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A Little Bit History

e Story started about 10 years ago
eIntel® C Compiler

®| IBM: fast and accurate elementary math functions
® Test suites:

—Internally used

—Elefunt* (Elementary Function Tests)!3]

—UCB* (Univ. California Berkeley Tests)
http://www.netlib.org/fp/ucbtest.tgz

Intel Math Libraries Testing and Validation Methodologies Software and Solutions Group ‘ lntEI
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A Little Bit History

®Subset of functions, precisions

®| imited functionality

®Hard to extend

®Mostly random data rather than carefully selected
®\/ery limited special argument tests

®Black-box. Not-implementation/algorithm specific

There was no comprehensive suite for testing and verification of
Elementary Math functions

intel e )
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Requirements

® Tests
—Accuracy
—Performance
—Standards compliance
—Function properties
—Identities

®Real and complex
—Float
—Double
—Long double (80 bits)
—Quad (128 bits)

intel)
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Requirements

®Portable (OS, compiler, processor, endian)
e®Usable for testing and verification

®Expandable for testing new functions

®Operates in different FP environments

®Tunable interface, workload, output verboseness
®|exible, extendable input data

Need a powerful, portable, extendable, tunable Tool

intel)
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Design Decisions.
White/black box, data driven, extendable

®nvestigated each function to test

®Possible implementation algorithms and their hard paths
®Possible different algorithm paths for performance testing
®Binary arithmetic specific cases

®~140 MB of data

® Thousands fixedvector arguments per function
®Tens/hundreds of thousand run-time generated

® Ability to set up custom data

intel)
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Design Decisions.
Data driven, pre-calculated
®nitial set
—Random, Min/Max, Denorms, Integers, ...
®Hard to round cases (Table Maker's Dilemma)l~]
®(Other hard to process data
—close to n*Pi
—overflow/underflow thresholds
—common Table implementation methods boundaries

®Standards conformance data
® All worst data from many various LIBMs testing collected

intel)

Intel Math Libraries Testing and Validation Methodologies Software and Solutions Group ‘ IntEI

8



Design Decisions.

Data driven, run-time generated, tunable
®Random Intervals

®Neighborhood of specific points

®Test specified interval exhaustively

®Table-lookup (exhaustive n most significant bits of mantissa)
®Direct manipulations of bits in specific mantissa range

®N perturbations, K bits changed in mantissa bits range B1:B0O
N =3, K=2,B1=5,B0=2

oS EXP ..MMM0101MM

oS EXP ..MMM1010MM

eS EXP ..MMM0110MM

intel)
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Design Decisions.
convenient, developers/managers usable design

e Command line interface with GUI on top
®Text input, text and .csv output, easy to pre/post process
— 1.0, 3ff00000, Ox1p0
®Tunable configuration
—Suite common config file - function specific script - run option
® Test specific argument and interval from command line
®Exclude specific intervals from testing
®Testing arbitrary (up to ~300 bits) precision “kernels”
eOn the fly performance comparison of 2 libraries

intel)
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Design Decisions.
Intel® Math Library Test Suite GUI

[=1intel Math Library Test Suite - DE¥-QUICK  Host: jardet Home:

File “ariant... Action Precisions ©utput  Oplions Help

BN v =4 -+ = {iT] B4 ied 5
HiE L EEE st

m sinhl Itanhl Im asinhl |m sinhcoshl
sindl |tandl Im asindl Im sincosdl
I o | -
oo R oo
| hypotl I remainderl Im
[ | o | e

Trigonometric <D=

Exponential exp2l | expi0l

Logarithmic log2l I log10l

Power ! Rermmainder =qril I cbrtl bl

Sd7Yocs0p-5

I jnl

-
-

Igammal I tgammal Im Igammal_r I I
roundl | ceill |m truncl | modfl I Irintl
nearbyintl I I | addl | divl | mull

o R PO nexctowora | sanincanc

Accuracy Tests & Options [ Special Test & Options Performance Test & Optio|

Quick Intervals Template Special Performance

Identity FizxedvWector Check Errno Perform Mode
Accuracy OH Monotonicity OH Systemn Conformance Time Comparing Lo

Symmetry Check Flags OH Check exact HaHs Print details of IRig 14 IVET-'b 11 IFLG: dWZ0T1

Error Criterion

Rigor level 4 Check IEEE Flags Perform Domain+ H STOP!I |

Errors per Test [ Flags to Check Rounding Mode(s) b3 | Fi]

Threshold 0.55

Smart test +HEAR



Design Decisions.
GUI Errors file

EJ]{DEH—IJUIEI(} Detected errors Host:jardet

BIE]s: X T O

Function J0. Test Quick. Pound To Hearest. :J
ERPOR (ULP=) on Walue 11923 ( 1193 in Data Set FixedVector )

