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Abstract: Many papers discuss various methods to generate integer uniform random numbers on a com-
puter. On the other hand, there are a few method to generate floating point uniform random numbers (or
transform integer uniform random numbers to floating point ones). Under these circumstances, we divide
integer uniform random numbers by a constant number (e.g., rand () /232) in order to obtain floating point
uniform random numbers. However, this method can output only specific form floating point numbers and
can not generate most of representable floating point numbers. To avoid this problem, Moler proposed a
uniform random number generator that can generate all floating point numbers in

[
2−53, 1− 2−53

]
, and

then Thoma expanded its range into (0, 1).
By experimental and theoretical inspection, however, we found that the method proposed by Thoma made
strange behavior according to floating point rounding mode. For example, generating probability of a specific
floating point number is 3 times as high/low as that of the neighbor one. Moreover, Moler did not mention a
method to change the random number generation range and Thoma did not guarantee that we can generate
all the floating point numbers in the new range.
Accordingly, this paper aims to propose a modified method without the strange behaviors appearing in
Thoma’s method, to expand the random number generation range into arbitrary one we desire, and to con-
struct a higher precision floating point uniform random numbers generator than normal IEEE754 numbers.
In order to achieve these aims, this paper will discuss what floating point uniform random number is, and
then propose one of such generator and prove its correctness, and lastly show its performance of the generator
by experiment.
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1. Introduction

1.1 Background

Whatever random numbers we want to use on a computer, uniform random number is basically required. So, uniform

random number is the most important random number on a computer. In fact, uniform random numbers have been used in

quite many situations, such as generating a random number that follows several distributions or calculating high dimension

numerical integration by Monte Carlo [24] method. The followings are examples of generating Gaussian random numbers

by using uniform random numbers. Box-Muller [4] method generates two independent Gaussian random numbers from two

independent uniform random numbers and Polar [2,14] method removes the trigonometric calculations in Box-Muller method.

Kabal [11] proposed piecewise linear approximation of the Gaussian distribution by using some triangular distributions. Zig-

gurat [21] method divides the probability density function of the Gaussian distribution into rectangles with all equal area

along the horizontal axis. On the other hand, Monty-Python [20] method divides the probability density function into several

pieces by using affine transformation and then embeds them into a rectangle whose area is 1. In addition to those meth-

ods, there are several methods, such as Acceptance-Rejection [17] method, Odd-Even [5] method, and Ratio-of-Uniform [13]

method.

Under these circumstances, many papers discuss various method to generate integer uniform random numbers on a com-

puter. Middle-Squared [32] method, Linear Congruential Generator [28], Xor-Shift [19], Mersenne Twister [23], and other

methods [3, 29] are a few of such examples. On the other hand, there are few methods to generate floating point uniform

random numbers (or transform integer uniform random numbers to floating point format ones). When floating point uniform

random numbers are required, we have often divided integer uniform random number by a constant value (e.g., rand () /232)

in order to obtain floating point uniform random numbers. However, this method can output only a very small fraction

of floating point numbers and can not generate most of representable floating point numbers. Box-Muller method is one

of examples where this property has bad influence. The method takes logarithm of a uniform random number u1 and lets

a =
√

−2loge (u1). Then the method generates another uniform random number*1 u2 and lets b = 2πu2. At last, the method

outputs two independent Gaussian random numbers a sin (b) and a cos (b). Here, since log (u1) decides the absolute value of

a, the sparser uniform random numbers near 0 are, the smaller the absolute value of the output becomes. Therefore, we can

not reproduce each edge of the Gaussian distribution if uniform random number is sparse near 0.

To solve this problem, Moler [25,26] focused on a mantissa of floating point numbers and proposed a floating point uniform

random number generator that can output all the double precision floating point number in
[
2−53, 1− 2−53

]
. This method

generates a floating point uniform random number that is a integer multiples of 2−53 first. Then, the algorithm generates an

additional uniform random integer and takes a bitwise-xor to the mantissa of floating point random number with the integer

random number. This means that the algorithm generates the exponent and mantissa of a floating point uniform random

number separately. In the concrete, the algorithm first prepares 32 initial random numbers(seed) that is all integer multiples

of 2−53, z0, z1, . . . , z31, and a borrow flag b. Then, the algorithm generates a floating point uniform random number by using

the following recurrence relation*2.

zi = zi+20 − zi+5 − b.

Here, each subscript, i, i+20, i+5, is calculated on module 32. Besides, if the operation makes zi be negative, then add 1 to

zi and then set b = 2−53, the half of the machine epsilon*3. Otherwise, set b = 0. In practical application, MATLAB version

5 has adopt the algorithm for its floating point uniform random number generator.

Subsequently, Thoma [31] proposed floating point uniform random number generator that could output all the floating

point numbers in (0, 1). Thoma originally aimed to construct a Gaussian random number generator that could reproduce the

tail region of the distribution. In this research, Thoma required uniform random number generator specialized for floating

point numbers, which a Gaussian random number generator used.

Experimental and theoretical inspections, however, show that Thoma’s method contains strange behaviors in some floating

point rounding modes. For example, Thoma’s method can not output floating point numbers in the subnormal area (quite

close floating point numbers to 0) and the generation probability of a specific floating point number is 3 times as high or low

as that of its neighbors. Figure 14 in Section 5 shows the behaviors. Additionally, Thoma’s method does not guarantee that

all the floating point numbers can be generated when we apply the method to another ranges other than (0, 1). Worse, Moler

did not mention how to apply the method to another range except
[
2−53, 1− 2−53

]
.

1.2 Objective

Now, we have 2 problems. One is that Thoma’s method shows strange behaviors, and the other is that we can not apply

*1 ”another uniform random number” means a uniform random number that is independent of u1.
*2 This algorithm is based on idea by Marsaglia [18, 22].
*3 That is, the half of the difference between 1 and the minimal floating point numbers that is greater than 1.
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both Moler’s method and Thoma’s method to another ranges other than its original range with guaranteeing that all the

floating point numbers can be generated. So, the aim of this paper is as follows.

(1) Modifying strange behaviors in Thoma’s method.

Remove the strange behaviors in Thoma’s method because probability is one of the most important point in random

number generation.

(2) Constructing a generator that can output all the values in arbitrary range.

Since Moler’s method and Thoma’s method are specialized for the given range, this paper will propose a generator that

can output all the floating point numbers in [a, b] for arbitrary floating point number a and b.

In order to achieve those aims, (1) this paper will define the concept of ideal uniformness and then construct a uniform

random number generator that satisfies the definition and show that the strange behaviors observed in Thoma’s method is

removed. After that, (2) this paper will propose a generator that can output all the floating point number in an arbitrary

range whose edge is a floating point number and will show its performance by experiment.

The organization of this paper is as follows.

Section 1 is the current section.

Section 2 explains IEEE754 floating point numbers as a background.

Section 3 explains Thoma’s method and its problem.

Section 4 defines floating point uniform random number generator and calculates its random number generation probabil-

ity.

Section 5 solves the problem explained in the Section 3.

Section 6 proposes a generator that can output all the floating point numbers in an arbitrary range whose both edge is a

floating point number.

Section 7 evaluates the proposed method by experiment.

Section 8 summarizes this paper and gives a future work.

1.3 Notation

After this section, the authors use the following notation if necessary.

• N (n ∈ N) = {k ∈ N | 0 ≤ k ≤ 2n − 1} ⊆ N.
N (n) denotes the set of n-bit unsigned integers.

