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Abstract  Benefitting from SIMD (single instruction multiple data) vectorization, processors’
floating-point compute capability has been increased largely. However, the current SIMD units and
SIMD instruction sets only support basic operations like arithmetic operations (addition, subtraction,
multiplication, and division) and logical operations, and do not provide direct support for floating-
point transcendental functions. Since transcendental functions are the most time-consuming functions
in floating-point computing, improving these functions’ performance has become a key point in math
library optimization. In this paper, we design and propose a new method that utilizes SIMD units to
vectorize and optimize trigonometric functions (which are one class of transcendental functions).
While most vector implementations use a unified algorithm to process all floating-point numbers, we
select and import several optimizable branches from the scalar implementations to process different
ranges of floating-point numbers. We further utilize a series of optimization techniques to accelerate
the vectorized scalar code. By combining the piecewise computing of the scalar implementations and
the vectorization advantage of the vector implementations, our method optimizes branch processing in
vector trigonometric functions, reduces redundant computation, and increases the utilization of SIMD
units. Experimental results show that our method meets accuracy requirement, and effectively
improves trigonometric functions’ performance. Compared with original vector trigonometric

functions, the average performance speedup of optimized functions is 2.04x.

Key words vector trigonometric functions; segmented computing; SIMD vectorization; performance

optimization; Phytium processors
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Table 1 Vector Trigonometric Functions to be Optimized
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Function Description

sin sin function in double precision
cos cos function in double precision
tan tan function in double precision
asin arcsin function in double precision
acos arccos function in double precision
atan arctan function in double precision
sinf sin function in single precision
cosf cos function in single precision
tanf tan function in single precision
asinf arcsin function in single precision
acosf arccos function in single precision
atanf arctan function in single precision
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Fig. 1 The code structure of Sleef vector math library
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Fig. 2 Vector trigonometric function optimization
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opmask = (a > b);
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Fig. 3 Conditional move operation is implemented
by bit operation
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float func (float x)

float y;
y=x>0.0?x:0.0;
return y;

}

Il

float func (float x)

/* reinterpret the scalar floating-point number to binary bits */
int32_t maskl = floatToRawlntBits (x);

int32_t mask2 = maskl;

maskl = maskl >>31;

mask2 = (~mask1) & mask2;

/* reinterpret binary bits to the scalar floating-point number */
float y = intBitsToFloat (mask2);

return y;

(a) Optimization for the scalar operand

float func (vfloat x)

{
vfloat y;
vfloat vzero = vcast_vf (0.0);
vopmask vo = vgt_vo_vf vf(x, vzero);
y=vsel_vf vo_vf vf(vo, x, vzero),
return y;

Il

float func (vfloat x)
{
/* reinterpret the vector of floating-point numbers to binary bits */
vint2 mask1 = vreinterpret vi2 vf(x);
vint2 mask2 = mask1;
maskl = vsra_vi2 vi2 _i(maskl, 31);
mask2 = vandnot vi2 _vi2 vi2 (maskl, mask2);
/* reinterpret binary bits to the vector of floating-point numbers */
vfloat y = vreinterpret_vf vi2(mask2);
return y;

(b) Optimization for the vector operand

Fig. 4 Conditional move operation optimization
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(RPEE BRI E5 50 B 40 b IE B . T 3 B L 1k ok
BB AR FUAR AL E0 2212 43 S8 Iy 1 AR R 4 A E 0
R o U 52 ke R AR 448 R A A ] LA o —
AN, PG AT DL R AT R B T A AR OF
FEACHS 4

e BEAE A S S B FRATTS W] B X A ) A
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double func (double x){
{

/* compute code */

/* y is the result */
double y = result;
}
double errorOpt = CONST1;
double exactVaule = CONST2;
/* precision correction */
y = (x==errorOpt ? exactVaule : y);
return y;

(a) Optimization for the scalar operand

vdouble func (vdouble x){
{

/* compute code */

/* y is the result */
vdouble y = result,

}

double errorOpt = CONST]1;

double exactVaule = CONST2;
/* precision correction */

vopmask vo = veq vo_vd vd (x, vcast_vd_d (errorOpt));
y=vsel_vd vo_vd_vd (vo, y, vcast_vd_d (exactVaule));
return y;

(b) Optimization for the vector operand

Fig. 5 Precision correction

5 MBI

double func (double x){
int vo = (x <= badOpt);
x = (vo ? normalVal : x);
{

/* compute code */

/* y is the result */

double y = result;
}
double exactVaule = CONST1;
y=(vo ? exactVaule : y),
return y;

