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Fast Sine/Cosine Routine:
Revenge of the Vector Processors

W. D. Cotton, January 17, 2014

Abstract—The calculation of sine/cosine pairs is acommon and ~ While an arbitrary precision can be obtained by a simple
reIayver expensive operation in (adlo interferometry. The very table look-up, adequate resolution can require quite large
flexible “DFT” calculation of the interferometer response to a i5pjes. Further improvements in the precision of a tablé&-loo

sky model makes heavy use of this operation and the cost of sine . ) . . L
and cosine calculations can dominate the run time of a process up can be obtained using either an interpolation in the table

using this technique. A previous memo described an approximate & S€ries expansion about the tabulated value. A Taylorieser
sine/cosine routine including a vector implementation based on expansion is given by:

the SSE extensions which achieved a substantial performance )

ain over using the c library routines. In this memo, the technique r—a r—a

?s extended toguse the Ad{/anced Vector Extensions (AVX) L?sing f@) = fla) + f'(a) T fﬁ(a)% +

the 256 bit memory bus. The ability to process 8 floats at a ’ ’

time combined with a more powerful instruction set leads to Since the derivatives of sines and cosines are the cosines
a performance enhancement of a factor of 3 over the SSE gnd sines of the same angles, evaluation of such a series is
implementation and a factor of 10 over the c library sincosf gy inhttorward. The one term expansions for sine and essin

routine.
of anglez about tabulated value are:

Index Terms—interferometry, performance
sin(z) = sin(a) 4+ cos(a)lx — a]
I. INTRODUCTION )
) cos(x) = cos(a) — sin(a)[z — al
ALCULATING the response of an interferometer to a
sky model is a common operation in radio interferometry
and for complex sky models can be one of the more computa- [11. I MPLEMENTATION
ionally expensiv rations. On neri f sky rh : . . .
tiona Y EXpEnsVE operations .O € generic type of sky OOIeA fast sine/cosine routine, ObitSinCosCalc, to calculate
calculation is the so called Direct Fourier Transform (AKA sine/cosine pair was imolemented in Obit utility module
“DFT") technique wherein the response to each componenta P P y

a sky model (e.g. CLEAN component) is evaluated for ead LitSinCos using a 1381 element (1 1/4 turn) table look-

complex correlation in the data set. The real and imaginaliJ followed by the single term expansion given above. This

: : routine will initialize the tables on the first call. Oncetial-
f h | calcul I . ) . .
parts of such model calculations are evaluated by sine a|z(({eijd, this function should be thread-safe; a single calbrpri

cosine functions of the component phase. This can result (I)n'n't'al' ina threading using this routine will make usa
VERY LARGE numbers of calls to sin and cos routines Which1r(;e:dl-sl;eg ing using thi uting wi usag

dominate the cost of this operation.

A previous memo [1] explored an approximate vector
sine/cosine routine based on the Intel Streaming SIMD ExteR g.5iar
sions technology (SSE) to obtain a substantial improvement
over using the c library routines. SSE uses the 128 bitA single look-up table can be used for sine and cosine
memory bus to operate on 4 values simultaneously. This mef hoting that cos(phase) = sin(phase + 1/4 turn). Further
extends this approach to the Intel Advanced Vector Extassioeductions in the size of the table needed can be had by
technology (AVX). AVX is an extension of SSE to 8 paralletsing the symmetries in the sine/cosine functions but atsé co
Operations on floats using the 256 bit memory bus andOé increased |OgiC and Computation. This implementation is
stronger set of instructions. unchanged from [1].

II. SINES AND COSINES B. \ector

Sines and cosines are periodic functions that repeat every 2

radians of their argument. Thus, while the range of argumer&t Itis possible to go one step further. The overhead of functio
to these functions istco, they can be fully described by alls can be reduced by collecting the phases for which the

the interval[0, 27r] and replacing the argument with its valueSines and cosines are desired into an array and doing the
, £71] and rep 9 9 calculations in a single function call. A “vector” versioti o
modulo 27. This facilitates a table look-up scheme.