• E ∈ N ≥ 1.

E denotes the number of bits of exponent in floating point number.

• M ∈ N ≥ 0.

M denotes the number of bits of mantissa in floating point number.

• F ⊂ R.
F denotes the set of floating point numbers.

• valF : N (1)× N (E)× N (M) → F.
valF (s, e,m) denotes the value of a floating point number where

(Sign,Exponent,Mantissa) = (s, e,m).

• flF : R → F.
flF denotes a rounding function.

• URNGR : ∅ → UR.

URNGR denotes a Uniform Random Number Generator on R.
• UR ⊂ R.

UR denotes the set of random numbers that URNGR can output.

• URNGF : ∅ → UF.

URNGF denotes a Uniform Random Number Generator on F.
• UF ⊂ F.

UF denotes the set of random numbers that URNGF can output.

• roundF : R → F.
roundF (r ∈ R) denotes a sound rounding function.

• PF : F → {r ∈ R | 0 ≤ r ≤ 1}.
PF (f ∈ F) denotes the probability that URNGF generates f ∈ F. Of course, PF (f ∈ F \ UF) = 0.

• URNGn∈N : ∅ → {i ∈ N | 0 ≤ i ≤ 2n − 1}.
URNGn∈N denotes an n-bit uniform random integer generator.

• W ∈ N.
W denotes the number of bits of unsigned integer on the computer.

• FURNG : R2 × (R → F) → UF.
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FURNG (a, b, roundF) denotes a URNGF where UR = [a, b] and the rounding mode is roundF.

• −roundF : R → F.
−roundF denotes a flipped roundF horizontally. This means that

−roundF =



Round-to-Nearest roundF is Round-to-Nearest

Toward −∞ roundF is Toward +∞
Toward +∞ roundF is Toward −∞
Toward 0 roundF is Toward 0

Toward ±∞ roundF is Toward ±∞

Here,

roundF (r ∈ R) = f ∈ F ⇔ (−roundF) (−r ∈ R) = −f ∈ F

holds.

2. IEEE754 floating point number

This section aims to explain IEEE754 floating point numbers because the problems of Thoma’s method come from format

and rounding mode of floating point number.

2.1 Format

One floating point number consists of the bitfields shown in Figure 1.

• Sign is a 1-bit unsigned integer.

• Exponent is an E-bit unsigned integer.

• Mantissa is an M -bit unsigned integer.

The most used pair of (E,M) in IEEE754 is the followings.

(E,M) =


(8, 23) called single precision

(11, 52) called double precision

(15, 112) called quadruple precision

.

Table A·1 shows more detailed information.

2.2 Value

We define the value of a floating point number whose (sign, exponent, mantissa) is (s, e,m)*4, valF (s, e,m), as follows*5.

• Case: e = 0.

(−1)s ×
(
0 +m× 2−M

)
× 21−(2

E−1−1).

• Case: 1 ≤ e ≤ 2E − 2.

(−1)s ×
(
1 +m× 2−M

)
× 2e−(2

E−1−1).

• Case: e = 2E − 1, m = 0.

(−1)s ×∞.

• Case: e = 2E − 1, m ̸= 0.

NaN(Not a Number).

The floating point numbers for each case are called subnormal number, normal number, infinity, NaN (See Table 1). Here-

after, floating point number, (F), denotes subnormal number, normal number, and infinity. In addition, we

distinguish −0 and +0.

Fig. 1 Bitfield of floating point number.
Sign Exponent Mantissa
s0 e0 · · · eE−1 m0 · · · mM−1

Table 1 Classification of floating point numbers.

Class Exponent(e) Mantissa(m)

Subnormal numbers e = 0 0 ≤ m ≤ 2M − 1
Normal numbers 1 ≤ e < 2E − 1 0 ≤ m ≤ 2M − 1

Infinity e = 2E − 1 m = 0
Not a Number(NaN) e = 2E − 1 1 ≤ m ≤ 2M − 1

*4 Note: s ∈ {0, 1}, 0 ≤ e ∈ N ≤ 2E − 1, 0 ≤ m ≤ N ≤ 2M − 1
*5 We have two types of 0, that is, +0 and −0.
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2.3 Rounding

There are several choices for rounding a real number to a floating point number. The following rounding modes are mainly

used as a rounding function flF : R → F.
• Rounding-to-Nearest

This function rounds a real number to the closest floating point numbers to the real number. In more detailed, we have

the following 3 rounding modes when there are 2 nearest floating point numbers*6.

– Ties to Even

rounds to the floating point number whose mantissa, m, is even.

– Away from ±∞
rounds to the floating point number whose absolute value is less than the others.

– Away from 0

rounds to the floating point number whose absolute value is greater than the others.

• Directed-Rounding

This function rounds a real number to a floating point number located on the given side of the real number.

– Toward −∞
rounds to the largest floating point number that is not greater than the real number.

– Toward +∞
rounds to the smallest floating point number that is not less than the real number.

– Toward 0

rounds in the same way as Toward +∞ when the original real number is negative. Otherwise, round in the same way

as Toward −∞.

– Toward ±∞
rounds in the same way as Toward −∞ when the original real number is negative. Otherwise, round in the same way

as +∞.

Here, we define that a floating point number corresponding to real number 0 ∈ R is +0 ∈ F, and that if 0 < r ∈ R then

r is closer to +0 ∈ F than −0 ∈ F, and that if 0 > r ∈ R then r is closer to −0 ∈ F than +0 ∈ F. Additionally, we

sometimes regard ±∞ ∈ F as ±2(2
E−1) ∈ F in rounding operation.

2.4 Property

IEEE754 floating point number has the following property.

Order� �
If s, e,m, s′, e′,m′ ∈ N satisfies

0 ≤ s, s′ ∈ N ≤ 1

0 ≤ e, e′ ∈ N ≤ 2E − 2

0 ≤ m,m′ ∈ N ≤ 2M − 1

then

valF (s, e,m) ≤ valF
(
s′, e′,m′)

⇕

(−1)s ×
(
e× 2M +m

)
≤ (−1)s

′
×
(
e′ × 2M +m′

)
is satisfied.� �

This property means that we can find the right/left adjacent floating point number valF
(
s′, e′,m′) to valF (s, e,m) by finding

the right/left adjacent integer (−1)s
′
×
(
e′ × 2M +m′) to (−1)s ×

(
e× 2M +m

)
. The authors use this property in later

proofs.

3. Thoma’s method

This section aims to explain Thoma’s [31] floating point uniform random number generator and shows its problem.

3.1 Algorithm

Thoma’s algorithm is for a floating point uniform random number generator that aims to generate all the floating point

*6 That is, the real number is the center of two adjacent floating point numbers.
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numbers in (0, 1). Thoma mentions that we need M + 1 < W to use the algorithm.

The main idea of Thoma’s method is to regard a uniform random real number u ∈ R on (0, 1) generated by URNGR

as an infinite precision floating point number. Now, let uk be a k-th bit after the binary point of u written in binary

notation(k = 1, 2, . . .), then we have

u =

∞∑
k=1

uk × 2−k.

Here, let uK be the first non-zero bit of u, that is, let uK be one of u1, u2, . . . that satisfies{
∀k < K, uk = 0

uK = 1
.