(a) Optimization for the scalar operand

vdouble finc (vdouble x){
vopmask ve =vle vo vd vd (x, vcast vd_d (badOpt));
x=vsel vd vo vd vd (vo, vcast vd_d (normalVal), x);
{

/* compute code */

/* y is the result */
vdouble y = result;
}
double exactVaule = CONST]I;
y=vsel_vd vo_vd vd (vo, vcast_vd_d (exactVaule), y),
return y;

}

(b) Optimization for the vector operand

Fig. 6 Performancefixing

K6 tEREBR
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AR Y i) i 2 Y UURS J3E 3 5 80 10 5 26 Y R B KG
FEVE B 2, vgatherr _vi2 _ p _0i2 ()5
vgatherr_vf_p_vi 2O R HTSCHT 09 A A Z L ALFT
£ 11 PR

Table 2 The Optimization Range of Vector

Trigonometric Functions

*2 BHNEZRARBTRLRELER
Double  The Optimizable Single The Optimizable
Precision Range Precision Range
sin (—0.25,0.25) sinf{ (—0.785,0.785)
cos (—0.785,0.785) cosf (—0.3,0.3)

tan (—0.0608,0.0608) tanf
asin (—0.125,0.125) asinf

(—0.67.0.67)
[—1.0,—0.5]&.[0.5,1.0]
acos (—0.125,0.125) acosf [—1.0,—0.5]&[0.5,1.0]

atan  (—0.0625.0.0625) atanf Real numbers

Table 3 New Sleef Intrinsics
R3 ML EFFFEMA Sleef Intrinsics i £

New Sleef Intrinsics

Description

vint veastou _vi _vi 2(vint2 x) ;
vint veasteu_vi_vi2(vint2 x) ;
vdouble vmlanp_vd _vd _vd _vd (vdouble x ,vdouble y,vdouble z) ;
vint2 vgather_vi2_p_vi2(int *ptr,vint2 x);
vint2 vgatherr_vi2_p_vi2(int *ptr,vint2 x);

viloat vgatherr_vf_p_vi2(const float *ptr,vint2 x);

Extract odd vector elements of the vint2 vector
Extract even vector elements of the vint2 vector
Negate multiply-substract for the vdouble vector

Multiply-substract for the vfloat vector

Gather operation for the vint2 vector (without loopkup table optimization)
Gather operation for the vint2 vector (with loopkup table optimization)

Gather operation for the vfloat vector (with loopkup table optimization)

Pl AR 2 AR Bk 7 SR A A Sleef [n] i
B P b DT PR AIE 33K EB 43 0 A AR 1 0 ST M s
i J5 2L Sleef T 875, A8 ¥ U0 A0 AR PR3 5 I 258
(9 Sleef rfr. HAA ST A, 30 AT K 554> o6 80 8 AR AR
T T — > Bl xxxx_opt.c SCPF R, 441 40 BUORS BE
BRBUIE T opt_include/single/xxxx_opt.c X #,
T BOKS B 2R 0 & T opt_include/double/ xxxx_opt. c
BN SRR IAT R SR NS IR I
— i E T3k X opt_include/opt_vecf helper.h H7,
AR BT AL BT 1 Y intrinsics PR AU i B F opt
include/sleef _arch _patch. h w1, i@ i % & X 1
include 1 /7] 4 3% 26 304 5 A Sleef LAY H, 78 G 15
I 38 3 45 4 9 2k Bi-DCMAKE _ C _FLAGS =
““DOPT_LB” it H 2 M IF A AL, B 7 B T8
Pt il 7y i P10 AS.

5 B UL B2, ERRTRATT T 1) R A B
A7 525 ABA ST R LA J7 2 AL T Sleel BYREEHAL
SCERAR AT DAY R 2 A A BT 5 R ) R A 2R

/* sre/libm/sleefsimdsp.c */

#ifdef OPT_LB

#include "opt_include/off _on.h"

#include "opt_include/sleef arch patch.h"
#include "opt_include/opt_vecf helper.h"
#endif

/* Sleef original code */

}

/* opt code for the Sleef asinf function */
#ifdef OPT_LB

#include "opt_include/single/asinf opt.c"
felse

/* Sleef original asinf code */
3
#endif

/* Sleef original code */

}

Fig. 7 Porting optimized code into Sleef

F7 o RO 7 S A A AT
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3 XRERSHM