ObitSinCosCalc is implemented in routine ObitSinCosVec.
National Radio Astronomy Observatory, 520 Edgemont Rd., Ictiaesville, Organ'zmg data into vectors also Improves the cache hi rat
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C. AXV

Intel Advanced Vector Extensions technology (AVX) is an
extension of the SIMD SSE architecture operating on length 10
8 vectors of floats (32 bit) using the 256 bit memory bus
of current processors. In addition, the instruction set XA
is more powerful than that in SSE allowing more of they
processing to be done in parallel. In particular, AVX haglloa=
and store operations allowing the 256 bit registers to bédda
from, and copied to, contiguous blocks of memory.

The source code for the updated ObitSinCos package%
given in the appendix. #ifdefs are used to select AVX ifS °
available and if not then SSE if available, and if that is no@
available a vanilla version in c is used. Note, in the curggmat
compiler, the “-march native” argument is needed to enable
AVX.

IV. TESTING 1
The following give the results of various precision and
timing tests. sinflcosf  sincosf  Calc Vecc Vec SSE Vec A
. Fig. 1. The relatives speeds of various sine/cosine rositiren the results
A. Precision in Table 1. Bars in blue are c library routines, in green arempiled version
In order to evaluate the precision of this technique tHfd " red are SSE or AvXintrinsics.
comparison of [1] between the approximate routine and the TABLE |
standard library sinf/cosf routines was repeated, a tegfrpm SIN/COS TIMINGS
was employed that useth® angles randomly spaced from -
100 to 100 turns and compared the results of ObitSinCosCalc method total CPU tme | ratio
and ObitSinCosVec with the c library sinf and cosf routines. sec.
The avera i i i -7 ¢ sinf/cosf 239.26 1.0
ge difference in this test was.6 x 10~7, the rms o sincost 237 33 10
difference was7.3 x 106 and the maximum difference was ObitSinCosCalc 95.76 29
2.2 x 10~°. When the test was restricted to the range -1 to +1 ObitSinCosVec ¢ 122.80 2.1
; —6 ObitSinCosVec SSE 85.65 3.3
turn, the maerr;um error wag.6 x 10~°, the averzil%e error ObitSinGosVes AVX 3984 106
was 1.82 x 107" and the RMS error wag.8 x 10~°. The none 19.44

values of the sine and cosine range between -1.0 and +1.0.

B. Sn/cos Timing

Timing was based on the Threaded DFT time test progra®Rove appears to be 10 times faster than the c library
described in [2] This test is dominated by the time to Corepu§inf and cosf versions and over 3 times faster than the SSE
1.3 x 10!, sine/cosine pairs. The test was modified to usei@plementation. The improvement of the AVX version over
variety of routines and implementations or none at all (‘eion the SSE version is from a combination of the larger register
test) to determine the compute time of the remainder of t§&e (8 v. 4 floats) and the stronger instruction set allowing
test. The test was run using one thread for each of the m@re of the application to use the vector primitives. The
cores on the target machine (Smeag|e |nte|(R) Xeon(R) CNX vector implementation is a great improvement over SSE
E5-2687W 0 @ 3.10GHz, cache size=20480 KB). Threadir@dthough still not to the level of the glory days of vector
was based on gthreads thread pools. More details of the fegicessing of Crays and Convexes. The performance of the
program are given in [2]. c library routines and the compiler appear to have improved

The vector length used for the ObitSinCosVec tests was 1281ce the tests reported in [1].

Several runs were made in each test and the results averaged.

The results are given in Table | and summarized in Figure 1. APPENDIX
The “ratio” column in Table | and the values plotted in Figure

1 are the ratios of the test times minus the “none” time of the

sinf/cosf results to the other tests.

V. DISCUSSION

The cost of “DFT” interferometer model calculations is
strongly dominated by the cost of calculating sines and
cosines. The new sine/cosine AVX based routine described
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Text of the Obit utility ObitSinCos.c follows.