Then, we can write u as the following infinite precision floating point number.

u =

∞∑
k=1

uk × 2−k

=

∞∑
k=K

uk × 2−k

=

∞∑
k=0

uK+k × 2−(K+k)

=

( ∞∑
k=0

uK+k × 2−k

)
× 2−K

=

(
uK × 2−0 +

∞∑
k=1

uK+k × 2−k

)
× 2−K

=

(
1 +

∞∑
k=1

uK+k × 2−k

)
× 2−K .

The main idea by Thoma is to convert u into a floating point number on a computer by truncating the above infinite

summation.

3.1.1 Pseudocode

The pseudocode of Thoma’s algorithm is as follows.

00: Set a floating point number c as the maximal value of random numbers.

c = 1

10: Generate uniform random bits until the first non-zero bit is found.

do {
x = URNGW ()

c = c× 2−W

} while (x ̸= 0)

20: Shift the first non-zero bit to the MSB by left-shift.

t = W

while
(
x < 2W−1

)
{

x = x× 2 // This is equivalent to x = x << 1.

c = c× 1
2 // Divide c by 2 to make c× x be constant.

t = t− 1

}
30: Add uniform random bits if necessary.

if (t < M + 1) {
x = x+

(
URNGW ()× 2−t

)
}

40: Convert to a floating point number.

return (c× x)

3.1.2 Explanation for the pseudocode

The meaning of the pseudocode is as follows. Here, the authors explain only the line from 10 to 30 because the meaning

of the line 00 and 40 is obvious.

10: Generate uniform random bits until the first non-zero bit is found.
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This operation corresponds to finding uK roughly. In the concrete, the algorithm judges whether an integer x generated

by

x =

W∑
k=1

uW×(n−1)+k × 2k−1

contains uK or not in the n-th iteration.

20: Shift the first non-zero bit to the MSB by left-shift.

This operation corresponds to finding where uK is in x. In the pseudocode, t denotes the number of the bits from u left

in x. So t is decremented by 1 every 1-bit left-shift of x. At the end of the operation in this line, the lower (W − t) bits

of x is 0 as a result of left-shift.

30: Add uniform random bits if necessary.

If the number of the bits from u left in x is less than the precision of floating point number, (M + 1)*7, then the algorithm

generates an additional uniform random integer and put it on lower bit of x. Here, we can replace the operation in the

if statement with

x = x | URNGW−t ()

because x is integer.

3.2 Problem

Thoma’s algorithm has the following problems based on IEEE754 floating point number. In this section, let roundF be the

same as flF
*8 from the perspective of fairness.

(A) The generation probability of 0 is higher than ideal probability PF (0)*
9.

The algorithm does not output 0 mathematically because both c and x is not 0. However, underflow of floating point

number changes the situation. For example, if URNGW () generates 0 repeatedly ⌈ (M+2E−1)
W ⌉ or more times at the line

10 in the pseudocode, then we have

c ≤ flF

(
2−W×⌈ (

M+2E−1)
W

⌉

)
≤ flF

(
2−(M+2E−1)

)
= flF

(
1

4
× valF (0, 0, 1)

)
= 0 (If the rounding mode is not Toward +∞) .

So, c can be 0 as a result of underflow. Here, the probability that URNGW () generates 0 repeatedly ⌈ (M+2E−1)
W ⌉ times

or more is

2−W×⌈ (
M+2E−1)

W
⌉ ≥ 2−W×⌊ (

M+2E−1)
W

+1⌋

≥ 2−(M+2E−1+W).

Therefore, the probability that the algorithm outputs 0 is at least 2−(M+2E−1+W). On the other hand, the ideal proba-

bility, PF (0), is

PF (0) =


2−(M+2E−1−1) Case: Round-to-Nearest

2−(M+2E−1−2) Case: Toward −∞ or Toward0

0 Case: Toward +∞ or Toward±∞
.

So, the ratio between the random number generation probability of 0 by Thoma’s method is at least 2W−2 times as high

as the ideal probability PF (0).

(B) Floating point numbers near 0 do not appear.

By the line 10 in the pseudocode, the algorithm guarantees 2W−1 ≤ x. Besides, since the minimal positive value of c

is greater than or equal to the minimal value of positive floating point number, valF (0, 0, 1) ≤ c holds. Therefore, the

*7 ”+1” in (M + 1) comes from economized form in IEEE754 floating point number.
*8 If roundF is different from flF, a rounding function used on the computer differs from a rounding function used in the definition of

uniformity. Hence, it is not unnatural that the algorithm does not satisfies the definition of uniform.
*9 The definition of ideal is explained as ”uniform in narrow sense” in the Section 4.1.
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Table 2 Strange behaviors in Thoma’s method. (A): The generation probability of 0 is higher than ideal. (B): Floating point numbers
near 0 do not appear. (C): The random number generation probability is not uniform in some ranges.

Rounding mode (A) occurs? (B) occurs? (C) occurs?

Round-to-Nearest (Ties to Even) Yes. Yes. Yes.
Round-to-Nearest (Away from ±∞) Yes. Yes. No.
Round-to-Nearest (Away from 0) Yes. Yes. No.

Directed-Rounding (Toward −∞) Yes. Yes. No.
Directed-Rounding (Toward +∞) No. Yes. No.
Directed-Rounding (Toward 0) Yes. Yes. No.
Directed-Rounding (Toward ±∞) No. Yes. No.

minimal value of positive output by Thoma’s method, c×x, is greater than or equal to 2W−1×valF (0, 0, 1). This means

that the algorithm can not output a positive floating point number that is less than 2W−1 times as large as the minimal

positive floating point number. This means that Thoma’s method does not satisfy its purpose that Thoma’s algorithm

can output all the floating point number in (0, 1).

(C) The random number generation probability is not uniform in some ranges.

Consider the case where the algorithm outputs a floating point uniform random number in
(
2−(W−M−1), 2−(W−M−2)

)
and the rounding mode is Round-to-Nearest(Ties to Even).

First, URNGW needs to generate a random integer in
[
2M+1 + 2, 2M+2 − 2

]
in the first time at the line 10 in the pseu-

docode so that the algorithm outputs a floating point number in
(
2−(W−M−1), 2−(W−M−2)

)
. Let X be this random

integer generated by URNGW . Since

(c, x, t) =
(
2M+2−2W , X × 2W−M−2,M + 2

)
holds at the end of line 20 in the pseudocode, the algorithm skips the if statement at the line 30 in the pseudocode and

outputs

c× x = flF (flF (c)× flF (x))

= flF

(
flF

(
2M+2−2W

)
× flF

(
X × 2W−M−2

))
= flF

(
flF (X)× 2−W

)
= flF (X)× 2−W

at the line 40 in the pseudocode. Here, since 2M+1 +2 ≤ X ≤ 2M+2 − 2, the rounding function uses the least significant

bit of x when rounding x to a floating point number. Then, X is rounded to a floating point number whose mantissa is

even when the least significant bit of x is 1 and X is rounded to X when the bit is 0. Thus, the value of X such that the

mantissa of flF (X) is m is as follows.

• Case: m is even.

X =


2M+1 +m× 2− 1

2M+1 +m× 2

2M+1 +m× 2 + 1

.

• Case: m is odd.

X = 2M+1 +m× 2.

Since X (= URNGW ()) is uniform random integer, the probability that the mantissa of flF (X) is even is 3 times as

high as the probability that the mantissa is odd. Since a floating point number whose mantissa is even alternates with

a floating point number whose mantissa is odd, this means that the generation probability of a floating point number is

3 times as high or low as that of its adjacent floating point numbers. This is unnatural from the perspective of uniform

random number even if the algorithm satisfies the Formula 1 for the definition of uniformity in wide sense.