Input Argument: 0x14077alebelRaaph -——- 4.00584257534240610e+001

Computed Fesult: 0x1844436ffd1bo9cp-30 -——- 1.41250516834634010e—000

Expected Pesult: 0x1844436ffd1bIcp-30 -——- 1.412505168346320320e—-000

Precise PResult: 0x1844436£ffd1b3bBAcfhip-30 -——- 1.41250516834632017550551e-000

-— Ulp Exrror -—-: 06.4812055h715465110

-- Result is not rounded correctly
Computed Flags: JIuozwvd
Computed Errno: Unchanged

Function J0. Test Quick. Pound To Hearest.
ERPOPR {(ULPs) on Walue 1127 { 1197 in Data Set FixedVector )

Input Argument: 0x159992c65d0d8Beph -—- 4.31997917131767370e+001
Computed Fesult: Ox1bb5idbsTacfB30fp-51 -—- T.58706872270074030e-0156
Expected FPesult: O0x1bbh5hdhB656415bp-51 -—- 7.58706601338805980e-016
Precise PResult: 0x1b55d58656415b75bB5bp-51 -——- T.58706691338806023051416e-001
-— Ulp Exrror --: -1.9337091545984432e+008

-— Result i=s not rounded correctly
Computed Flags: Iuozwd
Computed Errno: Unchanged

: . i [

7245, 03_.24.02, 12:20::28 SpecEm: 0 Search: |warning j GEo

Software

'iI'ItEI . .
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Design Decisions.
Text Summary file

Error Counts
Mo Sy F1 IUOZVD E B

Arguments

Spec/Base

*kokok ok ok
dkokok ok ok
dkokok ok ok
N**kx*

Bx*x*x*xN

42/31102
40/30380
42/25031
42/27973
41/29519

Function PASS/ Max Ulp -———-

FAIL error ULPs
SIN PASS 0.515082 0
cos PASS 0.518672 0
TAN PASS 0.541852 0
ASIN FAIL 0.535745 0
ACOS FAIL 0.531348 0
ACOS FAIL 0.531348 0
ACOS FAIL 0.999864 0
ACOS FAIL 1.000545 0
ACOS FAIL 1.002306 0

Bx*x*x*xN
Sk kk*N
N***x*N

N* %% %N

41/1300
41/1300
41/1300
41/1300

White/black box, data driven, convenient,
developers/managers usable design

Intel Math Libraries Testing and Validation Methodologies

Software and Solutions Group ‘ il'l te I )
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Results.

o inux*/Microsoft* Windows*/HP-UX*/Sun* Solaris* OS
®Intel® C Compiler GNU*/Microsoft*/HP-UX* compilers
®]A32/Intel® 64/Itanium®/Sun* SPARC* architectures

®Intel XScale® microarchitecture

eIntel, GLIBC, Microsoft*, HP-UX*, Correctly rounded ... LIBMs
®\/ML Vector Math Library. Intel® MKL

®SVVML Short Vector Math Library. Intel® C Compiler

e®Intel® C Compiler validation

®Intel hardware validation

intel)
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Results.
Intel, GLIBC, Microsoft* LIBMs accuracy

Error, ULPs

10

Math functions Presence and Accuracy

e |ntel

e Microsoft
| GLIBC 2.3.4

GLIBC June 2008

-

1 18 35 52 69 86 103 120 137 154 171 188 205 222 239 256 273 290 307 324 341 358 375 392 409 426 443

Functions

Software

Intel Math Libraries Testing and Validation Methodologies
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Results.
Close look-up at 0.5 ULP area

Accuracy near 0.5 ULP

1.00 (

0.95

0.90 Intel

0.85 J —— Microsoft

/ GLIBC 2.3.4

o 0.80 GLIBC June 2008
= 0.75 -
5 0.70 - I
i}

0.65

0.60 -

0.55 - ,/J

0.50 —.-J

0-4‘5 LRI AR IR RN IR AR RN RN AR NI RN NN NI RN RN RN RN NN NN L RN RN RN RN IR RN IR RN RN R RN AR R IR RN R NN R IR RN RN RN R IAR NN RN NRE NN AR IRRR AR RN ARRIRRINRR AR AR INRRIARIARRIRRIRR AR

1 16 31 46 61 76 91 106 121 136 151 166 181 196 211 226 241 256 271 286
Functions

Software

e )
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Results.
Most common functions comparison

Accuracy data
25
2 @ Intel
m Microsoft _
0 GLIBC June 2008 M
& 1.5
=
=)
S
TR
0.5 | —H»
0 1 T T T T T T T T T T
sin asin tan atan exp log sinh asinh tanh atanh pow sqrt
Functions
'intel'
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Results. GUI ULP chart
Intel atan(). Random data.

212375 0.51307: Error Bounds

Initial intersal 20000
4 left -5.0000000000000000&-+000
# right 5.0000000000000000:+000
kdax Ulp Emror 0.51 207 240000000007

B 1,411 2852821320487 e-001

Current interval

WA

z 2=, * left |1 _3194444444444446+000
= -

ifj *:—':; % right [l5. oO000000OON00000e+000
g el
=E Sy

T ] kax Ulp Error 0.51207
3 » -1.4112852821320487-001
Pointer > -1.7261111111111605=-002

. 0000000000000000+000 0.0000000000000000e+000 5.0000000000000000e+000
-2.5000000000000000e+000 2.5000000000000000e+000

[l

Doma in

Intel Math Libraries Testing and Validation Methodologies Software and Solutions Group IntEI
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Results. GUI ULP chart
). Suite data.

