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Floating-Point Inaccuracy

0.1+0.1+0.1+...... +0.1
k

Code:

float X

for(int
X =

X He

¥
printf("%

|
10000 times

.6f", X);

Output: 999.902893



Floating-Point Inaccuracy

0.1+0.1+0.1+...... +0.1
k
Y

10000 times

Code:

double x = 0, a = 0.1;

for(int 1 = 0; i < 10000; i++) {
X = X + a;

¥
printf("%.61f", x);

Output: 1000.000000



0] TS 5

ZIN

« FRIRESFEEET
Ja R
« TEIE S, %?%
_J‘gﬁllél ?j%%/\ﬁﬁ/%n\
}\ff&ﬁ%mﬁ L_ﬁZTZS




Measure Errors

Absolute error:
Errorgps = ‘xideal - xfp‘

Relative error: xideal

Xideal — Xfp

Errorye =

Xideal



Precision Tuning

Code:
float x = @, a = 0.1;
for(int 1 = 0; i < 10000; i++ .
X = X + a; ) 1 ‘ Xorignal = 999.902893
}

printf("%.6f", x);

Raise precision

Code:
double x = 0, a = 0.1;
for(int 1 = 0; i < 10000; i++) { _
X = X + a;, ‘ xhigh — 1000000000

}
printf("%.61f", x);



Measure Errors with Precision
Tuning

Absolute error:

ETTOTabS — ‘xideal — xfp‘ ~ |xhigh _ xoriginal‘

Relative error:

Xideal — Xfp Xhigh — Xoriginal

~y
~

Error,.; =
Xideal

Xhigh



Precision-Unspecific Semantics

* Floating-point variables = Real numbers

* Floating-point operations =2 Real number
operations

* Technique: precision tuning

On-the-fly detection of instability problems in floating-point program execution
A dynamic program analysis to find floating-point accuracy problems
Efficient search for inputs causing high floating-point errors
Trustworthy numerical computation in scala
Automatically improving accuracy for floating point expressions
A genetic algorithm for detecting significant floating-point inaccuracies



Assumption: High precision usually
produce more accurate output

Is it true?



Example

A code piece simplified from exp function in the
GNU C library:
1: double x = 3.7;

2: double n = 6755399441055744.0;
3: double v = (x + n) — n;

Answer from computer:y = 4
Raise precision to long double:

Answer from computer: vy = 3. 70“



Example

A code piece simplified from exp function in the
GNU C library:

1l: double x = 3.7;
2: double n = 6755399441055744.0;
3: double v = (x + n) — n;

The goal of this code is to round x to the nearest
integer.

nis a “magic number” specially designed for double
precision. (n = 1.5 X 2°?)



Example

A code piece simplified from exp function in the
GNU C library:
1: double x 3.7;

2: double n = 6755399441055744.0;
3: double vy (x + n) — n;

A precision-specific operation



Precision-Specific Semantics

double x = 3.7;
double n = 6755399441055744.0;
double v = (x + n) - n;

* Interpret as “rounding x to the nearest integer”

* Problems
* Any other form of precision-specific operations?
* How to understand its intention?
 How to compose n for different precisions?



Precision-Specific Semantics

double x = 3.7;
double n = 6755399441055744.0;
double v = (x + n) - n;

* Interpret as “rounding x to the nearest integer”

* Problems
* Any other form of precision-specific operations?
* How to understand its intention?
 How to compose n for different precisions?

 Solution
* A heuristic to detect precision-specific operations.

* A fixing approach to enable precision tuning
under the presence of precision-specific
operations.



Heuristic

e An instruction is possibly precision-specific if it
results in large error inflation in most executions.

* Intuition

* Two sources of errors in computations
* Accumulated Errors: usually small
e Cancellation: normally occurs in a few executions



FIXIng

normal operation
normal operat?on High precision
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High
pI‘ECiSiOn Precision-specific operation l Original precision

normal operation
normal operation
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High precision




Fixing Example

Long Double
x = 3.7;
n = 6755399441055744.0;
temp = X + n;
y = temp - n; Double

Long Double



Automatic Detection Overview
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Subjects

48 double version math functions of
the GNU C library (GLIBC).