Table 2 shows which rounding mode causes each strange behavior. Figure 2 shows the probability by Thoma’s method

and the probability calculated by the Formula 1 where the rounding mode is Round-to-Nearest(Ties to Even) and

(E,M,W ) = (4, 3, 5), and Figure 3 is enlarged view near 0. Table A·2 shows the ratio of the probability between Thoma’s

method and ideal as well. First, the Table 2 shows that all the rounding mode contains at least one problems. Next, we can

see the strange behavior (A) and (B) in the Figure 3. The Table A·2 shows that the random number generation probability

of 0 by Thoma’s method is 32 (≥ 2W−2 = 23 = 8) times as high as the ideal probability PF (0). Last, the Figure 2 and Figure

?? shows the strange behavior (C).
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Fig. 2 Random number generation probability in [0, 1] by Thoma’s method where the rounding mode is Round-to-Nearest(Ties to Even)
and (E,M,W ) = (4, 3, 5).
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Fig. 3 Random number generation probability in
[
0, 2−4

]
by Thoma’s method where the rounding mode is Round-to-Nearest(Ties to

Even) and (E,M,W ) = (4, 3, 5).
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4. Definition of floating point uniform random number generator

This section aims to define what a floating point number uniform random number generator is and to calculate random

number generation probability of such generator before implementing on a computer.

4.1 Definition of uniform random number generator

4.1.1 Sound rounding function

Let X be a subset of R. The authors define that a rounding function that rounds r ∈ R to x ∈ X, roundX : R → X, is said
to be sound if roundX satisfies all the following conditions.

Definition: Sound rounding function� �
Sound rounding function satisfies all the following conditions.

• Totality

For arbitrary real number r ∈ R, there exists a unique element x ∈ R that satisfies

roundX (r) = x.

• Idempotence

For arbitrary x ∈ X,

roundX (x) = x

holds.

• Monotonicity

For some real number p, q ∈ R, if

roundX (p) = roundX (q)

holds, then for arbitrary t ∈ [0, 1] ⊂ R,

roundX (t× p+ (1− t)× q) = roundX (p)

holds.� �
4.1.2 Definition of uniformity

Floating point uniform random number generator, URNGF, is said to be uniform in wide sense if the following condition

is satisfied.

Definition: Uniform in wide sense� �
URNGF is said to be uniform random number generator in wide sense if there exists a sound rounding function

roundF : R → F that satisfies

∀x ∈ UF, P r [URNGF () = x] = Pr [roundF (URNGR ()) = x] . (1)� �
This definition is based on the thought that when we implement a function on real number, fR, on a computer(floating point

number), the implemented function, fF, should satisfies the following condition.� �
For arbitrary output of fF is the same as a rounded value of fR by a rounding function roundF.� �

Since we can say that URNGF is URNGR implemented on a computer, we obtain

URNGF () = roundF (URNGR ())

by substituting fF with URNGF and fR with URNGR in the above thought. Therefore, the probability that URNGF

generates x ∈ UF satisfies the Formula 1.

Here, we define uniform in narrow sense as the case where roundF in the definition of uniform in wide sense is one of

rounding modes introduced in the Section 2.3.
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Definition: Uniform in narrow sense� �
URNGF is said to be uniform random number generator in narrow sense if

∀x ∈ UF, P r [URNGF () = x] = Pr [roundF (URNGR ()) = x]

holds where roundF is one of Round-to-Nearest(Ties to Even/Away from ±∞/Away from 0) or Directed-

Rounding(Toward −∞/Toward +∞/Toward 0/Toward ±∞).� �
Hereafter, ”uniform” denotes ”uniform in narrow sense”.

4.2 Random number generation probability of uniform URNGF

4.2.1 Idea for calculation

By letting UR = [a, b]*10*11，we can transform the Formula 1 as follows.

Pr [URNGF () = x] = Pr [roundF (URNGR ()) = x]

=

∫
{t∈UR|roundF(t)=x}

1

b− a
dt

=
sup{t ∈ UR | roundF (t) = x}

b− a
− inf{t ∈ UR | roundF (t) = x}

b− a
.

Thus, we can calculate the random number generation probability of a uniform URNGF by finding the range of t ∈ UR that

satisfies roundF (t) = x for each x ∈ UF. Hereafter, let PF (x) denote Pr [URNGF () = x].

4.2.2 How to calculate the probability

Since x ∈ UF ⊂ [a, b], we have the case where a < x < b and the case where x = a, b.

(1) Case: a < x < b.

We can calculate the value of PF (x) as follows when a < x < b. First, find the both side of adjacent floating point

numbers to x and let xl be the left one and xr be the right one. Since [xl, xr] ⊆ UR, we can obtain the range of t ∈ UR

that satisfies roundF (t) = x for each rounding modes and then calculate the value of PF (x).

(a) Case: roundF is Round-to-Nearest.

We have 3 cases according to roundF, that is, Ties to Even, Away from ±∞, and Away from 0.

(i) Case: roundF is Round-to-Nearest(Ties to Even).

The range of t ∈ UR that satisfies roundF (t) = x is{
xl+x

2 < t < x+xr

2 Case: The mantissa of x is odd.
xl+x

2 ≤ t ≤ x+xr

2 Case: The mantissa of x is even.
.

Therefore, we obtain

PF (x) =
xr − xl

2 (b− a)

in all the cases.

(ii) Case: roundF is Round-to-Nearest(Away from ±∞).

The range of t ∈ UR that satisfies roundF (t) = x is
xl+x

2 ≤ t < x+xr

2 Case: x < 0.
xl+x

2 ≤ t ≤ x+xr

2 Case: x = 0.
xl+x

2 < t ≤ x+xr

2 Case: 0 < x.

.

Therefore, we obtain

PF (x) =
xr − xl

2 (b− a)

in all the cases.

(iii) Case: roundF is Round-to-Nearest(Away from 0).

The range of t ∈ UR that satisfies roundF (t) = x is

*10 This paper just considers the case where a, b ∈ F in order to simplify the problem.
*11 UR can be 4 patterns, that is, UR = [a, b] or [a, b) or (a, b] or (a, b). However, the value of the right side of the Formula 1 does not

change among these 4 cases. Therefore, we can consider only the case where UR = [a, b].
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
xl+x

2 < t ≤ x+xr

2 Case: x < 0.
xl+x

2 < t < x+xr

2 Case: x = 0.
xl+x

2 ≤ t < x+xr

2 Case: 0 < x.

.

Therefore, we obtain

PF (x) =
xr − xl

2 (b− a)

in all the cases.

From (i), (ii), (iii), we obtain

PF (x) =
xr − xl

2 (b− a)

when roundF is Round-to-Nearest.

(b) Case: roundF is Directed-Rounding.

We have 4 cases according to roundF, that is, Toward −∞, Toward +∞, Toward 0, and Toward ±∞.

(i) Case: roundF is Directed-Rounding(Toward −∞).

The range of t ∈ UR that satisfies roundF (t) = x is

x ≤ t < xr.

Therefore, we obtain

PF (x) =
xr − x

b− a
.

(ii) Case: roundF is Directed-Rounding(Toward +∞).

The range of t ∈ UR that satisfies roundF (t) = x is

xl < t ≤ x.

Therefore, we obtain

PF (x) =
x− xl

b− a
.

(iii) Case: roundF is Directed-Rounding(Toward 0).