Intel atan

0.51953

0. 50000

n'e H g

0.00010555

-5.0000000000000000+000
-2.5000000000000000+000

0.0000000000000000=+000

) 2. 50000000000000006-+000
Doma in =

5.0000000000000000+000

Initial interval

Error Bounds

105878

= = left -1. 7734205856501 367 +015
- = right 1. 7734305356501 967e+015
i kaw Ulp Error 0.519530999399393337

=

5.34564353393697167=-001

Current interval

10154

= left -H
= right 5
b a= Llp Errar 0.51953
- -5.3456435933969 7167 =-001
Pointer = 9.8958333333333304-001

IFiead_l,l

Intel Math Libraries Testing and Validation Methodologies

Software and Solutions Group

intel.
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Results. GUI ULP chart
Intel asindi().

Ulp Chart

Wariant: Proton | Function:

0.49500 | 0.52729 | Error Bounds [
052789
Initial interval 1035739
5 left -9,9992799999400001 =-0071
5 right 9.9995299997648465-001
b ax Ulp Error 05275891 09999399995
= -E.00021 S0001 090435 -001

L9) Current interval
1 # left -9.9998799933400007 =-001
% right 9.9995299997648468=-001
P
=
tax Ulp Eror 0.52789
= -6.00021 2000170304 332e-001
Foitiker = 1. 11608740037 37859-001
-9.939273935939400001 e-001 -1.7500002757EE4287=-005 9.9995293997E48468e-001
-5, 00002750001 37884e-001 D oma i n 4.99967F 74933386351 =-001
|Feady 00:23

~ -
Intel Math Libraries Testing and Validation Methodologies Software and Solutions Group Intel
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Results. GUI ULP chart
Microsoft* exp().

|1 .D4EEIa 2.81125L Error Bounds
2.8113
) i : Initial interval 179938
e = > left -1.0000000000000000-+000
i3 - -] ' A2 . right 59.9993399999694 54 4e-001
bd & Llp Errar 2.8112509993999399
= -2 865015316907 4985-002
U Current interval 179938
1 = left -1.0000000000000000e+000
= right k5. 9339993399694 94 4=-001
=
s
bl ax Llp Error 28113
b -2 865015316907 4985e-002
Painter £. 9097222221 964205-001
0
1.0470e 0
-1.0000000000000000e+000 1 .525273902381 271 3e-012 9.9393393393594 94 4-001
5.0000000000076261e-001 - o - 5 4.9993393339771205.-001
'Fiead_l,l
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Results. GUI ULP chart
Microsoft* sinh().

Function:
1.055121.94727¢ Error Bounds
1.9473
Initial intersal 319994
= left -2.5000000000000000+0071
= right 2.5000000000000000e+001
Fax Ulp Ermror 1.94727E99933939333
= -5 4687842009152471=2-0032
U Current interval 319994
i = left -2.50000000000000002+0071
= right |2 S000000000000000e-+001
P
=
bl ax Llp Error 1.9473
= -5.4687342003152471=-003
0
Fainter = 2 BE455833333333357+000
1.0557Te-00
-2.5000000000000000e+001 0.0000000000000000e+000 2.5000000000000000=+001
-1.2500000000000000e+007 D oma i n 1.2500000000000000e+0071
'Fiead_l,l

~ -
Intel Math Libraries Testing and Validation Methodologies ftware and Solutions Group Intel
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Results. Auto performance charts
Intel cos().

cos() function

400
350
300
» 250
@
o 200
)
o 150
100

Domain

intel
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Results. Auto performance charts
Intel acos().

acos() function

140
120

Cycles

Domain

intel .’ )
Intel Math Libraries Testing and Validation Methodologies Software and Solutions Group ( |ntEI
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Results.
Correctly Rounded (CR) LIBMs

e IBM* Accurate Portable MathLib*. 1999, 2002.
Round to nearest; No errno support; No exception flags settings
sin cos tan asin acos atan exp log pow sqrt remainder atan2
http://www.alphaworks.ibm.com/tech/mathlibrary4java

® A library of fast math subroutines for Java. Abraham Ziv, Moshe Olshansky

e Sun* libmcr* 0.9 Beta; December 2004.
All round modes; No errno support; Set exception flags
exp log pow sin cos tan atan

http://www.sun.com/download/products.xml?id=41797765

® A reference correctly-rounded library of basic double-precision transcendental
elementary functions.

® ENS-Lyon crlibm* 0.8beta, 1.0betal; January 2005, February 2007.
All round modes; No errno support; Tries to set Overflow/Underflow
sin cos tan asin atan sinh cosh exp log log2 log10. LGPL.

http:/ /lipforge.ens-lyon.fr/projects/crlibm/

® A mathematical library (libm) with proven, IEEE-754 compliant, correct
rounding in the four rounding modes, and performances comparable to
standard libms.

