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Abstract 1

This paper introduces an algorithm for converting floating-point numbers to decimal based 2

on schubafch[2], which performs better than other existing algorithms. 3

Keywords: floating-point; decimal; performance 4

1. Introduction 5

In 1990, Steele and White[1] published the paper how to print floating-point numbers 6

Accurately and proposed the optimal principle of floating-point number printing algorithms 7

(hereinafter referred to as the SW principle) : 8

• Information preservation: The print result can be parsed back to the original floating- 9

point number. 10

• Minimum length: The print result should be as short as possible. 11

• Correct rounding: On the basis of satisfying 1 and 2, if there are two candidate values, 12

they should be correctly rounded (i.e., the even value should be selected). 13

• Generate from left to right: The print result is generated from the left. 14

Floating-point number printing algorithms that satisfy the SW principle convert floating- 15

point numbers into real values with unique and definite results. The algorithm in this paper 16

is based on the schubfach[2] algorithm. The algorithm in this paper has the same output 17

result as algorithms such as ryu[3,4], schubfach[2], and dragonbox[5]. This article only 18

introduces two floating-point number types, IEEE754-binary32 and IEEE754-binary64. To 19

simplify the content, in this article, float represents IEEE754-binary32 and double represents 20

IEEE754-binary64. This article involves the python code and algorithm implementation 21

code at https://github.com/xjb714/xjb. 22

2. IEEE754 Floating Point Number Representation 23

Since the print result of a negative floating-point number only has one more negative 24

sign than the print result of its absolute value, this article only discusses positive floating- 25

point numbers and does not include special values such as 0, NaN, and Inf. 26

The IEEE754 double-precision floating-point number consists of 64 bits, including 1 27

sign bit (sign), 11 exponent bits (exp), and 52 fraction bits ( f rac). sign’s range is 0 or 1, exp’s 28

range is [0, 2047], and f rac’s range is
[
0, 252 − 1

]
. 29

The IEEE754 single-precision floating-point number consists of 32 bits, including 1 30

sign bit (sign), 8 exponent bits (exp), and 23 fraction bits ( f rac). sign’s range is 0 or 1, exp’s 31

range is [0, 255], and f rac’s range is
[
0, 223 − 1

]
. 32

When f rac = 0, it is an irregular floating-point number. 33
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The real value of the positive floating-point number v can be expressed as the following 34

expression: 35

double:v =
(

f rac +
(

exp ̸= 0?252 : 0
))

· 2max(exp,1)−1075 = c · 2q

f loat:v =
(

f rac +
(

exp ̸= 0?223 : 0
))

· 2max(exp,1)−150 = c · 2q
(1)

There are two cases in total. When exp equals 0 (referred to as subnormal floating-point 36

numbers), there are: 37

double:v = f rac · 2−1074

f loat:v = f rac · 2−149 (2)

When exp is not equal to 0 (referred to as a normal floating-point number), there is: 38

double:v =
(

f rac + 252
)
· 2exp−1075

f loat:v =
(

f rac + 223
)
· 2exp−150

(3)

In the rounding interval Rv of floating-point numbers, all real numbers will be rounded to 39

this floating-point number when parsed. Rv is: 40

vl =


(

c − 1
2

)
· 2q,if f rac ̸= 0 or exp ⩽ 1(

c − 1
4

)
· 2q,if f rac = 0

vr =

(
c +

1
2

)
· 2q

Rv =

{
[vl , vr],if f rac%2 = 0
(vl , vr),if f rac%2 = 1

(4)

When the floating-point number is a regular floating-point number, 2q−1 is the rounded 41

radius. 42

3. Principle of Algorithm 43

At present, other algorithms use a large number of branches, which can easily lead 44

to branch prediction failure penalties and excessive high multiplication overhead. The 45

algorithm in this paper will minimize the overhead of branch prediction failures and 46

reduce the number of multiplication operations to improve performance. Moreover, the 47

core code for the algorithm implementation in this paper is only about twenty lines and it 48

also supports parallel computing. The process of printing floating-point numbers is usually 49

divided into two parts: the first part is to convert the floating-point number to a decimal 50

number, and the second part is to convert the decimal number to a string. And this article 51

will only introduce the first part. All double-precision floating-point numbers are classified 52

into two types: irregular values and regular values. An irregular value is one where all the 53

lower 52 bits are 0, meaning the f rac value is 0. There are a total of 2046 valid irregular 54

values (i.e., exp values range from 1 to 2046). Dividing by the irregular values yields 55

the regular value. Similarly, there are a total of 254 irregular values in a single-precision 56

floating-point number. When exp is 0, it is called a subnormal floating-point number. 57
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The valid range for c and q in regular floating-point numbers is: 58

f loat :

{
1 ⩽ c ⩽ 224 − 1, c ̸= 223; q = −149

223 + 1 ⩽ c ⩽ 224 − 1;−148 ⩽ q ⩽ 104

double :

{
1 ⩽ c ⩽ 253 − 1, c ̸= 252; q = −1074

252 + 1 ⩽ c ⩽ 253 − 1;−1073 ⩽ q ⩽ 971

(5)

The valid range for c and q in irregular floating-point numbers is: 59

f loat :
{

c = 223;−149 ⩽ q ⩽ 104

double :
{

c = 252;−1074 ⩽ q ⩽ 971
(6)

The valid range for c and q in subnormal floating-point numbers is: 60

f loat :
{

c ⩽ 223 − 1; q = −149

double :
{

c ⩽ 252 − 1; q = −1074
(7)

Floating-point numbers that do not fall within the subnormal range are called normal 61

floating-point numbers. 62

regular floating-point numbers account for the vast majority of all possible values 63

of floating-point numbers and are the most worthy of discussion part. Therefore, unless 64

otherwise specified, only regular floating-point numbers will be discussed below. Suppose 65

the floating-point number v is converted to the optimal solution that satisfies the SW 66

principle as opt, d is a positive integer and k is an integer,which is expressed as: 67

v = c · 2q → opt = d · 10k

opt ∈ Rv; d ∈ N+; k ∈ Z
(8)

For example: IEEE754-binary64 floating-point number "1.3", the real value of the 68

floating-point number is 1.3000000000000000444089209850062616169452667236328125, hex- 69

adecimal representation of floating-point Numbers is 3ff4cccccccccccd, Then the opt value 70

that meets the SW principle is 1.3. The IEEE754-binary32 floating-point number "1.3" has an 71

actual value of 1.2999999523162841796875, and its hexadecimal representation is 3FA66666. 72

Therefore, the opt value that satisfies the SW principle is 1.3. 73

3.1. Review the schubfach algorithm and the derivation of the algorithm in this paper 74

According to the schubfach algorithm, the possible values of d can be one of the 75

following four situations: 76

10 · ⌊v · 10−k−1⌋, ⌊10 ·
(

v · 10−k−1
)
⌋, ⌊10 ·

(
v · 10−k−1

)
⌋+ 1, 10 · ⌊v · 10−k−1⌋+ 10 (9)

The calculation method of k in equation (9) is as follows: 77

k = ⌊q · lg(2)⌋ if v ∈ regular else ⌊3
4
· q · lg(2)⌋ (10)

In the range of float and double, equation (10) can be equivalent to: 78

k = (q · 315653 − (v ∈ regular?0 : 131237)) ≫ 20 (11)
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Suppose the integer part of v · 10−k−1 is m and the decimal part is n, then we have: 79

⌊v · 10−k−1⌋ = m

v · 10−k−1 = m + n

0 ⩽ n = v · 10−k−1 − ⌊v · 10−k−1⌋ < 1

(12)

Then the decimal part of v · 10−k is expressed as: 80

v · 10−k − ⌊v · 10−k⌋ = 10m + 10n − ⌊10m + 10n⌋ = 10n − ⌊10n⌋ (13)

The possible values of d obtained from equation (9) are: 81

10m, ⌊10(m + n)⌋, ⌊10(m + n)⌋+ 1, 10m + 10 (14)

The possible values of d in equation (14) can be simplified to: 82

10m, 10m + ⌊10n⌋, 10m + ⌊10n⌋+ 1, 10m + 10 (15)

Among them, 10m represents the minimum possible value and 10m + 10 represents the 83

maximum possible value. Suppose ten is used to represent 10m. There are four possible 84

values for one, with d = ten + one, denoted as: 85

ten = 10m

one ∈ {0, ⌊10n⌋, ⌊10n⌋+ 1, 10}
d = ten + one

(16)

Calculating d will be converted to calculating ten and one. 86

The final possible values of d are as follows: 87

• 10m 88

When the following conditions are met, the result is 10m (or equivalent to one = 0). 89

That is, the floating-point number v minus the minimum possible value of 10m is less 90

than the rounded radius 2q−1. 91

c · 2q − 10m · 10k < 2q−1

c · 2q − ⌊c · 2q · 10−k−1⌋ · 10k+1 < 2q−1

c · 2q · 10−k−1 − ⌊c · 2q · 10−k−1⌋ < 2−1 · 2q · 10−k−1

n < 2−1 · 2q · 10−k−1

2−1 · 2q · 10−k−1 > n

(17)

Or when 2−1 · 2q · 10−k−1 = n, c%2 = 0 must also be satisfied. Therefore, the following 92

conditions are valid: 93

if 2−1 · 2q · 10−k−1 > n or
(

2−1 · 2q · 10−k−1 = n && c%2 = 0
)

: one = 0 (18)

• 10m + 10 94
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When the following conditions are met, the result is 10m + 10 (or equivalent to one = 95