/[ Uility routine for fast sine/cosine calculation */
#i ncl ude " it Si nCos. h"
#i ncl ude <mat h. h>

#def i ne OBl TSI NCOSNTAB 1024 /= tabul ated points per turn =/
#def i ne OBl TSI NCOSNTAB4 256 /+* 1/4 size of table */

[** 1Is initialized? =/

gbool ean islnit = FALSE;

/+*x Sine | ookup table covering 1 1/4 turn of phase */

gf  oat si ncost ab[ OBl TSI NCOSNTAB+OBI TSI NCOSNTAB4+1] ;

/** Angl e spacing (radian) in table */

gf l oat delta;

[*x 1/ 2pi =*/
gfloat itwopi = 1.0/ (2.0 = GPl);
[*x 2pi */

gfloat twopi = (2.0 » G PI);

[+ AVX inplementation 8 floats in parallel =*/
#i f HAVE_AVX==1
#i nclude <inmmntrin. h>

typedef _ 56 v8sf;
typedef _ nmR56i v4si;

/* gcc or icc x/
# define ALI GN32_BEG
# define ALIGN32_END _ attribute_ ((aligned(32)))

/* Union allowing c interface */
t ypedef ALI GN32_BEG uni on {

float f[8];
i nt i[8];
v8sf V;

} ALI GN32_END V8SF,;

/* Union allowing c interface */
typedef ALI GN32_BEG uni on {

int i[8];

v4si v;
} ALI GN32_END VA4Sl ;

/* Constants =/

#define _OBIT_TWOPI (2.0 » G PI) [* 2pi =*/

#define _OBIT_ITWOPI 1.0/ (2.0 * G PI) [+ 1/ 2pi =/

#define _OBIT_DELTA 0.0061359231515425647 /* table spacing = 2pi/ Obit_NTAB */
#define _OBIT_NTAB OBl TSI NCOSNTAB /* size of table -1 =/

#define _OBIT_NTAB4 OBl TSI NCOSNTAB4

static const v8sf _half = {0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5 0.5}; /* 0.5 vector =/

static const v8sf _ntab = { _OBIT_NTAB, _OBIT_NTAB, _OBIT_NTAB, _OBIT_NTAB,
_OBIT_NTAB, _OBIT_NTAB, _OBIT_NTAB, _OBIT_NTAB};

static const v8sf _i2pi = { _OBIT_ITWOP, _OBIT_ITWPI, _OBIT_ITWPI, _OBIT_ITWOPI,
_OBIT_ITWOPI, OBIT ITWPI, OBIT ITWPI, _OBIT_|TWOPI};

static const v8sf _toopi={ OBIT TWOPI, OBIT TWPI, OB T TWOPI, _OBIT_TWOPI,
_OBIT_TWOPI, OBIT_TWOPI, OBIT_TWOPI, _OBIT _TWOPI};

static const v8sf _dlita = { _OBIT_DELTA, _OBIT_DELTA, _OBIT_DELTA, _OBI T_DELTA,
_OBIT_DELTA, _OBIT_DELTA, _OBIT_DELTA, _OBIT_DELTA};
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| **
* Fast AVX (8) vector sine/cosine of angle
* Approxi mate sine/cosine, no range or val ue checking
* \param angle angle in radians
* \paramtable |ookup table

* \param s [out] sine(angle)
* \param c [out] cosine(angle)
* |
voi d fast_sincos_ps(v8sf angle, float *table, v8sf =*s, v8sf xc) {
v8sf anglet, tenmp, ft, cell, it, sine, cosine, d;
VA4Sl addr;

[+ get angle in turns */
anglet = mR56_mul _ps(angle, _i2pi);

/* truncate to [0,1] turns =*/

tenp = m56_floor_ps(anglet); /* next |owest (signed) integer =*/
ft = _mM56_sub_ps (anglet, tenp); [+ Fractional turn =/