Intel Math Libraries Testing and Validation Methodologies Software and Solutions Group ‘ ntEI

25




Results.
CR LIBMs. Issues Found

®IBM* Accurate Portable MathLib*: pow, cot, sin, tan,
remainder, atan?2

eSun* libmcr*: sin, tan, atan, exp, log, pow

®ENS-Lyon crlibm*: sin, cos, tan, atan, cot, sinh, log, log2,
log10

® Architectures difference

® Coding errors

® C99 Special cases (Infs, NaN, Max/Min)
® Denormal operands

® Binade boundaries

intel)
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Results.

Acknowledgements

e IBM* Accurate Portable MathLib* readme.
“Our thanks are given to the IMLTS (Intel Math Library Test
Suite) group, and particularly to Shane Story and Eugeny
Gvozdeyv, for testing the library several times and discovering
numerous bugs which otherwise could have remained
unnoticed.”

® ENS-Lyon crlibm¥* .pdf doc.
“Many thanks to...The Intel Nizhniy-Novgorod Lab, especially
Andrey Naraikin, Sergei Maidanov and Evgeny Gvozdev;”

intel)
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Designers and Implementers

e®Yuri Akutin

® Alexey Ershov
®Evgeny Gvozdev
eSvetlana Gvozdeva
®\ladimir Lunev
®Elena Luneva
®\/ictor Shumilin

®Shane Story
Most powerful tool in industry,

proven on many LIBMs
including designed as correctly rounded.

intel . )
Intel Math Libraries Testing and Validation Methodologies Software and Solutions Group IntEI
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Summary

There was no comprehensive suite for testing and
verification of Elementary Math functions

Need a powerful, portable, extendable, tunable Tool

White/black box, data driven, convenient,
developers/managers usable design

Most powerful tool in industry, proven on many LIBMs
including designed as correctly rounded.

29
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Support Material

e Specific bugs found in correctly-rounded LIBMs

intel . )
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Software ( -

32



IBM* Accurate Portable MathLib*

Function COT. Test Quick. Round To Nearest.

Input Argument:
Computed Result:
Expected Result:

Precise Result:

Tbe8lael0dffa3b33 —— 7
432c0a894108ce00 ——= 3
432c0a894108cd05 - 3
432c0a894108cd049f2d86 ——— 3

Function COT. Test Quick. Round To Nearest.

Input Argument:
Computed Result:
Expected Result:

Precise Result:

41339c6£d67805a7 ——= 1

c3340d40d167bcocO -—— —b.
.64384939716117400e+15

c3340d0d167bccdb -—— =5

c3340d0d167bccd6443ela ——— 5.

Intel Math Libraries Testing and Validation Methodologies

.34096043773508872e+288
.94644198289587200e+15
.94644198289574650e+15
.946441982895746310894e+0015

.28523183776889159e+06

©4384939715961600e+15

©43849397161174266572e+0015

Software and Solutions Group ‘ il'l te I )
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IBM* Accurate Portable MathLib*

Function SIN. Test Quick. Round To Nearest.

Input Argument:
Computed Result:
Expected Result:

Precise Result:

0001

Function REMAINDER.
Input Argument:

Computed Result:
Expected Result:

Precise Result:

0005

3£d02ae7238a0000 -
3fcffeObl764cadd -
3fcffelObl764cadc -
3fcffelObl764cadc7d2329 ——-—

bf£0000000000000 -
bff00068db8bac71 -
3f1la36e2eblc0000 -
3f1a36e2eblcd4000 -
3f1a36e2eblc4000000000 ——-

Intel Math Libraries Testing and Validation Methodologies

N NN

Test Quick. Round To Nearest.
-1.
.00010000000000000e+000
.99999999997669420e-005
.99999999999889870e-005
.99999999999889865875957e~

-1
9
9
9

.52618584352603650e-001
.49940287039481040e-001
.49940287039481010e-001
.49940287039481026343739%e-

00000000000000000e+000

Software and Solutions Group ‘ il'l te I )
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IBM* Accurate Portable MathLib*

Function REMAINDER. Test Quick. Round To Nearest.

Input Argument:

Computed Result:
Expected Result:

Precise Result:

0001

bfebbbbbbbbbbbbc -——  -=8.
bfd556£8c384071c -—— =3
3fcllaeba6293bb0 - 1
3fcllaeba6293bb8 - 1
3fcllaebab6293bb8000000 ——- 1

66666666666666700e-001

.33433333333333470e-001
.33633333333333490e-001
.33633333333333710e-001
.3363333333333371477635%e-

Function REMAINDER. Test Intervals. Round To Nearest.

Input Argument:

Computed Result:
Expected Result:

Precise Result:

0019

bf50000000000000 -———=  =9.
b£2999999999999¢f -——— -1.
3c30000000000000 - 8.
3¢c2b000000000000 - 7.
3¢c2b000000000000000000 ——- 7.