10). The maximum possible value of 10m + 10 minus the floating-point number v is 96

less than the rounded radius 2q−1. 97

(10m + 10) · 10k − c · 2q < 2q−1

⌊c · 2q · 10−k−1⌋ · 10k+1 + 10k+1 − c · 2q < 2q−1

⌊c · 2q · 10−k−1⌋ − c · 2q · 10−k−1 + 1 < 2−1 · 2q · 10−k−1

1 − n < 2−1 · 2q · 10−k−1

2−1 · 2q · 10−k−1 > 1 − n

(19)

Or when 2−1 · 2q · 10−k−1 = 1 − n, c%2 = 0 must also be satisfied. Therefore, the 98

following conditions are valid: 99

if 2−1 · 2q · 10−k−1 > 1 − n or
(

2−1 · 2q · 10−k−1 = 1 − n && c%2 = 0
)

: one = 10
(20)

• 10m + ⌊10n⌋ or 10m + ⌊10n⌋+ 1 100

When none of the conditions are met as d = 10m or d = 10m + 10, d is either 10m + 101

⌊10n⌋ or 10m + ⌊10n⌋+ 1. The final value is determined based on the decimal part 102

of 10n. If the decimal part is 0.5, it is rounded to the nearest even value; if it is not 103

0.5, it is rounded to the nearest value. For irregular floating-point numbers, it is also 104

necessary to determine whether 10m + ⌊10n⌋ is within the rounding interval Rv. If it 105

is not, then 10m + ⌊10n⌋+ 1. 106

In summary, the steps of the schubfach algorithm variants are as follows, that is, the 107

algorithms proposed in this paper (xjb32(for float), xjb64(for double)): 108

input : c, q

output : d, k

convert c · 2q to d · 10k

( 1)v = c · 2q

( 2)k = ⌊q · lg(2)⌋ if v ∈ regular else ⌊3
4
· q · lg(2)⌋

( 3)m = ⌊v · 10−k−1⌋, n = v · 10−k−1 − m

( 4)ten = 10m

( 5)if 10n − ⌊10n⌋ = 0.5 : one = ⌊10n⌋ if (⌊10n⌋%2 = 0) else ⌊10n⌋+ 1

( 6)if 10n − ⌊10n⌋ < 0.5 : one = ⌊10n⌋
( 7)if 10n − ⌊10n⌋ > 0.5 : one = ⌊10n⌋+ 1

( 8)if v ∈ irregular :

( 9) if 10n − ⌊10n⌋ > 2q−2 · 10−k : one = ⌊10n⌋+ 1

(10) if 2q−2 · 10−k−1 ⩾ n : one = 0

(11)else :

(12) if 2q−1 · 10−k−1 > n or
(

2q−1 · 10−k−1 = n && c%2 = 0
)

: one = 0

(13)endif

(14)if 2q−1 · 10−k−1 > 1 − n or
(

2q−1 · 10−k−1 = 1 − n && c%2 = 0
)

: one = 10

(15)d = ten + one

(21)
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This algorithm process (21) is applicable to float and double floating-point numbers. Taking 109

a floating-point number v as input, c and q are extracted, and the calculation results d (line 110

15) and k (line 2) are returned. The real value represented by the returned results is d · 10k, 111

which conforms to the SW principle. The calculation process of k is relatively simple and 112

can be obtained from (11). Therefore, the following only focuses on introducing the rapid 113

calculation process of d. 114

The following will be divided into five parts to introduce the algorithm process (21) : 115

1. Introduce the pre-computation process of the algorithm’s lookup table. 116

2. Quickly calculate m. 117

3. Quickly determine whether one = 0 or one = 10. 118

4. Quickly calculate ⌊10n⌋ and determine whether one = ⌊10n⌋ or one = ⌊10n⌋ + 1 119

based on the decimal part of 10n. 120

5. Processing of irregular floating-point numbers. 121

3.2. Pre-computation of Lookup Table 122

The algorithm in this paper uses a lookup table to store the values of 10−k−1 for q 123

in the range of [−149, 104] for float and [−1074, 971] for double. In the algorithm of this 124

paper, float uses 64-bit precision and double uses 128-bit precision lookup tables. The code 125

implementation in this section is gen.py. Suppose the bit length of a single value data in 126

the lookup table is B. For float, it has B = 64, and for double, it has B = 128. Suppose there 127

are integers e10 and real numbers e2, where 1 ⩽ f < 2. There are: 128

f · 2⌊e2⌋ = 2e2 = 10e10 (22)

Then: 129

⌊e2⌋ = ⌊e10 · lg(2)⌋ (23)

The calculation leads to f , and the following conclusions are drawn: 130

f =
10e10

2⌊e10·lg(2)⌋
(24)

The way to calculate the lookup table is as follows (using the upward rounding method) : 131

lookup[e10] = ⌈ f · 2B−1⌉ = ⌈ 10e10

2⌊e10·lg(2)⌋
· 2B−1⌉ = ⌈10e10 · 2B−1−⌊e10·lg(2)⌋⌉ (25)

For float, when 0 ⩽ e10 ⩽ 27, f · 2B−1 is an integer in equation (25). For double, when 132

0 ⩽ e10 ⩽ 55, f · 2B−1 is an integer in equation (25). The detailed calculation process is as 133

follows: 134

• Float 135

The range of −k − 1 is calculated to be [-32, 44] through the q value range in equation 136

(5), so the lookup table contains representation values from 10 to the power of -32 to 137

10 to the power of 44. The calculation process is as follows: 138

− 32 ⩽ e10 ⩽ 44

e2 = |⌊e10 · log2(10)⌋ − 63|

pow10t =


2e2 //10|e10|; if e10 < 0
10|e10|//2e2 ; if e10 ⩾ 20

10|e10| · 2e2 ; if 1 ⩽ e10 ⩽ 19

f1,e10 = pow10 = pow10t + (e10 ⩾ 0&&e10 ⩽ 27?0 : 1)

(26)
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When 0 ⩽ e10 ⩽ 27, the lookup table variable indicates that the values f1,e10 · 139

2⌊e10·log2(10)⌋−63 and 10e10 are equal. In other cases, the relative error is less than 140

2−63. Expressed as: 141

r1,e10 =
f1,e10 · 2⌊e10·log2(10)⌋−63

10e10

∈
{

1; if 0 ⩽ e10 ⩽ 27(
1, 1 + 2−63); if e10 < 0 or e10 > 27

(27)

• Double 142

The range of −k− 1 is calculated to be [-293, 323] through the q value range in equation 143

(5), so the lookup table contains representation values from 10 to the power of -293 to 144

10 to the power of 323. The calculation process is as follows: 145

− 293 ⩽ e10 ⩽ 323

e2 = |⌊e10 · log2(10)⌋ − 127|

pow10t =


2e2 //10|e10|; if e10 < 0
10|e10|//2e2 ; if e10 ⩾ 39

10|e10| · 2e2 ; if 1 ⩽ e10 ⩽ 38

f1,e10 = pow10 = pow10t + (e10 ⩾ 0&&e10 ⩽ 55?0 : 1)

(28)

When 0 ⩽ e10 ⩽ 55, the lookup table variable indicates that the values f1,e10 · 146

2⌊e10·log2(10)⌋−127 and 10e10 are equal. In other cases, the relative error is less than 147

2−127. Expressed as: 148

r1,e10 =
f1,e10 · 2⌊e10·log2(10)⌋−127

10e10

∈
{

1; if 0 ⩽ e10 ⩽ 55(
1, 1 + 2−127); if e10 < 0 or e10 > 55

(29)

The following uses r1 to represent all possible errors of the lookup table values within the 149

float range, r2 to represent all possible errors of the lookup table values within the double 150

range, and r to represent all possible errors of the lookup table values within either the 151

float or double range. In algorithm process (21), an approximate representation value of 10 152

to the power of −k − 1 needs to be obtained through a lookup table. From equation (27) 153

and equation (29), the lookup table representation value is error-free when q is within the 154

following range: 155

f loat : 0 ⩽ −k − 1 ⩽ 27 ⇒ −93 ⩽ q ⩽ −1

double : 0 ⩽ −k − 1 ⩽ 55 ⇒ −186 ⩽ q ⩽ −1
(30)

When q is not within the range of equation (30), the error range of the value represented by 156

the lookup table can be concluded as follows: 157

f loat : 0 < r1 − 1 < 2−63

double : 0 < r2 − 1 < 2−127 (31)

The introduction of the lookup table calculation process is complete. The storage space 158

required for a float range lookup table is 616 bytes, and that for a double range lookup 159

table is 9872 bytes. 160
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3.3. Quickly Calculate m 161

Relevant theorems (partially from the dragonbox[5] algorithm paper) : Suppose there 162

are positive integers n,P,and Q, where P and Q are coprime, P < Q, 1 ⩽ n ⩽ nmax,Q > 163

nmax,P∗/Q∗ is the best rational approximation result greater than or equal to P/Q, P∗/Q∗ is 164

the best rational approximation result less than or equal to P/Q, and it satisfies Q∗ ⩽ nmax, 165

Q∗ ⩽ nmax. And if n · P does not divide Q evenly, it is expressed as: 166

⌊n · P
Q
⌋+ 1 = ⌈n · P

Q
⌉ (32)

Suppose the following holds true: 167

⌊n · P
Q
⌋ = ⌊n · ξ⌋ (33)

Then there are: 168

P∗
Q∗

= max
1⩽n⩽nmax

⌊n · P
Q ⌋

n
⩽ ξ < min

1⩽n⩽nmax

⌊n · P
Q ⌋+ 1

n
= min

1⩽n⩽nmax

⌈n · P
Q ⌉

n
=

P∗

Q∗
(34)

Therefore, the range of values for ξ is: 169

P∗
Q∗

⩽ ξ <
P∗

Q∗ (35)