3.1 Xt E5WRE

AR L4 Sleef A libm X [6] 5 = £ RECEAT L
A6 I AE TR AL B g 1 XU AR Y ) EE = A R G
AT RE IR UE R B 52 50 A M 6 52 56 b, T B 56 E
AR UEPL AR S 4 ] i = A ok B ) e 2 A IE B L ORG E
SIS HLAR S e AR AR S 1] B = A eR BT SR B I AR
b, Pk RS2 B X b FR AT Bt Ak T R O S e
— 3R T 1) = A R B P

RSO A AL B A E AT (FT-1500A/
16,34 ADVSIMD #§ 4 %, ] 5 % J& 4 128 b). ik
Gh R T AT AT YRR SR, FRATE M T x86 4b
FEEE A DL AE SSE2, AVX, AVX2 844, LI &
ARM Instruction Emulator # il 28 L1 35 9F SVE 4§
A FANTE A Sleef AN 3.3.1 A, libm il
7% GNU Glibe Linaro-2.20 IR,

3.2 IhEEWGIE

FATXS A LA S 1 ) i = A R BT A 1Y
Ui PE e , AR 4E 6 TR N 2.

D Ak oR 7 T AR Ak 45 VR 200 6 i i 58
B 2 A5 A2 1 T B R L I 3 i R A ] 4K 1)
HEREBT SN TTEASA - HRAE DT EX
I PR T BR85S 0 R KR 25 IAE 1.0ulp DAL

2) HRAJE oR BCEE T O Ak 5 A 500 R 30 R S
B 3 1) TSRS R A 0 T I R R AR R A
D ] S BRAEBOT I & DI R A — B S A4
() B KR 2 H I TE 1.0ulp LAV 3K 2 FH DL 56 9 10
Ak bR BSC7E R 01 B Ak i Ak R A O

3) HAJG pR LR T 00 Ak B A B0 [ AR 1 3 55
R A AT R T R 18 T R SR L 3 SR DG 58 AR SC
P2 PP T AN 2 % T AR A R VR B B A 1A
7 A A EE T T %) 70T B

4) AL bR O 7 BN B R R TR AR
(R B 45 S R A5 I B AL 0 UE X VR R £ 0, £ oo,
NaN (545 502 5 55 T X R C99 bR il T L E
(T SR, 99 IE £ 1.0, 1E 7 d5 R S /MR RUAR AL Bk T
e K e /N S AL B0 T35 45 R 02 & IR, DL S
UEBY O Ak bR EIORT 37 A B8 Ak 32 A5 TE B (R AL
K B BRBUG B B VR BN £ 1E+10 (3B 45 1, A
RS BRBUG B BRE RO H1E+7 BT R4S .

5) PLAb )5 ok BOLE T 550 55 530 1 AH OC 9 e 0K 7 A
R TS RO E . H b, BURS B sin, cos,

tan PREUH BKS BE sinf, cosf, tanf pR AT B K6 4 #
VEBCH /4 BYREEOR (T H B 45 2 BUKS 2 asin, acos
BRI KA BORS BE asind, acost oR BURT A 50 #RAE EUE
T 1.0 B AT B 45 R, 5 283155 45 SR Y iR 25 R
HI7E 1.oulp LLIA.

6) ZMFOLAH S T /YIRS HIE K HT 5 T 41
25 R B0 /Y P R ERAE RO B B W) — 1)
I3 A 1) R JC R Y T B4 SR R 1 Ik SRS B R
R R f KRR 22 TE 1.0ulp VAP L 3K 02 A DLAG
50 Pt Ak R AR T ) 40 SOAE 35 R (R AL B A R A TE .

