct FullStaticCooleyTukeyKernelTime<4>
{static const clock_t Ticks = 2312;};
template<>
struct FullStaticCooleyTukeyKernelTime<8>
{static const clock_t Ticks = 7000;};
template<>
struct FullStaticCooleyTukeyKernelTime<16>

{static const clock_t Ticks = 17744;};

011 0O00O0O0O000O000O0000O00oO0DOoo0nDOo
Fig.11 Timing result expressed as template special
version.
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Fig.12 Recursive composition of FFT (N =4 -4 -2).
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template<typename FloatType
, typename IntType, IntType SizeN
, int SubN>
struct SearchPlan
{
typedef typename SearchPlan<FloatType
, IntType, SubN
, SubN/2>::Plan MySubPlan;
typedef Divide<FloatType, IntType
, SizeN, MySubPlan> MyPlan;
static const clock_t MyPlanTicks
= MyPlan: :Ticks;

typedef typename SearchPlan<FloatType
, IntType, SizeN
, SubN/2>::Plan SearchedPlan;

static const clock_t SearchedPlanTicks

= SearchedPlan: :Ticks;

static const bool cond
= ((MyPlanTicks >= 0)
&& (SearchedPlanTicks > MyPlanTicks))
|| (SearchedPlanTicks < 0);
typedef typename SelectPlan<cond, MyPlan
, SearchedPlan>::Plan Plan;
static const clock_t Ticks = Plan::Ticks;

};

template<typename FloatType
, typename IntType
, IntType SizeN>
struct SearchPlan<FloatType
, IntType, SizeN, 1>

typedef Solve<FloatType
, IntType, SizeN> Plan;
const static clock_t Ticks = Plan::Ticks;
};
0 13 SearchPlan<> 000
Fig. 13 Definition of SearchPlan<>.
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template<typename FloatType
, typename IntType, int N>
struct Plan
{
static const IntType SubN
= (N/2 > MaxN)? N/MaxN: N/2;
typedef typename SearchPlan<FloatType
, IntType, N, SubN>::Plan division;
};
0 14 Plan<> 000
Fig. 14 Definition of Plan<>.
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03 ODoooooooo
Table 3 Timing data of each kernel.

N FullStatic LoopStatic Dynamic
Ticks MFlops Ticks | MFlops Ticks MFlops
2 126 83 64 164 1,968 5
4 188 223 1,312 32 3,252 13
248 507 2,496 50 4,744 27
16 1,248 269 5,248 64 7,264 46
32 | 3,008 279 8,000 105 12,000 70
64 | 8,960 225 | 15,040 134 19,968 101
128 34,048 138
256 71,936 149
512 159,744 151
1,024 336,896 159
2,048 735,232 161
4,096 1,662,976 155
8,192 3,588,096 156
16,384 12,795,904 94
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Fig.15 Timing result.

04 ONDOOODOODO
Table 4 Division plan for each N.

N | Plan< N >::division
2 | Solve<2>
4 | Solve<4>
8 Solve<8>
16 | Solve<16>
32 Solve<32>
64 Division<64, Solve<8>>
128 Division<128, Solve<8>>
256 Division<256, Solve<8>>
512 Division<512, Division<64
, Solve<8>>>
1,024 | Division<1024, Division<64
, Solve<8>>>
2,048 | Division<2048, Division<64
, Solve<8>>>
4,096 | Division<4096, Division<512
, Division<64, Solve<8>>>>
8,192 | Division<8192, Division<512
, Division<64, Solve<8>>>>
16,384 | Division<16384, Division<512
, Division<64, Solve<8>>>>
32,768 | Division<32768, Division<4096
, Division<512, Division<64
, Solve<8>>>>>
65,536 | Division<65536, Solve<4>>
131,072 | Division<131072, Solve<8>>
262,144 | Division<262144, Solve<16>>
524,288 | Division<524288, Solve<32>>
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template<typename Env>

struct FSCalcLoop3Cond

//all variannts of lower bits of indices
{

static const bool cond
= (Env::i < Env::count);
};
016 FFTOOOOOOOOOO
Fig.16 FFT most inner loop condition.