Intel Math Libraries Testing and Validation Methodologies

76562500000000000e-004
95312500000000150e-004
67361737988403550e-019
31836466427715490e-019
31836466427715492955031e~-

Software and Solutions Group ‘ il'l te I )
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IBM* Accurate Portable MathLib*

Function REMAINDER.

Input Argument:

Computed Result:
Expected Result:
Precise Result:
Function TAN.
Input Argument:
Computed Result:
Expected Result:

Function TAN.
Input Argument:
Computed Result:
Expected Result:

Test Special.

Test Special.

Round To
ffefffffffffffff _
Tfefffffffffffff -
0000000000000000 -
8000000000000000 -
8000000000000000000000 ——-

Test Intervals.

7££0000000000001 -
0000000000000000 -
7££8000000000001 -

7££8000000000001 -
0000000000000000 -
7T££8000000000001 -

Intel Math Libraries Testing and Validation Methodologies

Round To Nearest.

Round To Nearest.

Nearest.
-1.79769313486231571e+308
1.79769313486231571e+308
Zero
—Zero

—-Zero

SNaN
Zero
ONaN

QONaN
Zero
QONaN

Software and Solutions Group ‘ il'l te I )
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IBM* Accurate Portable MathLib*

Function TAN. Test Special. Round To Nearest.
Input Argument:
Computed Result:
Expected Result:

Function ATANZ2.

Input Argument:

Computed Result:
Expected Result:

Precise Result:

7££0000000000000 -
0000000000000000 -
f££8000000000000 -

Test Quick. Round To Nearest.

Tfefffffffffffff S
Tfefffffffffffff -
£££8000000000000 -
3fe921fb54442d18 -
3fe921fb54442418469898 ——-

Intel Math Libraries Testing and Validation Methodologies

Infinity
Zero

ONaN_Indefinite

1.79769313486231570e+308
1.79769313486231570e+308
ONaN_TIndefinite
7.85398163397448280e-001
7.853981633974483096156e-0001

Software and Solutions Group ‘ il'l te I )
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IBM* Accurate Portable MathLib*

Function POW. Test Quick. Round To Nearest.

Input Argument: Dbf50000000000000 -—— =9.76562500000000000e-004
0000000000000000 - Zero

Computed Result: 7££8000000000000 - ONaN

Expected Result: 3££0000000000000 - 1.00000000000000000e+000

Precise Result: 3££0000000000000000000 --- 1.00000000000000000000000e+0000

Function POW. Test Quick. Round To Nearest.

Input Argument: 7£fe0000001ffffff - 8.98846574128086550e+307
bf£0000000000000 -—— -=1.00000000000000000e+000
Computed Result: 0007f£££f£££000000 - 1.11253692096455460e-308
Expected Result: 0007fffff£f000001 - 1.11253692096455510e-308
Precise Result: O0007ffffff0000009fffff ——- 1.11253692096455494187805e-0308

Intel Math Libraries Testing and Validation Methodologies Software and Solutions Group ‘ IntEI
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IBM* Accurate Portable MathLib*

Function POW. Test Special.

Round To Nearest.

Input Arguments: 8000000000000000 —-zZero

bfefffffffffffff -9.99999999999999890e-001
Computed Result: 7££8000000000000 QNaN
Expected Result: 7££f0000000000000 Infinity

Function POW. Test Special.

Round To Nearest.

Input Arguments: Dbf£f0000000000000 -1.00000000000000000e+000
7££0000000000000 Infinity

Computed Result: 7££8000000000000 QNaN

Expected Result: 3f££0000000000000 1.00000000000000000e+000

Function POW. Test Special.

Round To Nearest.

Input Arguments: 3££0000000000000 1.00000000000000000e+000
f££8000000000001 QONaN

Computed Result: 7££8000000000000 QNaN

Expected Result: 3f££0000000000000 1.00000000000000000e+000

Intel Math Libraries Testing and Validation Methodologies

Software and Solutions Group ‘ il'l te I )

39




Sun¥* libmcr*

Function SIN. Test Quick. Round To Nearest.

Input Argument:
Computed Result:
Expected Result:

Precise Result:

OOOfffffffffffff -
OOOffffffffffffe -
OOOfffffffffffff S
OOOffffffffffffeffffff ———

Function TAN. Test Quick. Round To Nearest.

Input Argument:
Computed Result:
Expected Result:

Precise Result:

OOOfffffffffffff E—
0010000000000000 -
OOOfffffffffffff E—
OOOLffffff£f£££££000000 ——~—

Intel Math Libraries Testing and Validation Methodologies

D NN

.22507385850720089e-308
.22507385850720039e-308
.22507385850720089e-308
.225073858507200889024e-0308

.22507385850720089e-308
.22507385850720138e-308
.22507385850720089e-308
.225073858507200889024e-0308
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Sun¥* libmcr*

Function ATAN. Test Quick. Round To Nearest.
Input Argument: OQOfffffffffffff -
Computed Result: OQ00ffffffffffffe -
Expected Result: O0Qfffffffffffff -

Precise Result: OQOOffffffffffffeffffff ———
0308

.22507385850720089e-308
.22507385850720039e-308
.22507385850720089e-308
.22507385850720088902459%9e~

N NN

Function EXP. Test Quick. Round To Nearest.