[+ Tabl e | ookup, cos(phase) = sin(phase + 1/4 turn)=/

it = m56_mul _ps(ft, _ntab); /+* To cells in table */

it = mP56_add _ps(it, _half); [+ add hal f =/

cell = m56_floor_ps(it); /* round to nearest cell =x/

addr. v = _mP56_cvt ps_epi 32(cel |); /* to integers =/

/* use union to | oad sine and cosine val ues */

sine = mR56_set ps(table[addr.i[7]],

tabl e[addr.i[6]],
tabl e[addr.i[5]],
tabl e[addr.i[4]],
table[addr.i[3]],
table[addr.i[2]],
table[addr.i[1]],
table[addr.i[0]]);
cosi ne = _mm56_set _ps(tabl e[addr.i[7]+_0BlI T_NTAB4],
tabl e[addr.i[6]+_0BI T_NTAB4],
tabl e[addr.i[5]+ OBl T_NTAB4],
tabl e[ addr.i[4]+_OBI T_NTAB4],
tabl e[addr.i[3]+_0BI T_NTAB4],
tabl e[ addr.i[ 2] +_OBlI T_NTAB4],
tabl e[addr.i[1]+_OBI T_NTAB4],
tabl e[addr.i[0] + OBl T_NTAB4]);

/* One term Taylor series =/

anglet = mmR56_nul ps(ft, _toopi); /* Now angle in radians [0,2 pi] =*/

d = m56_nul _ps (cell, _dlta); /* tabul ated phase = cell xdel ta_phase =/
d = mR56_sub_ps (anglet, d); /* actual -tabul ated phase =/

/= Cosine x/

tenp = m56_mul _ps (sine, d);

*C = _mP56_sub_ps (cosine, tenp);

[+ Sine */

tenp = mm56_nul _ps (cosine,d);

*S = mR56_add_ps (sine, tenp);

_mmenpty(); /* wait for operations to finish x/
return ;
} /* end AVX fast_sincos_ps */
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[+ end HAVE_AVX =*/

[** SSE inplementation 4 floats in parallel
#el i f HAVE_SSE==1
#i ncl ude <xmintrin. h>

typedef _ nl28 v4sf;
typedef _ nmb4 v2si

/* gcc or icc x/
# define ALI GN16_BEG
# define ALIGNL6_END _attribute_ ((aligned

/* Union allowing c interface */
t ypedef ALI GN16_BEG uni on {
float f[4];
i nt i[4];
vasf v;
} ALI GN16_END VASF;

/* Union allowing c interface */
typedef ALI GN16_BEG uni on {

i nt i[2];

v2si v,
} ALI GN16_END V2SI ;

[+ Constants x/
#define _OBI T_TWOP
#define _OBI T_I TWOP
#define _OBI T_DELTA
#define _OBI T_NTAB 1024.0
#define _OBIT_NTAB4 256
static const v4sf _half
static const v4sf _ntab
static const v4sf _i2p
static const v4sf _toop
static const v4sf dlta

6.2831853071795862
0. 15915494309189535
0. 0061359231515425647

0.5, 0.5, 0.5, 0
| T_NTAB,
I T_1 TWOPI
| T_TWOPI

| T_DELTA,

OO0 000

{0.
{ _OB
{ _OB
{ _OB
{ _OB
[ **
Fast SSE (4) vector sine/cosine of angle
Appr oxi mat e si ne/ cosine, no range or va
\param angle angle in radians

\param table |ookup table

\ param s [out] sine(angle)

\ param c [out] cosine(angle)

L B

*
* |
voi d fast_sincos_ps(v4sf angl e,

v4sf anglet, tenp, it, zero,
v2si itLo, itH;
V2SI iaddrlLo, iaddrHi;

xt abl
one, s

fl oat
mask,

/* angle in turns */
angl et _mm mul _ps(angl e,

_i2pi);

[+ truncate to [0,1] turns =*/

[+ Get full turns */

itLo _mmcvttps_pi 32 (anglet);

tenp _mm novehl ps (anglet, angl et);