The range of t ∈ UR that satisfies roundF (t) = x is
xl < t ≤ x Case: x < 0.

xl < t < xr Case: x = 0.

x ≤ t < xr Case: 0 < x.

.

Therefore, we obtain

PF (x) =


x−xl

b−a Case: x < 0.
xr−xl

b−a Case: x = 0.
xr−x
b−a Case: 0 < x.

.

(iv) Case: roundF is Directed-Rounding(Toward ±∞).

The range of t ∈ UR that satisfies roundF (t) = x is
x ≤ t < xr Case: x < 0.

t = x = 0 Case: x = 0.

xl < t ≤ x Case: 0 < x.

.

Therefore, we obtain

PF (x) =


xr−x
b−a Case: x < 0.

0 Case: x = 0.
x−xl

b−a Case: 0 < x.

.

(2) Case: x = a, b.

Next is the case where x = a and the case where x = b. Here, if x = a then we have
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xl < x = a = inf UR

and if x = b then we have

supUR = b = x < xr.

Thus, we need to take the intersection of UF and the range of t ∈ UR that satisfies roundF (t) = x in the case where

a < x < b. The concrete way is as follows.

(a) Case: roundF is Round-to-Nearest. {
PF (a) = xr−a

2(b−a)

PF (b) = b−xl

2(b−a)

in each case where roundF is Round-to-Nearest(Ties to Even, Away from ±∞, Away from 0).

(b) Case: roundF is Directed-Rounding.

We have 4 cases according to roundF, that is, Toward −∞, Toward +∞, Toward 0, and Toward ±∞. Hence, the

probability, PF (a) and PF (b) is as follows.

(i) Case: roundF is Directed-Rounding(Toward −∞).{
PF (a) = xr−a

b−a

PF (b) = 0
.

(ii) Case: roundF is Directed-Rounding(Toward +∞).{
PF (a) = 0

PF (b) = b−xl

b−a

.

(iii) Case: roundF is Directed-Rounding(Toward 0).
PF (a) =

{
0 Case: a < 0.
xr−a
b−a Case: 0 ≤ a.

PF (b) =

{
b−xl

b−a Case: b ≤ 0.

0 Case: 0 < b.

.

(iv) Case: roundF is Directed-Rounding(Toward ±∞).
PF (a) =

{
xr−a
b−a Case: a < 0.

0 Case: a ≤ 0.

PF (b) =

{
0 Case: b ≤ 0.
b−xl

b−a Case: 0 < b.

.

4.2.3 Random number generation probability for
[
0, 2N

]
Let (a, b) =

(
0, 2N

)
, that is, UR =

[
0, 2N

]
for N ∈ N that satisfies

1−
(
M + 2E−1 − 1

)
≤ N ∈ N ≤ 2E−1.

This section explains the random number generation probability by uniform URNGF in the 3 cases where roundF is Round-

to-Nearest, Directed-Rounding(Toward −∞), or Directed-Rounding(Toward +∞)*12.

First, consider the case where

1−
(
M + 2E−1 − 1

)
≤ N ≤ 1−

(
2E−1 − 1

)
.

(1) Case: x = 0 = valF (0, 0, 0)*
13.

The right adjacent floating point numbers to x = 0 is

xr = valF (0, 0, 1)

=
(
0 + 1× 2−M

)
× 21−(2

E−1−1)

= 21−(M+2E−1−1).

*12 Toward 0 is equivalent to Toward −∞ and Toward ±∞ is equivalent to Toward +∞ because inf UR = 0 ≥ 0, that is, all the numbers
in UF =

[
0, 2N

]
is not negative. Therefore, we do not need to consider the case where roundF is Toward 0 or Toward ±∞.

*13 x = 0 is the left edge of UR =
[
0, 2N

]
.
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Therefore, the value of PF (x) is as follows.

PF (x) =


xr−x
2N+1 Case: Round-to-Nearest
xr−x
2N Case: Toward −∞

0 Case: Toward +∞

=


2−(N+M+2E−1−1) Case: Round-to-Nearest

2−(N+M+2E−1−2) Case: Toward −∞
0 Case: Toward +∞

.

(2) Case: x = 2N *14.

Since 1−
(
M + 2E−1 − 1

)
≤ N ≤ 1−

(
2E−1 − 1

)
, we have

0 ≤ x ≤ 2N

≤ 21−(2
E−1−1)

=
(
1 + 0× 2−M

)
× 21−(2

E−1−1)

= valF (0, 1, 0) .

This means that the interval of floating point numbers in
[
0, 2N

]
is valF (0, 0, 1). Hence, the left adjacent floating point

number to x is

xl = x− valF (0, 0, 1)

= x−
(
0 + 1× 2−M

)
× 21−(2

E−1−1)

= x− 21−(M+2E−1−1).

Therefore, the value of PF (x) is as follows.

PF (x) =


x−xl

2N+1 Case: Round-to-Nearest

0 Case: Toward −∞
x−xl

2N Case: Toward +∞

=


2−(N+M+2E−1−1) Case: Round-to-Nearest

0 Case: Toward −∞
2−(N+M+2E−1−2) Case: Toward +∞

.

(3) Case: 0 < x < 2N .

By the same way as (2), we have the fact that the interval of floating point numbers in
[
0, 2N

]
is valF (0, 0, 1). Hence,

the left adjacent floating point number to x and the right adjacent one to x is

xl = x− valF (0, 0, 1)

= x−
(
0 + 1× 2−M

)
× 21−(2

E−1−1)

= x− 21−(M+2E−1−1)

xr = x+ valF (0, 0, 1)

= x+ 21−(M+2E−1−1)

respectively. Therefore, the value of PF (x) is as follows.

PF (x) =


xr−xl

2N+1 Case: Round-to-Nearest
xr−x
2N Case: Toward −∞

x−xl

2N Case: Toward +∞

=


21−(N+M+2E−1−1) Case: Round-to-Nearest

21−(N+M+2E−1−1) Case: Toward −∞
21−(N+M+2E−1−1) Case: Toward +∞

.

Next, consider the case where

*14 x = 2N is the right edge of UR =
[
0, 2N

]
.
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2−
(
2E−1 − 1

)
≤ N ≤ 2E−1.

(1) Case: x = 0 = valF (0, 0, 0)

We can consider in the same way as the case where

1−
(
M + 2E−1 − 1

)
≤ N ≤ 1−

(
2E−1 − 1

)
.

(2) Case: x = 2N = valF
(
0, N + 2E−1 − 1, 0

)
.

The left adjacent floating point numbers to x is

xl = valF
(
0, N + 2E−1 − 2, 2M − 1

)
=
(
1 +

(
2M − 1

)
× 2−M

)
× 2N−1

=
(
2− 2−M

)
× 2N−1

=
(
1− 2−(M+1)

)
× 2N .

Therefore, the value of PF (x) is as follows.

PF (x) =


x−xl

2N+1 Case: Round-to-Nearest

0 Case: Toward −∞
x−xl

2N Case: Toward +∞

=


2−(M+2) Case: Round-to-Nearest

0 Case: Toward −∞
2−(M+1) Case: Toward +∞

.

(3) Case: x = valF (0, e, 0).

Since we have already calculated the value of PF (x) in the case where e = 0, N + 2E−1 − 1 in (1) and (2), we consider

only the case where 1 ≤ e ≤ N + 2E−1 − 2.

(3-1) Case: e = 1.