FATAE M A B AR F 5, x86 Ak B A% F & AN
ARM Instruction Emulator ##1#§ [ ¥ A6 SIMD
] 5 48 A £E HE AT T BB 59 E. 55 5 1IE B X F R b B
#wF & ADVSIMD 4§ 4 4. x86 - 5 ) SSE2,
AVX ,AVX 2 #8454 LI K& ARM Instruction Emulator
B g by SVE #8448 A0 AL 5 19 ] 5 = ff pR 4 1Y
W T IR UE X 2R B FRATX 1] i = A eR B
HEILF T Sleef FERFRUE, AT LAFEAE A Sleef .
3.3 HBEXR

X B PEAR 5 B ) i = R RS SE 50 DL 4
SE A5 B D /N 380 S 3 AT AR Ak 45 A R0 L | O
B, AT AT ZR E MPEFR FEAE b 2 % br i 1T
AL =M R BT 45 R 5 MPFR & A [F)
PRIER I TH A5 R A BARR 22 (DL wlp T FRIR). 5L
B R R 2 AR R B I AE 107 IR IR g3t i Je K i
ZREHRZEN wip H.IRATE CIB A B ES Lt 17
R RE S5, S5 2R R 4 PR

Table 4 Precision Experiment Results

. The Optimizable max(ulp) Average(ulp)
Function

Range BO AO BO AO

sin (—0.25,0.25) 0.53 0.52 0.25 0.25

sinf (—0.785,0.785) 0.60 0.68 0.25 0.25

cos (—0.785,0.785) 0.79 0.50 0.25 0.25

cosf (—0.3,0.3) 0.93 0.56 0.26 0.25

tan (—0.0608,0.0608) 0.53 0.50 0.25 0.25

tanf (—0.67,0.67) 0.74 0.82 0.25 0.25

asin (—0.125,0.125) 0.72 0.50 0.26 0.25

. [—1.0,—0.5]&

asinf 0.66 0.65 0.25 0.25
[0.5,1.0]

acos (—0.125,0.125) 0.51 0.50 0.25 0.25

[—1.0,—0.5]& _

acosf _ 0.57 0.71 0.25 0.27

[0.5,1.0]

atan (—0.0625,0.0625) 0.82 0.51 0.27 0.25

atanf Real numbers 0.93 0.85 0.25 0.26

Note: BO(before optimization) , AO(after optimization)
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GO e (I R A =l DN TR i e
FE TR AR B RN RS B AR AR AR /N, B KRR 25
EACAE 0.37ulp LA F21R 22 9B ALAE 0.17ulp
DL, LAk B sinf, tanf, acosf pRELAN , Ho4x R E7E 11
05 B B K1 22 38 A T B AR (e KA T 0.37ulp).
T U5 I 74 ST 1 Y 1 O Ak B AR X bR EIORS B 114 5% e 358
/N BRBORS B AR bR AT A ORI,

3.4 MEEENLE

FATIN 2 AT T80 53 A PEAG AR SR 4t iy 1] 1 =
FREAL T DE S libm bRt = A eR B K
it Sleef [m] 5 = ff) p& XCHEAT XS LE L B3 B G A6 5
X ) i = A PR M BB 4 5 2) 2 A B 4R AL Ak
PTG AR T RS. B A PERESS IR e KB AL 28 | R AT,
3.4.1 DAL T B R I T RE 4R T

Xif T A 1) = A eR R FRATTAE T AL AL B A Bk
T0 L DA 7 A BRORS JE BO0URS B2 7 e AL 8 L 0 3K e
PERE. S5 FoATT— 2 7= A 10° A 1 s B AL &R (A7 ik
TERCEH ) RS I v i Bt AL 5 (LA ) i 58
KL, WK BE Ry 2 AN BENLEL, SRS FE SR 4 SRl AL
O M= A R BOTH R IR IR RO S B AR A S
iy oI KRR RE AU FE B

B, FATTXE H o M Sleef 1) £ = £ o& KA1k
B9 libm ARt = f1 06 BCLE AT A0 A6 45 4 2000 B 1Y
PEfig 2 . S R E 8 Fros. vl LLE th, K8l H
ADVSIMD [ i 45 4 . R 5 # 1Y asinf Fl acosl PR %L
b R —FB4r Sleef [ = f PR %X (sinf, cos, cosf,
tanf) [ libm R4 = A oA RO Gl iy KA 1.64 450
B 73— Sleef [0 &8 =M sR %5 libm PERE
A4 Csin Fl atanf) o H 4% R 80 A9 1 B8 L libm 22
(tan,asin,acos,atan) , X & B N JR 1f Sleef [ & =
1 PRECTE T8 AT 00 Ak #4500 161 Ao 9 35 3k T AR

0.12 029 027

@ Original Sleef
« 0.10F Olibm

sin sinf cos cosf tan tanf asin asinfacos acosfatan atanf avg
Functions

Fig. 8 Performance comparison of original Sleef

functions and libm functions

8  Sleef BREILALHT S libm e8P REXT L

libm R F] 43 Be i+ 55 7 7T A0 Ak 458 4 50300 1 AR T
PRI . % T asinf 1 acosf PREL, libm 4 GEAX
A SR R FRATT A B libm RAS P B 52 B8R A
T A5 (sqrt) » T30 pR BT 5 FERT .