And the range of the decimal part with n · P
Q is: 170[

(Q∗P)%Q
Q

,
(Q∗P)%Q

Q

]
(36)

That is, when n = Q∗, the decimal part is the smallest; when n = Q∗, the decimal part is 171

the largest. 172

The definition of the best rational approximation function is as follows (this function 173

is implemented on line 15 of the test1.py file): 174

(DN, UP) = f (C, P, Q) (37)

The function (37) Calculate the best rational approximation result with a denominator not 175

exceeding C based on the mean term theorem of the Farey sequence. DN and UP are two 176

adjacent terms in the C-order Farey sequence FC. 177

In algorithm process (21), m is calculated as ⌊v · 10−k−1⌋ (line 3). Just prove that the 178

following equation holds: 179

m = ⌊c · 2q · 10−k−1⌋ = ⌊c · 2q · r · 10−k−1⌋ (38)

Where r is the error of the lookup table value, as defined in equation (27) and equation (29). 180

When the condition (30) is met, r is 1, and the equation (38) clearly holds. When r is not 1, 181

there is: 182

f loat : 1 < r < 1 + 2−63

double : 1 < r < 1 + 2−127 (39)

Calculate the range of 2q · 10−k−1 and we get: 183

2q · 10−k−1 = 10−1 ·
(

10q·lg(2)−⌊q·lg(2)⌋
)

(40)
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When q is not 0, equation (40) exists: 184

q · lg(2) ̸= ⌊q · lg(2)⌋
0 < q · lg(2)− ⌊q · lg(2)⌋ < 1

(41)

When q is 0, q · lg(2)− ⌊q · lg(2)⌋ = 0, so the final conclusion is: 185

10−1 ⩽ 2q · 10−k−1 < 1 (42)

Because there is: 186

c · 2q · 10−k−1 = c · 2q−k−1

5k+1 ∈ [0.1c , c) (43)

Therefore: 187

c · 2q · 10−k−1 =


c·2q−k−1

5k+1 ; q ⩾ 1
c

21+k−q ·5k+1 = c
10 ; q = 0

c·5−k−1

21+k−q ; q < 0

(44)

Suppose: 188

c · 2q · 10−k−1 = c · x
y
< c (45)

Then there are: 189

(x, y) =


(

2q−k−1, 5k+1
)

; q ⩾ 1

(1, 10); q = 0(
5−k−1, 21+k−q

)
; q < 0

(46)

Suppose: 190

f loat : c ⩽ cmax = C1 = 224 − 1

double : c ⩽ cmax = C2 = 253 − 1
(47)

The following is represented by C as C1 or C2. C within the float range is C1, and C within 191

the double range is C2. 192

When y > C, calculate the P∗ and Q∗ corresponding to each q by calling f (C, x, y) 193

according to function (37). And calculate the minimum BIT value when the following 194

conditions are met: 195

x
y

(
1 + 2−BIT

)
<

P∗

Q∗ (48)

When y ⩽ C, there is: 196

c · x
y

(
1 +

1
Cy

)
=

cx + c
C · x

y

y
<

cx + 1
y

(49)

Therefore: 197

⌊c · x
y
⌋ = ⌊c · x

y

(
1 +

1
Cy

)
⌋ (50)

Similarly, calculate the minimum BIT value: 198

x
y

(
1 + 2−BIT

)
<

x
y

(
1 +

1
Cy

)
(51)
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In summary, the calculation results of the maximum value among the minimum BIT values 199

corresponding to different q are as follows (the running result is in the test1.py file, and the 200

running time of this code is only about 1 to 2 seconds) : 201

f loat : BITmax = 52

double : BITmax = 113
(52)

Therefore, the following conclusions exist: 202

f loat : ⌊c · x
y
⌋ = ⌊c · x

y
·
(

1 + 2−52
)
⌋ = ⌊c · x

y
· r1⌋

double : ⌊c · x
y
⌋ = ⌊c · x

y
·
(

1 + 2−113
)
⌋ = ⌊c · x

y
· r2⌋

(53)

This section has been verified.After quickly calculating m, the value of ten = 10m can be 203

obtained very quickly. 204

3.4. Quickly Determine Whether one = 0 or one = 10 205

In algorithm process (21), the conditions for determining one = 0 and one = 10 are on 206

lines 12, and 14. This section will introduce how to quickly determine whether one = 0 or 207

one = 10 holds by using equivalent conditions. 208

When discussing the case of 2−1 · 2q · 10−k−1 = n (line 12, one might be 0), it is 209

equivalent to: 210

c · 2q · 10−k−1 − ⌊c · 2q · 10−k−1⌋ = 2−1 · 2q · 10−k−1

(2c − 1) · 2q−1 · 10−k−1 = ⌊c · 2q · 10−k−1⌋
(54)

When discussing the case of 2−1 · 2q · 10−k−1 = 1 − n (line 14, one might be 10), it is 211

equivalent to: 212

⌊c · 2q · 10−k−1⌋ − c · 2q · 10−k−1 + 1 = 2−1 · 2q · 10−k−1

(2c + 1) · 2q−1 · 10−k−1 = ⌊c · 2q · 10−k−1⌋+ 1
(55)

Since equation (42), we have: 213

2q−1 · 10−k−1 ∈ [0.05 , 0.5) (56)

Therefore, there is: 214

⌊c · 2q · 10−k−1⌋ − 1 < c · 2q · 10−k−1 − 0.5

< (2c − 1) · 2q−1 · 10−k−1

⩽ c · 2q · 10−k−1 − 0.05 < ⌊c · 2q · 10−k−1⌋+ 1

(57)

Therefore, for equation (54), when (2c − 1) · 2q−1 · 10−k−1 is an integer, it must be equal to 215

⌊c · 2q · 10−k−1⌋. Similarly, for equation (55), there is: 216

⌊c · 2q · 10−k−1⌋ < c · 2q · 10−k−1 + 0.05

⩽ (2c + 1) · 2q−1 · 10−k−1

< c · 2q · 10−k−1 + 0.5 < ⌊c · 2q · 10−k−1⌋+ 2

(58)

Therefore, for equation (55), when (2c + 1) · 2q−1 · 10−k−1 is an integer, it must be equal to 217

⌊c · 2q · 10−k−1⌋+ 1. 218
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In conclusion, it is equivalent to discussing whether (2c ± 1) · 2q−1 · 10−k−1 is an 219

integer. There are: 220

(2c ± 1) · 2q−1 · 10−k−1 = (2c ± 1) · 2q−k−2 · 5−k−1 (59)

According to the range of q, there are: 221
q − k − 2 ⩾ 0,−k − 1 < 0; q ⩾ 2

q − k − 2 < 0,−k − 1 < 0; 1 ⩾ q ⩾ 0
q − k − 2 < 0,−k − 1 ⩾ 0; q < 0

(60)

Therefore, equation (59) is equivalent to: 222

(2c ± 1) · 2q−1 · 10−k−1 =


(2c±1)·2q−k−2

5k+1 ; q ⩾ 2
(2c±1)

22+k−q ·5k+1 ; 1 ⩾ q ⩾ 0
(2c±1)·5−k−1

22+k−q ; q < 0

(61)

According to the different ranges of q, the following situations are discussed: 223

• q ⩾ 2 224

From q ⩾ 2, we get k ⩾ 0.When q ⩾ 2, it is equivalent to discussing whether 225

(2c ± 1) · 2q−k−2 is divisible by 5k+1. Since 2 and 5 are coprime, it is equivalent to 226

discussing whether (2c ± 1) is divisible by 5k+1. 227

(2c ± 1) %5k+1 = 0 (62)

Suppose t is a positive integer: 228

2c ± 1 = t · 5k+1; t ⩾ 1 (63)

Since 2c ± 1 is odd, t is also odd. Because the following conditions exist: 229

f loat : 2c − 1 ∈
[
224 + 1, 225 − 3

]
; 2c + 1 ∈

[
224 + 3, 225 − 1

]
;

double : 2c − 1 ∈
[
253 + 1, 254 − 3

]
; 2c + 1 ∈

[
253 + 3, 254 − 1

]
;

(64)

Therefore, the following satisfies: 230

f loat : 224 + 1 ⩽ t · 5k+1 ⩽ 225 − 1

double : 253 + 1 ⩽ t · 5k+1 ⩽ 254 − 1
(65)

Therefore, the following conclusions are drawn: 231

f loat :
224 + 1

5k+1 ⩽ t ⩽
225 − 1

5k+1 ;

double :
253 + 1

5k+1 ⩽ t ⩽
254 − 1

5k+1 ;
(66)

For the above equation (66), the maximum value of k when t can obtain at least one 232

odd number is: 233

f loat : kmax = 9 ⇒ qmax = 33, t = 3

double : kmax = 22 ⇒ qmax = 76, t = 1
(67)

Therefore, the maximum value of k is 9 within the float range and 22 within the double 234

range. Therefore, when k exceeds the above range, (2c ± 1) is not divisible by 5k+1. 235
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• 1 ⩾ q ⩾ 0 236

Because the denominator 22+k−q · 5k+1 is even and the numerator (2c ± 1) is odd, the 237

condition is not met. 238

• q < 0 239

Because the denominator 22+k−q is even and the numerator (2c ± 1) · 5−k−1 is odd, 240

the condition is not met. 241

In summary, the situations where (2c ± 1) · 2q−1 · 10−k−1 may be an integer are as follows: 242

f loat : 2 ⩽ q ⩽ 33 && (2c ± 1)%5k+1 = 0;

double : 2 ⩽ q ⩽ 76 && (2c ± 1)%5k+1 = 0;
(68)

And, the range of −k − 1 is: 243

f loat : −10 ⩽ −k − 1 ⩽ −1

double : −23 ⩽ −k − 1 ⩽ −1
(69)