_OBI T_NTAB,

_ OBl T_TWOPI
OBl T_DELTA,

*/

(16)))

| *
| *
| *
| *

2pi */

1/ 2pi */

tabl e spacing = 2pi/ Cbit_NTAB */
size of table -1 */

[+ 0.5 vector =/

_OBI T_NTAB, _OBI T_NTAB};
OBIT_ITWOPI, OBIT_ITWOPI, _OBIT_ | TWOPI};
_OBIT_TWOPI, OBIT_TWOPI};
_OBIT_DELTA, _OBIT_DELTA};

. 5};

ue checking

e, v4sf
i ne,

*S,
cosi ne,

v4sf *c) {
d;

[+ first two truncated =/
/* upper two values into | ower =/
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itHi = _mmecvttps_pi 32 (tenp); /+* second two truncated =*/
it = _mmecvtpi 32_ps (tenp, itH); [+ float upper values x/
tenp = mmnovel h_ps (it, it); [+ swap */

it = mmecvtpi 32_ps (tenp, itLO); [+ float |ower values */

[+ |1f anglet negative, decrenent it =/

zero = _mmsetzero_ps (); [+ Zeros x/

mask = mmecnplt_ps (angl et, zero); /* Conparison to mask */

one = mmset_psl (1.0); /* ones x/

one = mm and_ps(one, nask); /* mask out positive values */
it = mmsub ps (it, one);

anglet = mmsub_ps (anglet, it); [+ fold to [0,2pi] =*/

[+ Tabl e | ookup, cos(phase) = sin(phase + 1/4 turn)=*/

it = mmnul _ps(anglet, _ntab); /+* To cells in table */
it = mmadd _ps(it, _half); /+* To cells in table */
iaddrLo.v = _nmecvttps_pi32 (it);

tenp = _nmonovehl _ps (it,it); /* Round =/

iaddrH .v = _mmcvttps_pi 32 (tenp);

si ne = mmsetr_ps(table[iaddrLo.i[0]],table[iaddrLo.i[1]],

table[iaddrHi .i[0]],table[iaddrHi .i[1]]);

cosi ne = mmsetr_ps(table[iaddrLo.i[0]+_ OBl T_NTAB4],
tabl e[iaddrLo.i[1] +_OBI T_NTAB4],

tabl e[iaddrHi.i[0]+_OBI T_NTAB4],

tabl e[iaddrHi.i[1]+ _OBI T_NTAB4]);

/* One term Taylor series =/

anglet = mmnul _ps(anglet, _toopi); /+* Now angle in radians */
temp = mmecvtpi32_ps (it, iaddrH .v); [+ float upper values */
it = nmmnovel h_ps (tenp,tenp); [+ swap */

it = mmecvtpi32_ps (it, iaddrLo.v); [+ float |ower values */

d = mmml _ps (it, _dlita); [+ tabul ated phase =*/

d = mmsub _ps (anglet, d); /= actual -tabul ated phase */
/= Cosine =/

tenp = _mmmul _ps (sine, d);

*C = nmmsub_ps (cosine, tenp);

[+ Sine */

tenp = mmmul _ps (cosine,d);

*S = mmadd_ps (sine, tenp);

_nmenpty(); /* wait for operations to finish /
return ;
} /+ end AVX fast_sincos_ps */

#endi f [/ HAVE AVX */

[ * %
* Initialization
*/
voi d CbitSinCoslnit(void)
{
glong i;

float angle;

islnit = TRUE;, [/* Now initialized */
delta = ((2.0 *G_PlI)/ OBl TSI NCOSNTAB)

for (i=0; i<(OBI TSI NCOSNTAB+OBI TSI NCOSNTAB4+1); i ++) {
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angle = delta * i;
sincostab[i] = (gfloat)sinf(angle);
}
} /' end oitSinCoslnit */

| **
* Cal cul ate sine/cosine of angle
* Lookup table initialized on first cal
* \param angle angle in radians

* \ param sin [out] sine(angle)
* \ param cos [out] cosine(angle)
*/
voi d ObitSinCosCal c(gfloat angle, gfloat *sin, gfloat *cos)

{
glong it, itt;
of l oat anglet, ss, cc, d;