Input Argument: bc90000000000001 —-—— —=5.55111512312578393e-17

Computed Result: 3££0000000000000 - 1.00000000000000000e+00

Expected Result: 3fefffffffffffff - 9.99999999999999889e-01

Precise Result: 3fefffffffffffff7fffff ——— 9.99999999999999944488849%e~
0001
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Sun¥* libmcr*

Function LOG. Test Special. Round To Nearest.

Input Argument: f£££0000000000000 —-——— —Infinity
Computed Result: f££f£0000000000000 —-——— —Infinity
Expected Result: f£f£f£8000000000000 ——— ONaN_Indefinite

Function POW. Test Quick. Round To Nearest.

Input Argument: Dbfe0000000022000 -——  —D5.
c08e280000000000 -———  =9.

Computed Result: Dbfefffffeffac004 -———  =9.
Expected Result: fc3fffffeffac004 -— 3.
Precise Result: fc3fffffeffac00403b0c6 —-—-- -3.

Intel Math Libraries Testing and Validation Methodologies

00000000015461410e-01
©65000000000000000e+02
99999970159479279%9e-01
11850039059032140e+290
1185003905903214097063e+0290
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Sun¥* libmcr*

Function POW. Test Quick. Round To Nearest.

Input Argument: Dbfe0000044000000 -——  -—D5.
.06000000000000000e+02
9.99821172277587489%9e-01
3.36588495579233237e+212
.3658849557923321850473e+0212

c086100000000000 -— =7
Computed Result: 3feffe88f898fad7 -
Expected Result: 6¢c0ffe88£898fad’ -
Precise Result: 6c0ffe88f898fad6805ef5 ——- 3

Function POW. Test Quick. Round To Nearest.
Input Argument: Dbfefffffffffffff -——— =9

bf£f0000000000000 -— 1.
Computed Result: Dbff0000000000000 -— 1.
Expected Result: bff0000000000001 -— 1.
Precise Result: Dbff0000000000000800000 ——— -—1.

Intel Math Libraries Testing and Validation Methodologies

00000126659870148e-01

.99999999999999889%e-01

00000000000000000e+00
00000000000000000e+00
00000000000000022e+00
0000000000000001110223e+0000
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Sun¥* libmcr*

Function POW. Test Cmdline. Round To Nearest.
Input Argument: 4050000000000013 ——=

3£e0000000000000 ——=
Computed Result: 402000000000000a -
Expected Result: 4020000000000009 -
Precise Result: 40200000000000097fffff ——-

.40000000000002700e+01
.00000000000000000e-01
.00000000000001776e+00
.00000000000001599e+00
.0000000000000168753899e+0000

0 © o6 U1 O

Function POW. Test Intervals. Round To Nearest.
Input Argument: 3£fe0000000000000 ——=
Sffffffffffffffb -
Computed Result: 3f£0000000000000 -
Expected Result: 3fd0000000000003 -
Precise Result: 3£d40000000000003773a77 ——-

.00000000000000000e-01
.99999999999999889e+00
.00000000000000000e+00
.50000000000000167e-01
.5000000000000019238699e-0001

D NN O
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Sun* libmcr* Exception flags

Function Flags Roun Function Flags Roun Function Flags Roun
TUOZVD ding IUOZVD ding TUOZVD ding

SIN FEx***x  Near ATAN FEp*x*x**x  Near POW *FXFE*  Near

SIN FE*x*** +TInf ATAN FEx**x* 4+Tnf POW *FXFFEF +Inf

SIN FE*x*** —Tnf ATAN FEx*x*x*x —Tnf POW *FXFFEF —-Inf

SIN Frxxx*x  Zero ATAN Fr*x*xx  Zero POW *F*FFEF  Zero

COS xHxxxkx Near EXP *pxxx*x Near

COS *xrxxkk +Tnf EXP *Epxxxx 4+ Tnf

COS *rFxAkxKk —Inf EXP *pxFxxx —Inf

COS xHxxxkx Zero EXP *pxRxxx Zero

TAN *xxx*x*k  Near LOG **x*xxF*  Near

TAN Fxrxxkk +Tnf LOG *rxxpE* 4+Inf

TAN FrHxAkxKk —TInf LOG *xxFkpx —Inf

TAN *Hxxxkx Zero LOG *xAEXEX Zero

Intel Math Libraries Testing and Validation Methodologies Software and Solutions Group ‘ IntEI
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ENS-Lyon crlibm¥*

sin, cos, tan, atan, round to nearest

Input Argument: 7£e0000000000000 - 8.98846567431157954e+307
Computed Result: 0000000000000000 - Zero