When 2−1 · 2q · 10−k−1 = n, the following conclusions can be drawn: 244

f loat :
{

235 · 2q · 10−k−1 = n · 236 ⇒ ⌊235 · 2q · 10−k−1⌋ = ⌊n · 236⌋

double :
{

263 · 2q · 10−k−1 = n · 264 ⇒ ⌊263 · 2q · 10−k−1⌋ = ⌊n · 264⌋
(70)

When 2−1 · 2q · 10−k−1 = 1 − n, the following conclusions can be drawn: 245

f loat :

{
235 · 2q · 10−k−1 = 236 − n · 236 ⇒

⌊235 · 2q · 10−k−1⌋ = ⌊236 − n · 236⌋ = 236 − 1 − ⌊n · 236⌋

double :

{
263 · 2q · 10−k−1 = 264 − n · 264 ⇒

⌊263 · 2q · 10−k−1⌋ = ⌊264 − n · 264⌋ = 264 − 1 − ⌊n · 264⌋

(71)

The discussion on whether ⌊236 − n · 236⌋ = 236 − 1 − ⌊n · 236⌋ in equation (71) holds true, 246

that is, whether 236 · n in equation (71) is an integer, or equivalent to discussing whether the 247

following values are integers when equation (68) holds true (the same applies to double) : 248

f loat : c · 2q+36 · 10−k−1 = c · 2q−k+35 · 5−k−1 = c · 2q−k+35

5k+1

double : c · 2q+64 · 10−k−1 = c · 2q−k+63 · 5−k−1 = c · 2q−k+63

5k+1

(72)

Suppose c can divide 5k+1 evenly (where t is a temporary integer variable): 249

c = t · 5k+1; t ⩾ 1 (73)

Therefore, when equation (73) was established, there were: 250

2c ± 1 = 2 · t · 5k+1 ± 1 (74)

Expression (74) cannot divide 5k+1 evenly, which contradicts equation (68), so c cannot 251

divide 5k+1 evenly. Therefore, for float, c · 2q+36 · 10−k−1 is not an integer; For double, 252

c · 264+q · 10−k−1 is not an integer, that is: 253

f loat : ⌊236 − 236 · n⌋ = 236 + ⌊−236 · n⌋ = 236 − 1 − ⌊236 · n⌋
double : ⌊264 − 264 · n⌋ = 264 + ⌊−264 · n⌋ = 264 − 1 − ⌊264 · n⌋

(75)
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Therefore, the conclusion (71) is correct. Discuss the necessary and sufficient conditions for 254

whether ⌊235 · 2q · 10−k−1⌋ = ⌊n · 236⌋ is 2−1 · 2q · 10−k−1 = n. The same applies to double, 255

expressed as: 256

f loat : 2−1 · 2q · 10−k−1 = n ⇔ ⌊235 · 2q · 10−k−1⌋ = ⌊n · 236⌋
double : 2−1 · 2q · 10−k−1 = n ⇔ ⌊263 · 2q · 10−k−1⌋ = ⌊n · 264⌋

(76)

Similarly, the necessary and sufficient conditions for whether ⌊235 · 2q · 10−k−1⌋ = ⌊236 − 257

n · 236⌋ is 2−1 · 2q · 10−k−1 = 1 − n. The same applies to double, expressed as: 258

f loat : 2−1 · 2q · 10−k−1 = 1 − n ⇔ ⌊235 · 2q · 10−k−1⌋ = ⌊236 − n · 236⌋
double : 2−1 · 2q · 10−k−1 = 1 − n ⇔ ⌊263 · 2q · 10−k−1⌋ = ⌊264 − n · 264⌋

(77)

The sufficient conditions of equations (76) and (77) are obviously established. Introduce the 259

proof that equation (76) holds. For float, only the necessary conditions need to be discussed, 260

that is, whether 2−1 · 2q · 10−k−1 = n must hold true when ⌊235 · 2q · 10−k−1⌋ = ⌊n · 236⌋ 261

holds, or equivalent to ⌊235 · 2q · 10−k−1⌋ ̸= ⌊n · 236⌋ must hold true when 2−1 · 2q · 10−k−1 ̸= 262

n. The following is proved by proof by contradiction. 263

Assume that ⌊235 · 2q · 10−k−1⌋ = ⌊n · 236⌋ holds when 2−1 · 2q · 10−k−1 ̸= n. Then 264

there is: 265

⌊235 · 2q · 10−k−1⌋ = ⌊n · 236⌋

⇒ 0 <
∣∣∣235 · 2q · 10−k−1 − 236 · n

∣∣∣ < 1

⇒ 0 <
∣∣∣(2c − 1) · 2q−1 · 10−k−1 − m

∣∣∣ < 2−36

(78)

As is known from equation (57), there is: 266

m − 1 < (2c − 1) · 2q−1 · 10−k−1 < m + 1 (79)

Suppose the decimal part of (2c − 1) · 2q−1 · 10−k−1 is represented as n−, thus we have: 267

∣∣∣(2c − 1) · 2q−1 · 10−k−1 − m
∣∣∣ = { n−; if (2c − 1) · 2q−1 · 10−k−1 > m

1 − n−; if (2c − 1) · 2q−1 · 10−k−1 < m
(80)

Substitute expression (80) into expression (78), and we get: 268

0 <
∣∣∣(2c − 1) · 2q−1 · 10−k−1 − m

∣∣∣ < 2−36

⇒ 0 < n− < 2−36 or 0 < 1 − n− < 2−36
(81)

Similarly, it can be known that the double range is the range of n−. Therefore, there is: 269

f loat : n− ∈
(

0, 2−36
)
∪
(

1 − 2−36, 1
)

double : n− ∈
(

0, 2−64
)
∪
(

1 − 2−64, 1
) (82)

When 2−1 · 2q · 10−k−1 ̸= n, it is known from equation (54) that (2c − 1) · 2q−1 · 10−k−1 is 270

not an integer. Therefore, there is: 271

0 < n− < 1 (83)
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It is only necessary to prove that equation (82) does not hold. Discuss the range of the 272

decimal part n− when (2c − 1) · 2q−1 · 10−k−1 is not an integer. According to equation (61), 273

there are: 274

(2c − 1) · 2q−1 · 10−k−1 = (2c − 1) · x
y
=


(2c−1)·2q−k−2

5k+1 ; q ⩾ 2
(2c−1)

22+k−q ·5k+1 ; 1 ⩾ q ⩾ 0
(2c−1)·5−k−1

22+k−q ; q < 0

(84)

The maximum value of 2c − 1 is: 275

f loat : (2c − 1)max = 225 − 3

double : (2c − 1)max = 254 − 3
(85)

Discuss based on the denominator range in equation (84). 276

• y ⩽ (2c − 1)max 277

When y ⩽ (2c − 1)max, ymax is the expression (85), the following holds true: 278

1
ymax

⩽ n− ⩽ 1 − 1
ymax

1
ymax

⩽ 1 − n− ⩽ 1 − 1
ymax

(86)

Therefore, when y ⩽ (2c − 1)max, equation (82) does not hold true. 279

• y > (2c − 1)max 280

Call function (37) to calculate the approximation results P∗

/
Q∗ and P∗

/
Q∗ of all 281

possible upper and lower limit rational numbers: 282(
P∗
Q∗

,
P∗

Q∗

)
= f ((2c − 1)max, x, y) (87)

Therefore, for n−, the following conclusion can be drawn from formula (36). 283

n− ∈
[
(Q∗x)%y

y
,
(Q∗x)%y

y

]
(88)

By exhausting all possibilities, we thus have (the test code file is test3.py) : 284

f loat : 2−33 < n− < 1 − 2−29

double : 2−62 < n− < 1 − 2−63 (89)

f loat :
[
(Q∗x)%y

y
,
(Q∗x)%y

y

]
∩
(

0, 2−36
)
= ∅[

(Q∗x)%y
y

,
(Q∗x)%y

y

]
∩
(

1 − 2−36, 1
)
= ∅

double :
[
(Q∗x)%y

y
,
(Q∗x)%y

y

]
∩
(

0, 2−64
)
= ∅[

(Q∗x)%y
y

,
(Q∗x)%y

y

]
∩
(

1 − 2−64, 1
)
= ∅

(90)

Therefore, when y > (2c − 1)max, equation (82) does not hold true. 285
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In summary, when 2−1 · 2q · 10−k−1 ̸= n, equation (82) does not hold true, that is, ⌊235 · 2q · 286

10−k−1⌋ ̸= ⌊n · 236⌋ must hold true. Therefore, when ⌊235 · 2q · 10−k−1⌋ = ⌊n · 236⌋ holds, 287

2−1 · 2q · 10−k−1 = n must hold true. Therefore, equation (76) holds. 288

Similarly, it can be proved that when ⌊235 · 2q · 10−k−1⌋ = ⌊236 − n · 236⌋ holds, 2−1 · 289

2q · 10−k−1 = 1 − n must hold true. The same applies to double. Similarly, by proof of 290

contradiction, for float, it is assumed that when 2−1 · 2q · 10−k−1 ̸= 1 − n holds, ⌊235 · 2q · 291

10−k−1⌋ = ⌊236 − 236 · n⌋ holds. That is: 292

⌊235 · 2q · 10−k−1⌋ = ⌊236 − n · 236⌋

⇒ 0 <
∣∣∣235 · 2q · 10−k−1 − 236 + 236 · n

∣∣∣ < 1

⇒ 0 <
∣∣∣2q−1 · 10−k−1 − 1 + n

∣∣∣ < 2−36

⇒ −2−36 < (2c + 1) · 2q−1 · 10−k−1 − m − 1 < 2−36

(91)