In this case, we have

x = valF (0, 1, 0)

=
(
1 + 0× 2−M

)
× 21−(2

E−1−1)

= 2M × 2−(M+2E−1−2).

Hence, the left adjacent floating point number to x and the right adjacent one to x is

xl = valF
(
0, 0, 2M − 1

)
=
(
0 +

(
2M − 1

)
× 2−M

)
× 21−(2

E−1−1)

=
(
2M − 1

)
× 2−(M+2E−1−2)

xr = valF (0, 1, 1)

=
(
1 + 1× 2−M

)
× 21−(2

E−1−1)

=
(
2M + 1

)
× 2−(M+2E−1−2).

Therefore, the value of PF (x) is as follows.

PF (x) =


xr−xl

2N+1 Case: Round-to-Nearest
xr−x
2N Case: Toward −∞

x−xl

2N Case: Toward +∞

=


2−(N+M+2E−1−2) Case: Round-to-Nearest

2−(N+M+2E−1−2) Case: Toward −∞
2−(N+M+2E−1−2) Case: Toward +∞

.

(3-2) Case: 2 ≤ e ≤ N + 2E−1 − 2.

15ⓒ 2016 Information Processing Society of Japan

Vol.2016-HPC-153 No.35
2016/3/3



IPSJ SIG Technical Report

In this case, we have

x = valF (0, e, 0)

= 2e−(2
E−1−1)

= 2M+2 × 2e−(M+2E−1+1).

Hence, the left adjacent floating point number to x and the right adjacent one to x is

xl = valF
(
0, e− 1, 2M − 1

)
=
(
1 +

(
2M − 1

)
× 2−M

)
× 2(e−1)−(2E−1−1)

=
(
2− 2−M

)
× 2(e−1)−(2E−1−1)

=
(
2M+2 − 2

)
× 2e−(M+2E−1+1)

xr = valF (0, e, 1)

=
(
1 + 1× 2−M

)
× 2e−(2

E−1−1)

=
(
2M+2 + 4

)
× 2e−(M+2E−1+1).

Therefore, the value of PF (x) is as follows.

PF (x) =


xr−xl

2N+1 Case: Round-to-Nearest
xr−x
2N Case: Toward −∞

x−xl

2N Case: Toward +∞

=


3× 2e−(N+M+2E−1+1) Case: Round-to-Nearest

4× 2e−(N+M+2E−1+1) Case: Toward −∞
2× 2e−(N+M+2E−1+1) Case: Toward +∞

.

(4) Case: x = valF (0, 0,m).

Since we have already calculated the value of PF (x) in the case where m = 0 in (1), we consider only the case where

1 ≤ m ≤ N + 2M − 1.

(4-1) Case: 1 ≤ m ≤ 2M − 2

In this case, we have

x = valF (0, 0,m)

=
(
m× 2−M

)
× 21−(2

E−1−1)

= m× 2−(M+2E−1−2).

Hence, the left adjacent floating point number to x and the right adjacent one to x is

xl = valF (0, 0,m− 1)

=
(
(m− 1)× 2−M

)
× 21−(2

E−1−1)

= (m− 1)× 2−(M+2E−1−2)

xr = valF (0, 0,m+ 1)

=
(
(m+ 1)× 2−M

)
× 21−(2

E−1−1)

= (m+ 1)× 2−(M+2E−1−2).

Therefore, the value of PF (x) is as follows.

PF (x) =


xr−xl

2N+1 Case: Round-to-Nearest
xr−x
2N Case: Toward −∞

x−xl

2N Case: Toward +∞

=


2−(N+M+2E−1−2) Case: Round-to-Nearest

2−(N+M+2E−1−2) Case: Toward −∞
2−(N+M+2E−1−2) Case: Toward +∞

.
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(4-2) Case: m = 2M − 1.

In this case, we have

x = valF
(
0, 0, 2M − 1

)
=
(
0 +

(
2M − 1

)
× 2−M

)
× 21−(2

E−1−1)

=
(
2M − 1

)
× 2−(M+2E−1−2).

Hence, the left adjacent floating point number to x and the right adjacent one to x is

xl = valF
(
0, 0, 2M − 2

)
=
(
0 +

(
2M − 2

)
× 2−M

)
× 21−(2

E−1−1)

=
(
2M − 2

)
× 2−(M+2E−1−2)

xr = valF (0, 1, 0)

=
(
1 + 0× 2−M

)
× 21−(2

E−1−1)

=
(
2M
)
× 2−(M+2E−1−2).

Therefore, the value of PF (x) is as follows.

PF (x) =


xr−xl

2N+1 Case: Round-to-Nearest
xr−x
2N Case: Toward −∞

x−xl

2N Case: Toward +∞

=


2−(N+M+2E−1−2) Case: Round-to-Nearest

2−(N+M+2E−1−2) Case: Toward −∞
2−(N+M+2E−1−2) Case: Toward +∞

.

Therefore, we obtain

PF (x) =


xr−xl

2N+1 Case: Round-to-Nearest
xr−x
2N Case: Toward −∞

x−xl

2N Case: Toward +∞

=


2−(N+M+2E−1−2) Case: Round-to-Nearest

2−(N+M+2E−1−2) Case: Toward −∞
2−(N+M+2E−1−2) Case: Toward +∞

in all the cases.

(5) Case: x = valF (0, e,m).

Since we have already calculated the value of PF (x) in the case where e = 0 in (4), we consider only the case where

1 ≤ e ≤ N + 2E−1 − 2*15. Additionally, since we have finished the case where m = 0 in (3), we consider only the case

where 1 ≤ m ≤ 2M − 1.

(5-1) Case: 1 ≤ m ≤ 2M − 2.

In this case, we have

x = valF (0, e,m)

=
(
1 +m× 2−M

)
× 2e−(2

E−1−1)

=
(
2M +m

)
× 2e−(M+2E−1−1).

Hence, the left adjacent floating point number to x and the right adjacent one to x is

*15 If e = N + 2E−1 − 1, then we have m = 0 because x ≤ supUF = 2N = valF
(
0, N + 2E−1 − 1, 0

)
. This case is the same as (2).
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xl = valF (0, e,m− 1)

=
(
1 + (m− 1)× 2−M

)
× 2e−(2

E−1−1)

=
(
2M +m− 1

)
× 2e−(M+2E−1−1)

xr = valF (0, e,m+ 1)

=
(
1 + (m+ 1)× 2−M

)
× 2e−(2

E−1−1)

=
(
2M +m+ 1

)
× 2e−(M+2E−1−1).

Therefore, the value of PF (x) is as follows.

PF (x) =


xr−xl

2N+1 Case: Round-to-Nearest
xr−x
2N Case: Toward −∞

x−xl

2N Case: Toward +∞

=


2e−(N+M+2E−1−1) Case: Round-to-Nearest

2e−(N+M+2E−1−1) Case: Toward −∞
2e−(N+M+2E−1−1) Case: Toward +∞

.

(5-2) Case: m = 2M − 1.

In this case, we have

x = valF
(
0, e, 2M − 1

)
=
(
1 +

(
2M − 1

)
× 2−M

)
× 2e−(2

E−1−1)

=
(
2M+1 − 1

)
× 2e−(M+2E−1−1).

Hence, the left adjacent floating point number to x and the right adjacent one to x is

xl = valF
(
0, e, 2M − 2

)
=
(
1 +

(
2M − 2

)
× 2−M

)
× 2e−(2

E−1−1)

=
(
2M+1 − 2

)
× 2e−(2

E−1−1)

xr = valF (0, e+ 1, 0)

= 1× 2(e+1)−(2E−1−1)

=
(
2M+1

)
× 2e−(M+2E−1−1).