Expected Result: 3fe205248cbdb760 - 5.63127779850884025e-01
Precise Result: 3fe205248cbdb75feb5abcc ——- 5.6312777985088401345294e-0001
Input Argument: 7££0000000000001 —— SNaN

Computed Result: 0000000000000000 - Zero

Expected Result: 7££8000000000001 - QNaN

Input Argument: Jfffffffffffffff - ONaN

Computed Result: 0000000000000000 - Zero

Expected Result: Tfffffffffffffff - QONaN
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ENS-Lyon crlibm¥*

sin, cos, tan; round to nearest

Input Argument: 7££0000000000000 - Infinity
Computed Result: 0000000000000000 —— Zero

Expected Result: £££8000000000000 - QONaN_Indefinite
Input Argument: £££0000000000000 ——— —Infinity
Computed Result: 0000000000000000 —— Zero

Expected Result: £££8000000000000 - QNaN_Indefinite

47
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ENS-Lyon crlibm¥*

Function ATAN. Test Template. Round To Nearest.

Input Argument: 43b8000000000000 - 1.72938225691027046e+18
Computed Result: 7££8000000000000 - QNaN

Expected Result: 3ff921fb54442d18 - 1.57079632679489656e+00
Precise Result: 3ff921fbb54442d1845edee ——- 1.570796326794896618653e+0000

Function SINH. Test Quick. Round To Nearest.

Input Argument: 8000000000000000 -—— —Zero
Computed Result: 0000000000000000 - Zero
Expected Result: 8000000000000000 -—— —Zero
Precise Result: 8000000000000000000000 --- —Zero
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ENS-Lyon crlibm¥*

Input Argument:
Computed Result:
Expected Result:

Input Argument:
Computed Result:
Expected Result:

log2, log10; round to nearest

0000000000000000 - Zero
7££0000000000000 ——= Infinity
f££0000000000000 —-—— —Infinity
8000000000000000 -—— —Zero
7££0000000000000 - Infinity
f££0000000000000 —-—— —Infinity

Function COT. Test Quick. Round To Nearest.

Input Argument:
Computed Result:
Expected Result:

Precise Result:

3ffedl/clbdadel’/ ——= 1.
.20191173204477486e-01
.31601586311827234e-01
.3160158631182725550917e-0001

bfd47e031e5863fb -—— =3
bfd538£5dc20b48a -—— =3
bfd538£5dc20b48a613329 ——— -3

Intel Math Libraries Testing and Validation Methodologies

89098749999937410e+00
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ENS-Lyon crlibm¥*

Function SIN. Test Template. Round To Zero.

Input Argument: 0010000000000001 ——
Computed Result: 0010000000000001 -
Expected Result: 0010000000000000 -
Precise Result: 0010000000000000ffffff —-—-

.22507385850720188e-308
.22507385850720188e-308
.22507385850720138e-308
.2250738585072018771558e-0308

D NN

Function SIN. Test Template. Round To -Infinity.
Input Argument: 0010010000000000 -
Computed Result: 0010010000000000 -
Expected Result: O001000ffffffffff -
Precise Result: OO0lOOOffffffffffffffff ———

.22561708942968849e-308
.22561708942968849e-308
.22561708942968800e-308
.2256170894296884928029e-0308

D NN
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ENS-Lyon crlibm¥*

Function EXP. Test Quick. Round To Zero.

Input Argument:
Computed Result:
Expected Result:

Precise Result:

3£e0000000000000 - 5.00000000000000000e-01
0000000000000000 - Zero

3ffa61298ele069b - 1.64872127070012797e+00
3ffa61298ele069bc972df ——- 1.6487212707001281468486e+0000

Function EXP. Test Intervals. Round To -Infinity.

Input Argument:
Computed Result:
Expected Result:

Precise Result:

Intel Math Libraries Testing and Validation Methodologies

bfd4bfecl/dl4ef8 -——— =3.24214003810296969e-01

/@ il i i i i i i i i i ——= 8.98846567431157854e+307
3£e7239922267910 - 7.23095480632567345e-01
3£e723992226791040c657 ——- 7.2309548063256737260601e-0001
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ENS-Lyon crlibm¥*

Function SIN. Test Quick. Round To -Infinity.
Input Argument: 3££f921fb54c42d19 ——=
Computed Result: 3feffffffffffffe ———
Expected Result: 3fefffffffffffff ———
Precise Result: 3feffffffffffffffbffff ——-

.57079632865754193e+00
.99999999999999778e-01
.99999999999999889%e-01
.9999999999999999826527e-0001

O O O =

Function COS. Test Intervals. Round To -Infinity.

Input Argument: 401921fb54c42d18 ——— 6.28318531463016683e+00
Computed Result: 3feffffffffffffe - .99999999999999778e-01
Expected Result: 3fefffffffffffff - .99999999999999889e-01
Precise Result: 3fefffffffffffffc00000 ——- .9999999999999997224442e-0001

O W O

Function ATAN. Test Intervals. Round To -Infinity.