As is known from equation (58), there is: 293

m < (2c + 1) · 2q−1 · 10−k−1 < m + 2 (92)

Suppose the decimal part of (2c + 1) · 2q−1 · 10−k−1 is represented as n+, thus we have: 294

(2c + 1) · 2q−1 · 10−k−1 − m − 1 =

{
n+; if (2c + 1) · 2q−1 · 10−k−1 > m + 1

1 − n+; if (2c + 1) · 2q−1 · 10−k−1 < m + 1
(93)

Substitute expression (93) into expression (91), and we get: 295

0 <
∣∣∣(2c + 1) · 2q−1 · 10−k−1 − m − 1

∣∣∣ < 2−36

⇒ 0 < 1 − n+ < 2−36 or 0 < n+ < 2−36
(94)

Similarly, it can be known that the double range is the range of n+. Therefore, there is: 296

f loat : n+ ∈
(

0, 2−36
)
∪
(

1 − 2−36, 1
)

double : n+ ∈
(

0, 2−64
)
∪
(

1 − 2−64, 1
) (95)

When 2−1 · 2q · 10−k−1 ̸= 1 − n, it is known from equation (55) that (2c + 1) · 2q−1 · 10−k−1
297

is not an integer. 298

Therefore, there is: 299

0 < n+ < 1 (96)

It is only necessary to prove that equation (95) does not hold. Discuss the range of the 300

decimal part n+ when (2c + 1) · 2q−1 · 10−k−1 is not an integer. According to equation (61), 301

there are: 302

(2c + 1) · 2q−1 · 10−k−1 = (2c + 1) · x
y
=


(2c+1)·2q−k−2

5k+1 ; q ⩾ 2
(2c+1)

22+k−q ·5k+1 ; 1 ⩾ q ⩾ 0
(2c+1)·5−k−1

22+k−q ; q < 0

(97)

The maximum value of 2c + 1 is: 303

f loat : (2c + 1)max = 225 − 1

double : (2c + 1)max = 254 − 1
(98)
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Discuss based on the denominator range in equation (97). 304

• y ⩽ (2c + 1)max 305

When y ⩽ (2c + 1)max, ymax is the expression (98), the following holds true: 306

1
ymax

⩽ n+ ⩽ 1 − 1
ymax

1
ymax

⩽ 1 − n+ ⩽ 1 − 1
ymax

(99)

Therefore, when y ⩽ (2c + 1)max, equation (95) does not hold true. 307

• y > (2c + 1)max 308

Call function (37) to calculate the approximation results P∗

/
Q∗ and P∗

/
Q∗ of all 309

possible upper and lower limit rational numbers: 310(
P∗
Q∗

,
P∗

Q∗

)
= f ((2c + 1)max, x, y) (100)

Therefore, for n+, the following conclusion can be drawn from formula (36). 311

n+ ∈
[
(Q∗x)%y

y
,
(Q∗x)%y

y

]
(101)

By exhausting all possibilities, we thus have (the test code file is test7.py) : 312

f loat : 2−33 < n+ < 1 − 2−29

double : 2−62 < n+ < 1 − 2−63 (102)

313

f loat :
[
(Q∗x)%y

y
,
(Q∗x)%y

y

]
∩
(

0, 2−36
)
= ∅[

(Q∗x)%y
y

,
(Q∗x)%y

y

]
∩
(

1 − 2−36, 1
)
= ∅

double :
[
(Q∗x)%y

y
,
(Q∗x)%y

y

]
∩
(

0, 2−64
)
= ∅[

(Q∗x)%y
y

,
(Q∗x)%y

y

]
∩
(

1 − 2−64, 1
)
= ∅

(103)

Therefore, when y > (2c + 1)max, equation (95) does not hold true. 314

In summary, when 2−1 · 2q · 10−k−1 ̸= 1 − n, equation (95) does not hold true, that is, 315

⌊235 · 2q · 10−k−1⌋ ̸= ⌊236 − n · 236⌋ must hold true. Therefore, when ⌊235 · 2q · 10−k−1⌋ = 316

⌊236 − n · 236⌋ holds, 2−1 · 2q · 10−k−1 = 1 − n must hold true. Therefore, equation (77) 317

holds. 318

The following conclusions hold: 319

f loat :⌊236 − n · 236⌋ =

{
236 − 1 − ⌊236 · n⌋; if c · 236+q · 10−k−1 /∈ Z

236 − ⌊236 · n⌋; if c · 236+q · 10−k−1 ∈ Z

double :⌊264 − n · 264⌋ =

{
264 − 1 − ⌊264 · n⌋; if c · 264+q · 10−k−1 /∈ Z

264 − ⌊264 · n⌋; if c · 264+q · 10−k−1 ∈ Z

(104)
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Discuss whether the following equation (105) holds when conditions (68) and (69) are met: 320

f loat : ⌊c · 2q+35−k

5k+1 ⌋ = ⌊c · 2q+35−k

5k+1 · r⌋

= ⌊c · 2q+35−k

5k+1 ·

(
263−⌊(−k−1)·log2(10)⌋//10k+1

)
+ 1

10−k−1 · 2⌊(−k−1)·log2(10)⌋−63⌋

double : ⌊c · 2q+63−k

5k+1 ⌋ = ⌊c · 2q+63−k

5k+1 · r⌋

= ⌊c · 2q+63−k

5k+1 ·

(
2127−⌊(−k−1)·log2(10)⌋//10k+1

)
+ 1

10−k−1 · 2⌊(−k−1)·log2(10)⌋−127⌋

(105)

There are: 321

f loat : ⌊c · 2q+35−k

5k+1 ⌋ = ⌊236 · (m + n)⌋ = 236m + ⌊236n⌋

double : ⌊c · 2q+63−k

5k+1 ⌋ = ⌊264 · (m + n)⌋ = 264m + ⌊264n⌋
(106)

It has been proven earlier that m can be accurately calculated. Then, when (1-118) holds true, 322

the values ⌊236n⌋ and ⌊264n⌋ on the right side of equations (70) and (71) can be accurately 323

calculated. 324

From equation (63), we have: 325

c =
t · 5k+1 − 1

2
(107)

Substituting equation (107) into equation (105), we have: 326

f loat : c · 2q+35−k

5k+1 = t · 2q+34−k − 2q+34−k

5k+1

double : c · 2q+63−k

5k+1 = t · 2q+62−k − 2q+62−k

5k+1

(108)

When conditions (68) and (69) are met, t · 2q+34−k and t · 2q+62−k are integers. Under the 327

condition of meeting condition (68), the decimal part of expression (108) is represented as: 328

f loat :
2q+34−k%5k+1

5k+1 ; 2 ⩽ q ⩽ 33

double :
2q+62−k%5k+1

5k+1 ; 2 ⩽ q ⩽ 76

(109)

It is only necessary to prove that the increase in the value c · 2q+35−k

5k+1 · r on the right side of 329

the expression compared to the value c · 2q+35−k

5k+1 on the left side plus the decimal part of the 330

value on the left side is less than 1 for equation (105) to hold true. That is: 331

f loat :
2q+34−k%5k+1

5k+1 +

(
c · 2q+35−k

5k+1 · r − c · 2q+35−k

5k+1

)
< 1

double :
2q+62−k%5k+1

5k+1 +

(
c · 2q+63−k

5k+1 · r − c · 2q+63−k

5k+1

)
< 1

(110)

By exhaustionally calculating the maximum possible c value under each q and substituting 332

it into equation (110), it holds. The calculation result is in test2.py. The calculation results 333

show that for the float range and the double range, equation (110) always holds true. 334

Therefore, equation (105) holds true, and thus the values of ⌊236n⌋ and ⌊264n⌋ on the right 335
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side of equations (70) and (71) can be accurately calculated. The values of ⌊235 · 2q · 10−k−1⌋ 336

and ⌊263 · 2q · 10−k−1⌋ on the left side of equations (70) and (71) can be calculated through 337

lookup tables. 338

f loat : ⌊235 · 2q · 10−k−1⌋ = pow10 ≫ (28 − q − ⌊(−k − 1) · log2(10)⌋)
double : ⌊264 · 2q · 10−k−1⌋ = pow10 ≫ (64 − q − ⌊(−k − 1) · log2(10)⌋)

(111)

The code file for verifying the validity of equation (111) is test4.py. Therefore, when 339

conditions (68) and (69) are met, the values of both sides of equations (70) and (71) can be 340

accurately calculated. 341

Discuss the relationship between the following two values within all ranges of floating- 342

point numbers: 343

f loat : ⌊c · 2q+36 · 10−k−1⌋; ⌊c · 2q+36 · r · 10−k−1⌋;

double : ⌊c · 2q+64 · 10−k−1⌋; ⌊c · 2q+64 · r · 10−k−1⌋;
(112)

When r = 1, it is obvious that the two values in expression (112) are equal. When r ̸= 1, or 344

equivalent to r > 1, has: 345

f loat :

c · 2q+36 · r · 10−k−1 = c · 2q+36 · 10−k−1 + c · 2q+36 · (r − 1) · 10−k−1

< c · 2q+36 · 10−k−1 + 224 · 236 · 2q · 10−k−1 · (r − 1)

< c · 2q+36 · 10−k−1 + 2−3

⌊c · 2q+36 · r · 10−k−1⌋ ⩽ ⌊c · 2q+36 · 10−k−1⌋+ 1

double :

c · 2q+64 · r · 10−k−1 = c · 2q+64 · 10−k−1 + c · 2q+64 · (r − 1) · 10−k−1

< c · 2q+64 · 10−k−1 + 253 · 264 · 2q · 10−k−1 · (r − 1)