Therefore, the value of PF (x) is as follows.

PF (x) =


xr−xl

2N+1 Case: Round-to-Nearest
xr−x
2N Case: Toward −∞

x−xl

2N Case: Toward +∞

=


2e−(N+M+2E−1−1) Case: Round-to-Nearest

2e−(N+M+2E−1−1) Case: Toward −∞
2e−(N+M+2E−1−1) Case: Toward +∞

.

Therefore, we obtain

PF (x) =


xr−xl

2N+1 Case: Round-to-Nearest
xr−x
2N Case: Toward −∞

x−xl

2N Case: Toward +∞

=


2e−(N+M+2E−1−1) Case: Round-to-Nearest

2e−(N+M+2E−1−1) Case: Toward −∞
2e−(N+M+2E−1−1) Case: Toward +∞

in all the cases.
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In summary, we obtain the following result.

(1) Case: x = valF (0, 0, 0) = 0.

PF (x) =


2−(N+M+2E−1−1) Case: Round-to-Nearest

2−(N+M+2E−1−2) Case: Toward −∞
0 Case: Toward +∞

.

(2) Case: valF (0, 0, 1) ≤ x < valF (0, 2, 0).

PF (x) = 21−(N+M+2E−1−1).

(3) Case: valF (0, 2, 0) ≤ x < valF
(
0, N + 2E−1 − 1, 0

)
.

In this case, we have 2 sub cases shown as follows. Here, 2 ≤ e ≤ N + 2E−1 − 2 in both cases.

(3-1) Case: x = valF (0, e, 0).

PF (x) = α× 2e−(N+M+2E−1−1)

where

α =


3
4 Case: Round-to-Nearest

1 Case: Toward −∞
1
2 Case: Toward +∞

.

(3-2) Case: valF (0, e, 1) ≤ x < valF (0, e+ 1, 0).

PF (x) = 2e−(N+M+2E−1−1).

(4) Case: x = 2N .

• Case: 1−
(
M + 2E−1 − 1

)
≤ N ≤ 1−

(
2E−1 − 1

)
.

PF (x) =


2−(N+M+2E−1−1) Case: Round-to-Nearest

0 Case: Toward −∞
2−(N+M+2E−1−2) Case: Toward +∞

.

• Case: 2−
(
2E−1 − 1

)
≤ N ≤ 2E−1.

PF (x) =


2−(M+2) Case: Round-to-Nearest

0 Case: Toward −∞
2−(M+1) Case: Toward +∞

.

5. Modified algorithm for Thoma’s method

This section aims to modify the problems in Thoma’s algorithm, which is a floating point uniform random number gener-

ator, and prove that the modified method is uniform in narrow sense defined in the Section 4 and make some experiments in

order to show that the modified method solves the problems.

5.1 Modified algorithm

The modified algorithm is a uniform URNGF in narrow sense for UR =
[
0, 2N

]
*16. The main idea of the algorithm is

as follows. Let u ∈ R be a uniform random real number on
[
0, 2N

]
generated by URNGR. First, find the maximal floating

point number valF (0, e,m) that satisfies

valF (0, e,m) ≤ u ≤ valF (0, e,m+ 1)

*17*18. Next, simulate rounding operation based on roundF for this u, that is, simulate roundF (u).

In the concrete, the algorithm can generates e as a geometric random integer and m as a uniform random inte-

ger because u is distributed on
[
0, 2N

]
uniformly. And then, the algorithm judges whether u, which is distributed on

[valF (0, e,m) , valF (0, e,m+ 1)] uniformly, is rounded to valF (0, e,m) or rounded to valF (0, e,m+ 1) according to roundF.

*16 N ∈ N must satisfy 1−
(
M + 2E−1 − 1

)
≤ N ≤ 2E−1.

*17 If m = 2M − 1, then replace valF (0, e,m+ 1) with valF (0, e+ 1, 0) in the inequality.
*18 If u ∈ F, then we can take 2 different floating point numbers that satisfy the inequality. However, since u is a uniform random real

number, the probability that u is equal to a specific one value is 0. Therefore, we do not need to consider such a case.
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5.1.1 Pseudocode

The pseudocode of the modified algorithm is as follows.

00: Set valF (0, emax, 0) as the maximal value of uniform random numbers.

emax = N + 2E−1 − 1

10: Generate a fixed point uniform random number if emax ≤ 1.

if (emax ≤ 1) {
e = 0

if (emax ≤ 1−M) {
m = 0

} else {
m = URNGM+emax−1 ()

}
goto 40

}
20: Find e.

n = 1

while (n < emax) {
if (URNG1 () = 1) {

break

} else {
n = n+ 1

}
}
e = emax − n

30: Find m.

m = URNGM ()

40: Branch according to roundF.

• Case: roundF is Directed-Rounding(Toward −∞).

goto 41

• Case: roundF is Directed-Rounding(Toward +∞).

goto 42

• Case: roundF is Directed-Rounding(Toward 0).

goto 41

• Case: roundF is Directed-Rounding(Toward ±∞).

goto 42

• Case: roundF is Round-to-Nearest.

goto 43

41: Simulate Directed-Rounding(Toward −∞ and Toward 0).

goto 50

42: Simulate Directed-Rounding(Toward +∞ and Toward ±∞).

if
(
m = 2M − 1

)
{

m = 0

e = e+ 1

} else {
m = m+ 1

}
goto 50

43: Simulate Round-to-Nearest.

b = URNG1 ()

if (b = 0) {
goto 41

} else {
goto 42

}
50: Convert e and m to a floating point number.

return valF (0, e,m)
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5.1.2 Explanation for the pseudocode

The meaning of the pseudocode is as follows.

00: Set valF (0, emax, 0) as the maximal value of uniform random numbers.

Set the maximal value of uniform random numbers by 2emax−(2E−1−1). In the algorithm, emax must satisfy 1−M ≤ emax.

If emax < −M , then the algorithm behaves in the same way as the case where emax = 1−M .

10: Generate a fixed point uniform random number if emax ≤ 1.

The algorithm is equivalent to fixed point uniform random number generator if emax ≤ 1.

20: Find e.

Generate a geometric random integer for e by the Bernoulli trial by using 1-bit uniform random integer. In the pseu-

docode, n denotes the number of tries until the first non-zero bit is generated.

30: Find m.

Generate an M -bit uniform random integer for m.

40: Branch according to roundF.

Judge whether u, which is distributed on [valF (0, e,m) , valF (0, e,m+ 1)] uniformly, is rounded to the left edge of the

range or the right one. Here, Toward 0 is equivalent to Toward −∞ and Toward ±∞ is equivalent to Toward +∞
because UR =

[
0, 2N

]
.

41: Simulate Directed-Rounding(Toward −∞ and Toward 0).

Since u is always rounded to the left edge in this case, select the left one.

42: Simulate Directed-Rounding(Toward +∞ and Toward ±∞).

Since u is always rounded to the right edge in this case, select the right one.

43: Simulate Round-to-Nearest.

In this case, the probability that a uniform random real number distributed on [valF (0, e,m) , valF (0, e,m+ 1)] is

rounded to the left edge valF (0, e,m) is the same as the probability that the random number is rounded to the right

edge valF (0, e,m+ 1), that is, both are 1
2 . Therefore, generate a 1-bit uniform random integer and then select the left

one if the bit is 0 or select the right one if the bit is 1.