Input Argument: 3e40000000000000 - 7.45058059692382812e-09
Computed Result: 3e3ffffffffffffe —— 7.450580596092382647e-09
Expected Result: 3e3fffffffffffff - 7.45058059692382730e-09
Precise Result: 3e3fffffffffffffd555555 ——— 7.4505805969238279871365e-0009
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ENS-Lyon crlibm¥*

Function COSH. Test Intervals. Round To —-Infinity.

Input Argument: 40865294a5294a53 —— 7.14322580045161338e+02
Computed Result: 7££0000000000000 - Infinity

Expected Result: Tfefffffffffffff - 1.79769313486231571e+308
Precise Result: 7ff76b6bl3dc6a52dca893 ——- 8.420251771759003418637e+0309

Function LOG. Test Quick. Round To +Infinity.

Input Argument: 3££0000000000000 ——— 1.00000000000000000e+00
Computed Result: 0000000000000001 ——— 4.94065645841246544e-324
Expected Result: 0000000000000000 - Zero
Precise Result: 0000000000000000000000 —--- Zero
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ENS-Lyon crlibm* Exception flags

Function Flags Roun

SIN FExX*E>* Near
SIN FE**F*  +Inf
SIN FE**F* —Inf
SIN FE**F~* Zero
COS Frx*pFE Near
COS F***FF  +Inf
COS Frxxpx —Inf
COS Fraxxpx Zero
TAN FE**F~* Near
TAN FE**F*  +Inf
TAN FE**F* —-Inf
TAN FEx*E>* Zero

Intel Math Libraries Testing and Validation Methodologies

Function Flags Roun

ASIN FE*x* %% Near
ASIN FE*x*x**  +Inf
ASIN FE*x*x**  —TInf
ASIN FE***xx* Zero
ATAN FE*x* %% Near
ATAN FE*x*x**  +Inf
ATAN FE*x**x*x  —-Tnf
ATAN FE*x* %% Zero
EXP FEFE**F Near
EXP FFEF**F +Inf
EXP FFE**F —-Inf
EXP FEFE**F Zero
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ENS-Lyon crlibm* Exception flags

Function Flags Roun

SINH FEFE*E* Near
SINH FFEF*F* +Inf
SINH FFF*F* —Inf
SINH FFE*EF* Zero
COSH F*F*FF Near
COSH FxXF*F*  +Inf
COSH F*F*F* —-Inf
COSH FHRE*E* Zero
LOG xR KR XK Near
LOG Frx*xF**x  4+Inf
LOG Fr*xpx*x  —Tnf
LOG |l Zero

Intel Math Libraries Testing and Validation Methodologies

Function Flags Roun

LOG2 Fxxpxx Near
LOG2 *xxp*x*x +Inf
LOGZ2 *xxpxk —Inf
LOG2 xRKEEK Zero
LOG10 Fxxpxox Near
LOG10 FE*F** +Inf
LOG10 FE*F*x* —-Inf
LOG10 FE*E** Zero
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IBM* Accurate Portable MathLib*

® Architectures difference.
First many functions failed because developer implied FP ops
performed in double precision (uses appropriate FP constants). Intel
processor default mode is 80 bit for Linux. Using double precision
resolved problem.

epow: for x1 user returns 1/x; Compiler uses fdiv hardware
Instruction, double roundings occurs for Intel processor precision
control set to 53 bits. It works fine for full 80 bit precision control
set.

® Developer bugs.
sin: error slightly more than 0.5 ULP
cot, remainder: Big ULP error
cot: “for some unknown reason I thought that an absolute error of
1/x equals to that of x...”

® C99 Special cases: atan2, remainder, pow, tan: processing Infs,
NaNs, Max/Min FP numbers.

intel)
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Sun¥* libmcr*

® Architecture difference again — 80 vs. 64 bits internal
calculations.

“"Arguments that result in correct results on SPARC, but
fail for i386 machines. These are the result of i386 machines
using double-extended to do FP arithmetic. SPARC uses only
64-bit floating point registers. That being the case, several
failures on i386 are the result of constants that are meant for
64-bit FP registers. The exp() and pow() failures are isolated
to the i386 and I believe have to do with double rounding
issues. I'm looking for solutions for these ... as I type.”

intel)
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Sun* libmcr*, ENS-Lyon crlibm*

® Mostly developer’s bugs.
Binade boundaries — change ULP value.
C99 Special cases.
Work with denormal numbers.

®“Errors replicated on SPARC, our initial development machine. These
were coding errors that left holes in processing.”

®"“\We have a stupid bug there: for directed rounding modes I compute
the ulp of a number and then add or subtract it, and of course for 1
(and other numbers that lie exactly at the boundary of a binade) I
subtract a quantity that is twice the ulp of the previous binade. The
solution is to add/subtract 1 to the binary integer representing the
double, which always work except for zero and infty.”

®“Most errors related to special cases were stupid ones (reasoning
only on positive values, < instead of <=, this kind of mistakes).”

intel)
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