< c · 2q+64 · 10−k−1 + 2−10

⌊c · 2q+64 · r · 10−k−1⌋ ⩽ ⌊c · 2q+64 · 10−k−1⌋+ 1

(113)

Therefore, there is: 346

f loat : 0 ⩽ ⌊c · 2q+36 · r · 10−k−1⌋ − ⌊c · 2q+36 · 10−k−1⌋ ⩽ 1

double : 0 ⩽ ⌊c · 2q+64 · r · 10−k−1⌋ − ⌊c · 2q+64 · 10−k−1⌋ ⩽ 1
(114)

Because there is: 347

⌊c · 2q · 10−k−1⌋ = ⌊c · 2q · r · 10−k−1⌋ = m (115)
348

f loat : ⌊c · 2q+36 · 10−k−1⌋ = 236m + ⌊236n⌋
double : ⌊c · 2q+64 · 10−k−1⌋ = 264m + ⌊264n⌋

(116)

Suppose: 349

nr = c · 2q · r · 10−k−1 − m (117)

Therefore, the following conclusion can be drawn: when condition (68) is met, from 350

equation (105), we have: 351

f loat : 2 ⩽ q ⩽ 33 && (2c ± 1)%5k+1 = 0 ⇒ ⌊236 · n⌋ = ⌊236 · nr⌋
double : 2 ⩽ q ⩽ 76 && (2c ± 1)%5k+1 = 0 ⇒ ⌊264 · n⌋ = ⌊264 · nr⌋

(118)
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Within the range of floating-point numbers, there exists: 352

f loat : ⌊236 · n⌋ ⩽ ⌊236 · nr⌋ ⩽ ⌊236 · n⌋+ 1

double : ⌊264 · n⌋ ⩽ ⌊264 · nr⌋ ⩽ ⌊264 · n⌋+ 1
(119)

To simplify the expression, even is used to indicate whether c is an even number: 353

even = (c + 1)%2 ∈ {0, 1} (120)

The following will introduce the proof process of the float range, from equation (121) to 354

equation (144). When 2−1 · 2q · 10−k−1 = n or 2−1 · 2q · 10−k−1 = 1− n, 2−1 · 2q · 10−k−1 = n 355

is the boundary condition for one = 0, and 2−1 · 2q · 10−k−1 = 1 − n is the boundary 356

condition for one = 10. Whether one is 0 or 10 is determined based on whether c is an even 357

number.Therefore, the following exists: 358

f loat :

{
one = 0 : ⌊2q+35 · 10−k−1⌋+ even > ⌊nr · 236⌋

one = 10 : ⌊2q+35 · 10−k−1⌋+ even > 236 − 1 − ⌊nr · 236⌋
(121)

Therefore, when 2−1 · 2q · 10−k−1 = n or 2−1 · 2q · 10−k−1 = 1 − n, we can use the condition 359

(122) to determine whether one = 0 or one = 10. 360

f loat :

{
if ⌊2q+35 · 10−k−1⌋+ even > ⌊nr · 236⌋ : one = 0

if ⌊2q+35 · 10−k−1⌋+ even > 236 − 1 − ⌊nr · 236⌋ : one = 10
(122)

When 2−1 · 2q · 10−k−1 > n or 2−1 · 2q · 10−k−1 > 1 − n, We can also use the above 361

condition (122) to determine whether one = 0 or one = 10. When 2−1 · 2q · 10−k−1 < n or 362

2−1 · 2q · 10−k−1 < 1 − n, we can also use the above condition (122) to determine whether 363

one ̸= 0 or one ̸= 10. The proof is as follows: 364

When 2−1 · 2q · 10−k−1 < n , there must exist one ̸= 0, and there is: 365

2−1 · 2q · 10−k−1 − n = n− − 1 ∈
(

2−33 − 1,−2−29
)

(123)

Therefore, the following exists: 366

2q+35 · 10−k−1 − 236 · n ∈
(

23 − 236,−27
)

(124)

Suppose there are two real numbers a and b, and the following relationship must exist: 367

0 ⩽b − ⌊b⌋ < 1

a − ⌊a⌋ − 1 <b − ⌊b⌋ < 1 + a − ⌊a⌋
a − b − 1 <⌊a⌋ − ⌊b⌋ < a − b + 1

(125)

When a = 2q+35 · 10−k−1 and b = 236 · n, the following exists: 368

⌊2q+35 · 10−k−1⌋ − ⌊236 · n⌋ < 2q+35 · 10−k−1 − 236 · n + 1 (126)

From equation (124), we have: 369

⌊2q+35 · 10−k−1⌋ − ⌊236 · n⌋ < 1 − 27 < 0 (127)
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Therefore, there is: 370

⌊2q+35 · 10−k−1⌋+ even ⩽ ⌊2q+35 · 10−k−1⌋+ 1

< ⌊236 · n⌋ ⩽ ⌊236 · nr⌋
⇒ ⌊2q+35 · 10−k−1⌋+ even < ⌊236 · nr⌋

(128)

Therefore, when 2−1 · 2q · 10−k−1 < n, the condition (122) can be used to determine that 371

one ̸= 0. 372

When 2−1 · 2q · 10−k−1 > n, there must exist one = 0, and there is: 373

2−1 · 2q · 10−k−1 − n = n− ∈
(

2−33, 1 − 2−29
)

(129)

Therefore, the following exists: 374

2q+35 · 10−k−1 − 236 · n ∈
(

23, 236 − 27
)

(130)

When a = 2q+35 · 10−k−1 and b = 236 · n, from equation (125), the following exists: 375

⌊2q+35 · 10−k−1⌋ − ⌊236 · n⌋ > 2q+35 · 10−k−1 − 236 · n − 1 (131)

From equation (130), we have: 376

⌊2q+35 · 10−k−1⌋ − ⌊236 · n⌋ > 23 − 1 ⩾ 0 (132)

Therefore, there is: 377

⌊2q+35 · 10−k−1⌋+ even ⩾ ⌊2q+35 · 10−k−1⌋
> ⌊236 · n⌋+ 1 ⩾ ⌊236 · nr⌋

⇒ ⌊2q+35 · 10−k−1⌋+ even > ⌊236 · nr⌋
(133)

Therefore, when 2−1 · 2q · 10−k−1 > n, the condition (122) can be used to determine that 378

one = 0. 379

When 2−1 · 2q · 10−k−1 < 1 − n , there must exist one ̸= 10, and there is: 380

2−1 · 2q · 10−k−1 + n = n+ ∈
(

2−33, 1 − 2−29
)

(134)

Therefore, the following exists: 381

2q+35 · 10−k−1 + 236 · n ∈
(

23, 236 − 27
)

(135)

Suppose there are two real numbers a and b, and the following relationship must exist: 382

a − 1 < ⌊a⌋ ⩽ a

b − 1 < ⌊b⌋ ⩽ b

a + b − 2 < ⌊a⌋+ ⌊b⌋ ⩽ a + b

(136)

When a = 2q+35 · 10−k−1 and b = 236 · n, the following exists: 383

⌊2q+35 · 10−k−1⌋+ ⌊236 · n⌋ ⩽ 2q+35 · 10−k−1 + 236 · n (137)
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From equation (135), we have: 384

⌊2q+35 · 10−k−1⌋+ ⌊236 · n⌋ < 236 − 27 (138)

Therefore, there is: 385

⌊2q+35 · 10−k−1⌋+ even ⩽ ⌊2q+35 · 10−k−1⌋+ 1

< 236 − 2 − ⌊236 · n⌋
⩽ 236 − 1 − ⌊236 · nr⌋

⇒ ⌊2q+35 · 10−k−1⌋+ even < 236 − 1 − ⌊236 · nr⌋

(139)

Therefore, when 2−1 · 2q · 10−k−1 < 1 − n, the condition (122) can be used to determine that 386

one ̸= 10. 387

When 2−1 · 2q · 10−k−1 > 1 − n, there must exist one = 10, and there is: 388

2−1 · 2q · 10−k−1 + n = n+ + 1 ∈
(

1 + 2−33, 2 − 2−29
)

(140)

Therefore, the following exists: 389

2q+35 · 10−k−1 + 236 · n ∈
(

23 + 236, 237 − 27
)

(141)

When a = 2q+35 · 10−k−1 and b = 236 · n, from equation (136), the following exists: 390

⌊2q+35 · 10−k−1⌋+ ⌊236 · n⌋ > 2q+35 · 10−k−1 + 236 · n − 2 (142)

From equation (141), we have: 391

⌊2q+35 · 10−k−1⌋+ ⌊236 · n⌋ > 236 + 23 − 2 ⩾ 236 (143)

Therefore, there is: 392

⌊2q+35 · 10−k−1⌋+ even ⩾ ⌊2q+35 · 10−k−1⌋
> 236 − 2 − ⌊236 · n⌋
⩾ 236 − 1 − ⌊236 · nr⌋

⇒ ⌊2q+35 · 10−k−1⌋+ even > 236 − 1 − ⌊236 · nr⌋

(144)

Therefore, when 2−1 · 2q · 10−k−1 > 1 − n, the condition (122) can be used to determine that 393

one = 10. 394

From the above proof, it can be seen that when condition (68) is met, the condition 395

(122) can be used to determine whether one = 0 or one = 10 when 2−1 · 2q · 10−k−1 = n 396

or 2−1 · 2q · 10−k−1 = 1 − n. When 2−1 · 2q · 10−k−1 > n or 2−1 · 2q · 10−k−1 > 1 − n, the 397

condition (122) can be used to determine whether one = 0 or one = 10. When 2−1 · 2q · 398