template<typename Enviroment>
struct FSCalcLoop3Body
{
struct Env
{
typedef typename Enviroment::Conf Conf;
typedef typename Conf::Complex Complex;
typedef typename Conf::Int Int;
typedef typename Conf::Float Float;
static const Int stride
= Enviroment: :stride;
static const Int step
= Enviroment: :step;
static const Int curOfstO
= Enviroment: :offsetO;
static const Int curOfst
= Enviroment::offsetl;
static const Int offsetO
= Enviroment::offsetO + step;
static const Int offsetl
= offset0 + stride;
static const Int count
= Enviroment: :count;

static const Int i = Enviroment::i + 1;
017 FFTOODOOOOODOOOO1O
Fig.17 FFT most inner loop body (1).
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static void exec(Float wr, Float wi)
{
Enviroment: :exec(wr, wi);
Complex x0 = Conf::buffer[cur0fstO];
Complex x1 = Conf::buffer[curOfstil];
x1 = Complex(
xl.realOQ*wr - x1.imag()*wi
, x1.imag(O*wr + x1.real ()*wi);
Conf: :buffer[curOfst0] = x0 + x1;
Conf: :buffer[curOfstl] = x0 - x1;

018 FFTOODOOOODOOO20
Fig.18 FFT most inner loop body (2).

template<typename Env>
struct FSCalcLoop2Cond
//all variannts of upper bits of indices
{
static const bool cond
= (Env::m < Env::mmax);
}
019 FFTO 20000000000
Fig.19 FFT 2nd. inner loop condition part.
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template<typename Enviroment>
struct FSCalcLoop2Body
{
struct Env
{
typedef typename Enviroment::Conf Conf;
typedef typename Conf::Int Int;
typedef typename Conf::Float Float;
static const Int mmax
= Enviroment: :mmax;
static const Int count
= Enviroment: :count;
static const Int stride
= Enviroment::stride;
static const Int step
= Enviroment: :step;

020 FFTO 2000000000010
Fig.20 FFT 2nd. inner loop body (1).

struct InitEnv
{
typedef typename
Enviroment: :Conf Conf;
static const Int stride
= Enviroment::stride;
static const Int step =
Enviroment: :step;
static const Int count
= Enviroment: :count;
static const Int offsetO
= Enviroment: :m;
static const Int offsetl
= offset0 + stride;
static const Int i = 0;
static void exec(Float wr, Float wi)
43
};

021 FFTO 2000000000020
Fig.21 FFT 2nd. inner loop body (2).
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typedef typename For<InitEnv
, FSCalcLoop3Cond
, FSCalcLoop3Body>::Result
InnerLoopResult;
static const Int m = Enviroment::m + 1;
typedef TwiddleFactor<Float
, Conf::direction, Enviroment::mmax
, Enviroment::m> twf;

static void exec(void)

{
Float vwr = twf::getRe();
Float vwi = twf::getIm();
Enviroment: :exec();
InnerLoopResult::exec(vwr, vwi);
}
};

022 FFTO 2000000000030
Fig.22 FFT 2nd. inner loop body (3).

template<typename Env>
struct FSCalcLooplCond
{
static const bool cond
= (Env::p > 0);
};
023 FFTOOOOOOOOODOO
Fig.23 FFT most outer loop condition part.
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template<typename Enviroment>
struct FSCalcLooplBody

{

struct Env

{

typedef typename
typedef typename
typedef typename

static const Int

Conf::Int Int;
Conf::Float Float;
mmax

= Enviroment::mmax * 2;

static const Int count

static const Int p = Enviroment::p - 1;

= Enviroment::count / 2;

024 FFTOUOOODOODOO1O
Fig.24 FFT most outer loop body (1).

struct InitEnv

{

};

typedef typename

Enviroment: :Conf Conf;
static const Int stride

= Enviroment: :mmax;
static const Int step = stride * 2;
static const Int mmax

= Enviroment: :mmax;
static const Int count
= Enviroment: :count;
static const Int m = 0;
static void exec(void)

{2}

typedef typename For<InitEnv

, FSCalcLoop2Cond
, FSCalcLoop2Body
>::Result InnerLoopResult;

static void exec(void)

{

Enviroment: :exec();

InnerLoopResult::exec();

025 FFTOOODOOOOOOO20
Fig.25 FFT most outer loop body (2).

Enviroment: :Conf Conf;

template<typename Config>
struct FullStaticFFTCalc
{
typedef Config Conf;
typedef typename Conf::Int Int;
typedef typename Conf::UInt Ulnt;
static const Int num = Conf::size;
static const Int nbits
= Int(BitsForStaticN<UInt
, UInt(num - 1)>::result);

026 FFTOOOO10
Fig.26 FFT body (1).

struct InitEnv
{
typedef Config Conf;

static const Int p = mnbits;

static const Int mmax = 1;// ==2"0

static const Int count
=num / 2;// ==2"(bits-1)
static void exec()
43
};
typedef typename For<InitEnv
, FSCalcLoop1Cond
, FSCalcLooplBody>::Result Code;
static void exec(void)
{

Code: :exec();

027 FFTOOO020
Fig.27 FFT body (2).
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