Research Questions

Distribution



RQ1: Distribution of Precision-
Specific Operations

FUNCTIONS

Precision-
Others specific
23 functions

25




RQ1: Distribution of Precision-
Specific Operations

FILES Precision-
specific files
10

Others
33



RQ1: Distribution of Precision-
Specific Operations

In total, 48 precision-specific operations are detected.

PRECISION SPECIFIC OPERATIONS

Multiplication
2

Bit operation
2

Rounding
44




RQ2: Precision and Recall

* Precision: 77.5% Detected operations
* Recall: 97.92%

® False positives ® Rounding

= Multiplication m Bit operation



RQ3: Fixing

* How effective is our fixing approach?

* We evaluate the average relative error to standard

value.

Original precision

Average

A 4

/

A 4

Program

High precision

A

Relative error

Average

A 4

A

T

High precision
with fixing

Relative error

Average

v

Relative error

Standard
value




RQ3: Automatic Fixing

* Automatic fixing: fix detected instruction.

* The results from automatic fix are more accurate
than the original precision and the high precision in
the vast majority of cases.

Automatic Fixing (E = 107)
>0 <0 > H <H
20 1 12 2

O: original precision. H: high precision. >: better than. <: worse than
* Precision§ , error g
* Recall § , error g



RQ4: Review Existing Study

| return ] T
, = - Fixed precision-
subjects T . . .
ca specific functions in
GLIBC
Function Reported error Actual error
exprel 2 2.85e+00 5.25e-12
synchrotron_1 5.35e-03 2.24e-13
synchrotron_2 3.67e-03 5.97e-15

equake (sin, cos)

Around 5.00e-01
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IEEE 754 Floating-Point Representation

Sign Exponent  Significand
Single
Precision 1 8 23
Double 1 11 52
Precision
ENDOnent
il
1.2345 = 12345 x 10

significand base
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Fig. 1. erf at significand 0x34873b27b23c6
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Stable? stable stable unstable unstable unstable unstable

Max. EITOr ) ge.16  32E-16 8.1E+76 7.0E-11 10E+00 9.2E-01
Detected
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LSGA vs. RAND
LSGAVvs. STD
STD vs. RAND

(RUES S SN

RAND STD LSGA Tied
11 (7%) 24 (16%) 105 (68%) 14 (9%)

Sign Test 4%

N+ n- N p
127 12 139 < 4.14e-22
110 30 140 < 2.46e-11
93 40 133 < 6.52e-06
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TABLE VII
FUNCTIONS WITH POTENTIAL BUGS
Name Relative Estimated Reported Ab-
Error Absolute solute Error
Error
airy_Ai_deriv 1.54E+06 1.04E-06 1.35E+00
airy_Ai_deriv_scaled 1.54E+06 1.04E-06 1.35E+00
clausen 5.52E-02 6.37E-17 2.31E-02
eta 9.58E+13 1.27E+37 2.71E+50
exprel_2 2.85E+00 4.44E-16 7.41E-01
gamma 1.07E-02 6.94E-14 1.05E-01
synchrotron_1 5.35E-03 4.47E-14 3.07E-04
synchrotron_2 3.67E-03 6.39E-14 1.86E-04
zeta 9.58E+13 3.41E+18 1.19E+32
zetaml 1.42E-02 1.51E+19 7.42E+30
bessel_Knu 6.08E-03 3.33E+22 9.05E+34
bessel_Knu_scaled 6.08E-03 2.66E+22 9.05E+34
beta 9.21E-03 491E-13 2.04E-01
ellint_E 8.92E-03 1.58E-16 3.14E-03
ellint_F 8.79E-03 1.86E-16 3.64E-03
gamma_inc_Q 1.36E+13 8.88E-16 1.25E-12
hyperg_OF1 5.80E+06 2.08E+37 7.33E+49
hyperg_2F0 4.35E-03 5.20E+02 3.19E+12
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