10−k−1 < n or 2−1 · 2q · 10−k−1 < 1 − n, the condition (122) can be used to determine 399

whether one ̸= 0 or one ̸= 10. 400

For the double range, the value of one can be calculated based on the following 401

conditions. 402

double :

{
if ⌊2q+64 · 10−k−1⌋+ even > ⌊nr · 264⌋ : one = 0

if ⌊2q+64 · 10−k−1⌋+ even > 264 − 1 − ⌊nr · 264⌋ : one = 10
(145)

Readers can deduce it by themselves based on the above proof process. The proof process 403

of this section is completed. In the code implementation, the two judgment conditions can 404
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be quickly calculated using addition and subtraction shift operations, and can be compiled 405

by the compiler into cmov instructions, thereby reducing the impact of branch prediction 406

failure on performance. 407

3.5. Determine whether one = ⌊10n⌋ or one = ⌊10n⌋+ 1 408

Determine whether one is ⌊10n⌋ or ⌊10n⌋+ 1 based on the decimal part of 10n. There 409

are two cases: the decimal part of 10n is 0.5 and it is not 0.5. 410

3.5.1. 10n − ⌊10n⌋ = 0.5 411

When the decimal part of 10n is 0.5, there must be: 412

10n − ⌊10n⌋ = 0.5

⇒ 10 · c · 2q · 10−k−1 − ⌊10 · c · 2q · 10−k−1⌋ = 0.5

⇒ c · 2q · 10−k − ⌊c · 2q · 10−k⌋ = 0.5

⇒ c · 2q · 10−k = ⌊c · 2q · 10−k⌋+ 0.5

⇒ 2c · 2q · 10−k = 2⌊c · 2q · 10−k⌋+ 1

(146)

So 2c · 2q · 10−k is an odd number. Then the following expression is odd: 413

c · 2q+1 · 10−k = c · 2q−k+1 · 5−k (147)

According to the range of q, there are: 414

c · 2q+1 · 10−k =


c·2q−k+1

5k ; q ⩾ 0
c · 2 · 5−k; q = −1

c·5−k

2k−q−1 ; q ⩽ −2

(148)

According to the range of q, the following situations are discussed: 415

• q ⩾ 0 416

When q ⩾ 0, it can be concluded that q − k + 1 ⩾ 1, the numerator c · 2q−k+1 is even 417

and the denominator 5k is odd, which does not meet the condition. 418

• q = −1 419

When q = −1, it can be concluded that c · 2 · 5−k is even, which does not meet the 420

condition. 421

• q ⩽ −2 422

5−k is an odd number. c is an odd multiple of 2k−q−1. So: 423

f loat : c ⩾ 2k−q−1 ⇒ k − q − 1 ⩽ 22 ⇒ q ⩾ −34

double : c ⩾ 2k−q−1 ⇒ k − q − 1 ⩽ 51 ⇒ q ⩾ −75
(149)

Therefore, when q meets the above conditions, c must be an odd multiple of 2k−q−1
424

to meet the condition. Therefore, when the following conditions are met, expression 425

(147) is an odd number: 426

f loat : −34 ⩽ q ⩽ −2 && c%2k−q = 2k−q−1

double : −75 ⩽ q ⩽ −2 && c%2k−q = 2k−q−1 (150)

When q is within the above range (150), r = 1 is derived from equation (30).Therefore, 427

there is: 428

nr = n (151)
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The following equation holds: 429

20m + 20n = c · 2q · 10−k+1 = c · 2q−k+1 · 5−k =
c

2k−q−1 · 5−k (152)

Since −k ⩾ 1 , 5−k is multiple of 5 and is an odd number. Since c
2k−q−1 and 5−k are 430

both odd numbers, 20m is an even number, 20n is multiple of 5 and is an odd number. 431

Therefore, there is: 432

20n ∈ {5, 15}
⇒ n ∈ {0.25, 0.75}
⇒ nr ∈ {0.25, 0.75}

(153)

The result of one is an even number between ⌊10n⌋ and ⌊10n⌋+ 1. Therefore, when 433

the following conditions are met: 434

one =

{
⌊10n⌋ = 2, if n = 0.25

⌊10n⌋+ 1 = 8, if n = 0.75
⇒ one = ⌊20n + 1⌋//2 − (n = 0.25 ?1 : 0)

(154)

3.5.2. 10n − ⌊10n⌋ ̸= 0.5 435

When the decimal part of 10n is not 0.5, round to the nearest integer value based on 436

the decimal part of 10n. Therefore, there is: 437

one =

{
⌊10n⌋, if 10n − ⌊10n⌋ < 0.5

⌊10n⌋+ 1, if 10n − ⌊10n⌋ > 0.5
⇒ one = ⌊10n + 0.5⌋ = ⌊20n + 1⌋//2 (155)

Since ⌊20n + 1⌋ = ⌊20n⌋+ 1, it is only necessary to accurately calculate the value of ⌊20n⌋. 438

And, there is: 439

d = ten + one

= 10m + ⌊20n + 1⌋//2

= (⌊20m + 20n⌋+ 1)//2

(156)

Suppose there are: 440

20m + 20n = c · 2q+1 · 10−k = c · 2q−k+1 · 5−k = c · x
y (157)

Suppose the decimal part of 20n is n20. 441

When y ⩽ cmax = C, the range of the decimal part must include: 442

f loat :
1

224 − 1
=

1
C

⩽ n20 ⩽ 1 − 1
C

=
224 − 2
224 − 1

double :
1

253 − 1
=

1
C

⩽ n20 ⩽ 1 − 1
C

=
253 − 2
253 − 1

(158)

When y > cmax = C, the range of the decimal part must include(the test file is test5.py): 443

f loat : 2−32 < n20 < 1 − 2−30

double : 2−64 < n20 < 1 − 2−62 (159)

Therefore, the range of n20 satisfies equation (159). In the code implementation, for float, 444

only the high 36 bits of nr are retained, and for double, only the high 70 bits of nr are 445
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retained. Suppose the discarded part of a float is represented as n36, and similarly, the 446

discarded part of a double is represented as n70. Therefore, there is: 447

f loat : n36 ∈
[
0, 2−36

)
double : n70 ∈

[
0, 2−70

) (160)

Calculate the boundary conditions of the following expression: 448

f loat : F = 20 ·
(

c · 2q · r · 10−k−1 − n36

)
double : F = 20 ·

(
c · 2q · r · 10−k−1 − n70

) (161)

Therefore, there is: 449

f loat : Fmin > 20 ·
(

c · 2q · 10−k−1 − 2−36
)

= 20m + 20n − 20 · 2−36

Fmax < 20 ·
(

c · 2q ·
(

1 + 2−63
)
· 10−k−1 − 0

)
< 20m + 20n + 20 · 2−63 · c

< 20m + ⌊20n⌋+ 1

double : Fmin > 20 ·
(

c · 2q · 10−k−1 − 2−70
)

= 20m + 20n − 20 · 2−70

> 20m + ⌊20n⌋

Fmax < 20 ·
(

c · 2q ·
(

1 + 2−127
)
· 10−k−1 − 0

)
< 20m + 20n + 20 · 2−127 · c

< 20m + ⌊20n⌋+ 1

(162)

Therefore, there is: 450

f loat : ⌊F⌋ = 20m + ⌊20n⌋
double : ⌊F⌋ = 20m + ⌊20n⌋

(163)

In fact, in the above proof process, for float, ⌊Fmin⌋ ̸= 20m + ⌊20n⌋ may exist, but the code 451

implementation has passed the exhaustive test, so this not-so-perfect proof process can be 452

ignored. Therefore, the calculation of d can be simplified as follows: 453

d = ten + one

= (⌊F⌋+ 1)//2

= (⌊20 · (c · 2q · r · 10−k−1 − nx)⌋+ 1)//2

(164)

For the float range, nx = n36; for the double range, nx = n70. 454

For double, quickly determine that n == 0.25 in equation (154). 455

When n = 0.25,⌊264 · nr⌋ = ⌊264 · n⌋ = 262. Therefore, the following condition can be 456

used to quickly determine whether n = 0.25: 457

double : n = 0.25 if ⌊264 · nr⌋ = 262 (165)

When n ̸= 0.25,Calculate the range of the decimal part of the following expression: 458

4m + 4n = c · 2q+2 · 10−k−1 (166)
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Therefore, when equation (166) is not an integer, we have:(test6.py): 459

2−62 < 4n − ⌊4n⌋ < 1 − 2−62 (167)

Calculate the two boundary cases of 4n that are closest to 1: 460

⌊4n⌋ = 0 ⇒ 4n − 0 < 1 − 2−62 ⇒ ⌊264 · n⌋ ⩽ 262 − 2

⌊4n⌋ = 1 ⇒ 4n − 1 > 2−62 ⇒ ⌊264 · n⌋ ⩾ 262 + 1
(168)

Then there are: 461

⌊264 · n⌋ ̸= 262 && ⌊264 · n⌋+ 1 ̸= 262

⇒ ⌊264 · nr⌋ ̸= 262 (169)

Therefore, the following condition can be used to quickly determine whether n ̸= 0.25: 462

double : n ̸= 0.25 if ⌊264 · nr⌋ ̸= 262 (170)

In summary, for double, the following condition can be used to quickly determine 463

whether n = 0.25: 464

double : n = 0.25 if ⌊264 · nr⌋ = 262

double : n ̸= 0.25 if ⌊264 · nr⌋ ̸= 262 (171)

In the double range, introduce a fast way to calculate one: 465

double : one = ⌊ ⌊264nr⌋
264 · 10 + (n = 0.25)?0 :

(
2−1 +

6
264

)
⌋ (172)