[ Initialize? x/
if (lislnit) OhitSinCoslnit();

/+* angle in turns =*/
angl et = angl exi t wopi ;

[+ truncate to [0,1] turns =*/

it = (glong)anglet;

if (anglet<0.0) it--; [+ fold to positive */
anglet -=it;

/= Lookup, cos(phase) = sin(phase + 1/4 turn) =/
itt = (glong) (0.5 + angl et = OBl TSI NCOSNTAB)

ss sincostab[itt];

cc si ncostab[itt+0Bl TSI NCOSNTAB4] ;

[+ One term Tayl or series «/
d = angl et*twopi - deltaxitt;
*sin = ss + cc * d,
*COS = cC - Ss * d,

} /+ end ObitSinCosCalc */

[ **
* Cal cul ate sine/cosine of vector of angles, uses AVX or SSE inplenentation if avail able
* Lookup table initialized on first cal
* \ param n Nurmber of el ements to process
* \param angle array of angles in radians
* \ param sin [out] sine(angle)
* \ param cos [out] cosine(angle)
* |
voi d ObitSinCosVec(glong n, gfloat *angle, gfloat *sin, gfloat *cos)

{

glong i, nleft, it, itt;

gf | oat anglet, ss, cc, d;

[*x SSE inpl ementation */
#i f HAVE_AVX==1

gl ong ndo;

v8sf vangl et, vss, vcc;
#el i f HAVE_SSE==1

gl ong ndo;

V4SF vangl et, vss, vcc;
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#endif /* HAVE SSE #/

[+ Initialize? =/
if (lislnit) CbitSinCoslnit();

n; /* Nunber left to do */

nl eft
[ 0; /* None done yet =x/

[*x avx inplementation */
#i f HAVE_AVX==1
[+ Loop in groups of 8 =/
ndo = nleft - nlefty®;, /+ Only full groups of 8 */
for (i=0; i<ndo; i+=8) {
vangl et = mR56 | oadu_ps(angle); angle += 8;

fast _sincos_ps(vangl et, sincostab, &vss, &vcc);
_mMmP56_storeu_ps(sin, vss); sin += 8;
_mP56_storeu_ps(cos, vcc); cos += 8;
} /+ end AVX | oop */
[*+ SSE inpl ementation */
#el i f HAVE_SSE==1
[+ Loop in groups of 4 =/
ndo = nleft - nleft%l; [/ Only full groups of 4 =/
for (i=0; i<ndo; i+=4) {

vangl et.f[ 0] = *angl e++;
vangl et.f[ 1] = *angl e++;
vanglet.f[2] = xangl e++;
vangl et.f[3] = xangl e++;

fast _sincos_ps(vanglet.v, sincostab, &vss.v, &vcc.v);

*sin++ = vss.f[0];
*sin++ = vss. f[1];
*sin++ = vss. f[2];
*Sin++ = vss. f[3];
*C0s++ = vcc. f[0];
*cos++ = vcc. f[1];
*cos++ = vcc. f[2];
*cos++ = vcce. f[3];

} /' end SSE | oop =*/
#endi f /+ HAVE _SSE =/

nleft = n-i; /* How many left? =/

[+ Loop doing any elenments not done in AVX/ SSE | oop */
for (i=0; i<nleft; i++) {

[+ angle in turns =*/

angl et = (*angl e++) *i t wopi ;

[+ truncate to [0,1] turns =/

it = (glong)anglet;

if (anglet<0.0) it--; /+ fold to positive */
anglet -=it;

/* Lookup, cos(phase) = sin(phase + 1/4 turn) =/

itt = (glong) (0.5 + angl et *OBI TSI NCOSNTAB)
ss = sincostab[itt];
cc = sincostab[itt+0Bl TSI NCOSNTAB4] ;

[+ One term Taylor series =/
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d = anglet*twopi - deltaxitt;
*Sin++ = ss + cc * d;
*COS++ = cC - SS * d;
} /* end | oop over vector =/
} /+ end ObitSinCosVec */
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