FEWK L FRATTXE 40 B Sleef [ = ff1 pR KA 1k
J5 5 libm Fp i =M s PERE 22 57 S5 R &1 9 B
R AT A B =S REUE AR S libm AR B = A
BRIEIORH LU, UK B2 R - S Lo 1,74 4%, BRORS E
T E Ly 3.06 5. X —PERER I —E L b
PR R AL R 128 b R TR [ ek RS b i
PRSI BRAEL I S L CUURS BE T 2 A5 I Le , SRS B R
4 fEmE .

29 2
ol 0 0.27
@ Optimized Sleef
w 0101 Olibm
=1
E) 0.08
=~
= 0.06f
]
5 004}
>
= 0.02t
0.00

sin sinf cos cosf tan tanf asin asinfacos acosfatan atanf avg

Functions

Fig. 9 Performance comparison of optimized Sleef

functions and libm functions

B9 Sleef BREMR AL 5 libm BREIEREXS L

e . FATRE L 2 B Sleef 1] 5 = 1 oR 11k
WS kG 22 5, 25 R E 10 FroR. il DL E
SR AR SO 4 AR AR B AR 78 AT AR A 4 AR B
FEL PN S A I i = fA eREC PERE X945 31 T 424, 1
TR LA 2.04 A% CGRARMM G LA 1,12 4%, d5 & il ik
3.97 f5).

0.12

@ Original Sleef
0.10 F O Optimized Sleef

sin sinf cos cosf tan tanf asin asinfacos acosfatan atanf avg

Functions

Fig. 10 Performance comparison of Sleef functions

before and after optimization
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W S5, X L 43 AT Sleef 1] & = £ oA S AL AT 5
DU IR e A 5 1 K0 =2 AP i P i DA, £ 3R
MTEAR A I 3k 7 AR Al 0t A 48 75 B 1B 9 3 4
Sleef i) 4 = #f bR BCHY PR BE R R, SEB 25 AN 11
IR AT LA Al AR SCR 3R LA 7 i ) s e AR T AR
PEERAE B N BT A = A eR XA PR BE R AR AR /D
b XU BE = 1 eR RO PR BE B S 4 F5 AE 4.3 0 LA,
RS B = R VR RE D S 4 FF AE 3.8 0 AN (i T
atanf pR A AT AL 38 AR K00 11 D B A S50 L (R itk
ATFAERT L) A 75 2 FATT 9 56 5 2 1) mT e A 45 £
KO R IE 8 1Y L OF HLBAT R P01 T7 86 T B ARAR . 7E
AR A ARAE RO B 22 A1 %t B Sleef [ 38 = £ bR %K
4 1 BE S IR AR /DN
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0141 @ Original Sleef
' O Optimized Sleef
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Fig. 11  Performance comparison of Sleef functions
before and after optimization with operands

outside the optimization range
P11 7R A0 Ak 48 1F B0 il Ab , Sleef R B AL 1T 5 10
A5 T BEXT L

25 LTI L T RE S UE RS JRE S 56 R RE S 5 IE
W1, AR SCHR Y 1 1) i = £ e RO AL T 05 S 7E T BE L
AR BT EOKR , BE S A PR UIE T 50K B A0 &8/ T 14 Rip
$ A AR e 1] A R ORAY 1R RE.

4 HFRIB

=1 PR RS R R AU B SRS N T B A
A A V7 25 T B B, A SIMID ) 22 b 47 R 32 155 pRi
Bk e 2 T L A B FE B — A A 5T 7 ).
AR SCHE T Sleef FF IR ) 5024 B2, DL libm 43 BT 55
RS BRI T — T SRR A AL BEAY ] i =
FREL AL 7 % % 7 B AR T IR AR Sleef ) & =
F REC IUATTE S 0 JF A L IR ORAIE T bR BT SRS
FEFE OB AL H AR 5 1A SE R B A SO R U v
AR T ] = A R B e R R AT — 2P
IF 5T 0] B 15 K00 PRI X B30 e KR R o R ) 1 BE AL 4K LA

L ACHS 1) 1 3l i) B AL T AR L 6845 58 2 10 Bk 24 1 5
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