The proof of equation (172) is as follows: 466

when n = 0.25, ⌊ ⌊264nr⌋
264 · 10⌋ = ⌊10n⌋ = 2; 467

when n ̸= 0.25, equation (172) can be equivalent to the following: 468

double : one = ⌊ ⌊264nr⌋
264 · 10 + 2−1 +

6
264 ⌋ (173)

According to the 10n − ⌊10n⌋ range, one is represented as: 469

double : one =


⌊10n⌋, if 10n − ⌊10n⌋ < 0.5

8, if 10n − ⌊10n⌋ = 0.5
⌊10n⌋+ 1, if 10n − ⌊10n⌋ > 0.5

= ⌊20n + 1⌋//2 (174)

Therefore,when n ̸= 0.25, we need to prove that the following equation holds: 470

⌊ ⌊264nr⌋
264 · 10 + 2−1 +

6
264 ⌋ =


⌊10n⌋, if 10n − ⌊10n⌋ < 0.5

8, if 10n − ⌊10n⌋ = 0.5
⌊10n⌋+ 1, if 10n − ⌊10n⌋ > 0.5

= ⌊20n + 1⌋//2 (175)

From the range of n, there is: 471

⌊264nr⌋
264 ∈

(
nr − 2−64, nr

]
(176)

Because the following conditions exist: 472

c · 2q · 10−k−1 = m + n

c · 2q · r · 10−k−1 = m + nr
(177)
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Therefore, the following relationship can be concluded: 473

nr − n = (r − 1) · c · 2q · 10−k−1

nr = (r − 1) · (m + n) + n

⇒ n ⩽ nr < 2−127 · c + n

n ⩽ nr < 2−127 · 253 + n

n ⩽ nr < 2−74 + n

(178)

From equation (176) and (178), it can be concluded that: 474

⌊264nr⌋
264 ∈

(
n − 2−64, n + 2−74

)
⇒ ⌊264nr⌋

264 · 10 ∈
(

10n − 10 · 2−64, 10n + 10 · 2−74
)

⇒ ⌊264nr⌋
264 · 20 ∈

(
20n − 20 · 2−64, 20n + 20 · 2−74

)
⇒ ⌊264nr⌋

264 · 20 ∈
(
⌊20n⌋+ n20 − 20 · 2−64, ⌊20n⌋+ n20 + 20 · 2−74

)
(179)

Discuss the range of values of x when the following conditions are met. 475

⌊ ⌊264nr⌋
264 · 20 + 1 + x⌋//2 = ⌊20n + 1⌋//2 = one (180)

Therefore, the following conclusions can be drawn: 476

⌊20n⌋+ n20 − 20 · 2−64 + 1 + x ⩾ ⌊20n + 1⌋ ⇒ x ⩾ 20 · 2−64 − n20

⌊20n⌋+ n20 + 20 · 2−74 + 1 + x < ⌊20n + 2⌋ ⇒ x < 1 − 20 · 2−74 − n20
(181)

Suppose x = 12 · 2−64. Through the exhaustive method, all floating-point numbers that do 477

not meet the following conditions can be obtained. 478

x = 12 · 2−64 ⩾ 20 · 2−64 − n20 (182)

All floating-point numbers that do not meet condition (182) are as follows (in hexadecimal) 479

: 480

0xd17c0747bd76 f a1,

0xd27c0747bd76 f a1,

0x4d73de005bd620d f ,

0x4d83de005bd620d f ,

0x4d93de005bd620d f ,

(183)

Through the exhaustive method, all floating-point numbers that do not meet the following 481

conditions can be obtained. 482

x = 12 · 2−64 < 1 − 20 · 2−74 − n20 (184)
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All floating-point numbers that do not meet condition (184) are as follows (in hexadecimal) 483

: 484

0x612491daad0ba280,

0x6159b651584e8b20,

0x619011 f 2d73116 f 4,

0x61c4166 f 8c f d5cb1,

0x61d4166 f 8c f d5cb1,

(185)

There are: 485

2(
⌊264nr⌋

264 · 10 + 2−1 +
6

264 ) =
⌊264nr⌋

264 · 20 + 1 + x (186)

When the floating-point number is not within the above range (183) and (185), the condition 486

(181) is satisfied. We have tested all floating-point numbers within the above-mentioned 487

range (183) and (185), and the algorithm implementation code has output the correct result, 488

that is, it satisfies the SW principle. 489

In summary, equation (175) and equation (172) holds. Therefore, equation (172) can 490

be used to quickly calculate one. 491

3.6. Irregular Number 492

Due to the limited and small number of irregular floating-point numbers, there are 493

a total of 2046 double floating-point numbers and 254 float floating-point numbers. The 494

correctness of the algorithm code in this paper can be proved by the exhaustive method. 495

Therefore, it is not introduced in this article. For the specific implementation process, please 496

refer to the source code. 497

4. Benchmark result 498

The link to the benchmark project is https://github.com/xjb714/f2dec_bench. In 499

the performance test comparison, we compared the time spent by the following several 500

different algorithms converting floating-point numbers to decimal results, as shown in 501

Table (1). Test process: Generate 107 random numbers without 0, NaN, and Inf, measure 502

the total time spent converting all floating-point numbers to decimal results, and obtain 503

the average time for converting a single floating-point number to decimal. We conducted 504

benchmark tests on two processors, and the test results are shown in table (2) and (3). The 505

algorithm proposed in this paper supports parallel computing and can be compiled into 506

parallelized code by a compatible compiler. However, empirical evaluation indicates that, 507

as of now, only the Clang compiler generates AVX-512 or AVX-2 instruction sets from this 508

algorithm when targeting the x86-64 architecture. 509

https://github.com/xjb714/f2dec_bench
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Table 2. Benchmark results on AMD R7 7840H and Ubuntu 24.04. The unit is nanosecond(ns).

algorithm float double
gcc 13.3 icpx 2025.0.4 clang 18.1.3 gcc 13.3 icpx 2025.0.4 clang 18.1.3

schubfach 11.72 11.26 11.26 11.96 12.07 11.97
schubfach_xjb 7.50 5.38 5.45 8.70 7.18 7.48

ryu 14.23 14.21 14.48 13.73 13.53 13.59
dragonbox 10.44 7.94 8.95

yy_fast 6.14 5.59 5.03
yy_full 7.66 4.58 4.94

teju_jagua 13.73 14.90 14.39 13.38 15.23 13.59

xjb 7.84 2.88
4.19

6.60 3.90
3.60

1.88(AVX2) 3.13(AVX2)
1.68(AVX512) 3.47(AVX512)

Table 3. Benchmark results on Apple M1 and MacOS 26.0.1. The unit is nanosecond(ns).

algorithm float double
apple clang 17.0.0 apple clang 17.0.0

schubfach 11.11 12.62
schubfach_xjb 6.06 7.26

ryu 15.47 14.25
dragonbox 10.15

yy_fast 4.74
yy_full 6.54

teju_jagua 19.35 18.77
xjb 3.52 4.30

Table 1. All algorithms in the benchmark test.

algorithm float double description

schubfach schubfach32 schubfach64
Raffaello Giulietti,https:
//github.com/c4f7fcce9

cb06515/Schubfach.

schubfach_xjb schubfach32_xjb schubfach64_xjb
It is improved by

schubfach and has the
same output result.

ryu ryu32 ryu64 Ulf Adams,https://github.
com/ulfjack/ryu.

dragonbox dragonbox
Junekey

Jeon,https://github.com/
jk-jeon/dragonbox.

yy_fast yy_fast

yy’s algorithm, Some
calculation steps have been

modified.https:
//github.com/ibireme/c_

numconv_benchmark/
blob/master/vendor/yy_

double/yy_double.c.

yy_full yy_full Same as yy_fast.

teju_jagua teju32 teju64
Cassio

Neri,https://github.com/
cassioneri/teju_jagua.

xjb xjb32 xjb64 this paper,https:
//github.com/xjb714/xjb.

* The blank Spaces in the table indicate no-code implementations.

The test results of AVX2 and AVX512 are for reference only. We will continue to 510

optimize them in the future. From the benchmark results in Table 2 and Table 3, it can be 511

seen that the performance of the algorithm in this paper is better than other algorithms in 512

most cases. 513

https://github.com/c4f7fcce9cb06515/Schubfach
https://github.com/c4f7fcce9cb06515/Schubfach
https://github.com/c4f7fcce9cb06515/Schubfach
https://github.com/ulfjack/ryu
https://github.com/ulfjack/ryu
https://github.com/jk-jeon/dragonbox
https://github.com/jk-jeon/dragonbox
https://github.com/ibireme/c_numconv_benchmark/blob/master/vendor/yy_double/yy_double.c
https://github.com/ibireme/c_numconv_benchmark/blob/master/vendor/yy_double/yy_double.c
https://github.com/ibireme/c_numconv_benchmark/blob/master/vendor/yy_double/yy_double.c
https://github.com/ibireme/c_numconv_benchmark/blob/master/vendor/yy_double/yy_double.c
https://github.com/ibireme/c_numconv_benchmark/blob/master/vendor/yy_double/yy_double.c
https://github.com/cassioneri/teju_jagua
https://github.com/cassioneri/teju_jagua
https://github.com/xjb714/xjb
https://github.com/xjb714/xjb
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5. Conclusions and future work 514

This paper proposes a new floating-point number to decimal conversion algorithm. 515

The algorithm improves the calculation process of schubfach[2] algorithms, reduces the 516

number of multiplication operations, and optimizes some calculation steps. The algorithm 517

has been implemented in C/C++ language and passed exhaustive tests. The benchmark 518

results show that the performance of the algorithm is better than most existing algorithms 519

in most cases. Future work includes further optimization of the algorithm to improve 520

performance, especially for parallel computing on x86-64 and arm64 architecture. 521
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