5.2 Proof for correctness

This section proves that the random number generation probability of the modified algorithm satisfies the Formula 1. First,

calculate the probability that the algorithm outputs x ∈ F, P (x), for each floating point number. Next, compare P (x) with

PF (x)*
19, which is calculated in the Section 4.2.3, and confirm that P (x) = PF (x) holds. Here, Since toward 0 is equivalent

to Toward −∞ and Toward ±∞ is equivalent to Toward +∞ because UR =
[
0, 2N

]
, we need to prove only the case where

roundF is Round-to-Nearest, Directed-Rounding(Toward −∞), or Directed-Rounding(Toward +∞). In the proof, let

Pr [”constraint of variables” in ”line number in the pseudocode”]

be the probability that the constraint is satisfied at the end of the line in the pseudocode.

First, consider the case where

1−
(
M + 2E−1 − 1

)
≤ N ≤ 1−

(
2E−1 − 1

)
.

That is,

1−M ≤ emax ≤ 1.

Now, we have 3 cases according to roundF, that is, the case where roundF is Directed-Rounding (Toward −∞), the case

where roundF is Directed-Rounding(Toward +∞), and the case where roundF is Round-to-Nearest.

(i) Case: roundF is Directed-Rounding(Toward −∞).

(1) Case: valF (0, 0, 0) ≤ x < 2N .

In this case, we have

2N = 2emax−(2E−1−1)

=
(
0 + 2M+emax−1 × 2−M

)
× 21−(2

E−1−1).

Hence, we can express x by

x = valF
(
0, 0,m′)

*19 Note: PF (x) is the random number generation probability of uniform URNGF in narrow sense.
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for an integer m′ that satisfies 0 ≤ m′ < 2M+emax−1. Thus we obtain

P (x) = Pr
[
e = 0,m = m′ in 50

]
= Pr

[
e = 0,m = m′ in 41

]
= Pr

[
e = 0,m = m′ in 40

]
= Pr

[
e = 0,m = m′ in 10

]
= Pr

[
m = m′ in 10

]
= 2−(M+emax−1)

= 21−(M+emax)

= 21−(N+M+2E−1−1).

Besides, we have

PF (x) = 21−(N+M+2E−1−1)

by the Section 4.2.3. Therefore, P (x) = PF (x) holds.

(2) Case: x = 2N .

Consider the case where emax = 0 and the other case, that is, the case where N = 1−
(
2E−1 − 1

)
and the case where

N < 1−
(
2E−1 − 1

)
.

• Case: N = 1−
(
2E−1 − 1

)
.

In this case, we can express x as follows.

x = 2N

=
(
1 + 0× 2−M

)
× 21−(2

E−1−1)

= valF (0, 1, 0) .

Hence, we have

P (x) = Pr [e = 1,m = 0 in 50]

= Pr [e = 1,m = 0 in 41]

= Pr [e = 1,m = 0 in 40]

= Pr [e = 1,m = 0 in 10]

= 0.

• Case: N < 1−
(
2E−1 − 1

)
.

In this case, we can express x as follows.

x = 2N

= 2emax−(2E−1−1)

= 2emax−1 × 21−(2
E−1−1)

=
(
0 + 2M+emax−1 × 2−M

)
× 21−(2

E−1−1)

= valF
(
0, 0, 2M+emax−1

)
.

Hence, we have

P (x) = Pr
[
e = 0,m = 2M+emax−1 in 50

]
= Pr

[
e = 0,m = 2M+emax−1 in 41

]
= Pr

[
e = 0,m = 2M+emax−1 in 40

]
= Pr

[
e = 0,m = 2M+emax−1 in 10

]
= 0.

Thus, we obtain
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P (x) = 0.

in both cases. Besides, we have

PF (x) = 0

by the Section 4.2.3. Therefore, P (x) = PF (x) holds.

(ii) Case: roundF is Directed-Rounding(Toward +∞).

(1) Case: x = 0.

In this case, we can express x by x = valF (0, 0, 0). Hence, we obtain

P (x) = Pr [e = 0,m = 0 in 50]

= Pr [e = 0,m = 0 in 42]

= Pr
[
e = −1,m = 2M − 1 in 40

]
= Pr

[
e = −1,m = 2M − 1 in 10

]
= 0.

Besides, we have

PF (x) = 0

by the Section 4.2.3. Therefore, P (x) = PF (x) holds.

(2) Case: valF (0, 0, 1) ≤ x < 2N .

In this case, we have

2N = 2emax−(2E−1−1)

=
(
0 + 2M+emax−1 × 2−M

)
× 21−(2

E−1−1).

Hence, we can express x by

x = valF
(
0, 0,m′)

for an integer m′ that satisfies 0 < m′ < 2M+emax−1. Thus, we obtain

P (x) = Pr
[
e = 0,m = m′ in 50

]
= Pr

[
e = 0,m = m′ in 42

]
= Pr

[
e = 0,m = m′ − 1 in 40

]
= Pr

[
e = 0,m = m′ − 1 in 10

]
= 2−(M+emax−1)

= 21−(M+emax)

= 21−(N+M+2E−1−1).

Besides, we have

PF (x) = 21−(N+M+2E−1−1)

by the Section 4.2.3. Therefore, P (x) = PF (x) holds.

(3) Case: x = 2N .

Consider the case where emax = 0 and the other case, that is, the case where N = 1−
(
2E−1 − 1

)
and the case where

N < 1−
(
2E−1 − 1

)
.

• Case: N = 1−
(
2E−1 − 1

)
.

In this case, we can express x as follows.

x = 2N

=
(
1 + 0× 2−M

)
× 21−(2

E−1−1)

= valF (0, 1, 0) .
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Hence, we have

P (x) = Pr [e = 1,m = 0 in 50]

= Pr [e = 1,m = 0 in 42]

= Pr
[
e = 0,m = 2M − 1 in 40

]
= Pr

[
e = 0,m = 2M − 1 in 10

]
= 2−(M+emax−1)

= 21−(M+emax)

= 21−(N+M+2E−1−1).

• Case: N < 1−
(
2E−1 − 1

)
.

In this case, we can express x as follows.

x = 2N

= 2emax−(2E−1−1)

= 2emax−1 × 21−(2
E−1−1)

=
(
0 + 2M+emax−1 × 2−M

)
× 21−(2

E−1−1)

= valF
(
0, 0, 2M+emax−1

)
.

Hence, we have

P (x) = Pr
[
e = 0,m = 2M+emax−1 in 50

]
= Pr

[
e = 0,m = 2M+emax−1 in 42

]
= Pr

[
e = 0,m = 2M+emax−1 − 1 in 40

]
= Pr

[
e = 0,m = 2M+emax−1 − 1 in 10

]
= 2−(M+emax−1)

= 21−(M+emax)

= 21−(N+M+2E−1−1).

Thus, we obtain

P (x) = 21−(N+M+2E−1−1)

in both cases. Besides, we have

PF (x) = 21−(N+M+2E−1−1)

by the Section 4.2.3. Therefore, P (x) = PF (x) holds.

(iii) Case: roundF is Round-to-Nearest.

(1) Case: x = 0.

In this case, we can express x by x = valF (0, 0, 0). Hence, we obtain

P (x) = Pr [e = 0,m = 0 in 50]

= Pr [e = 0,m = 0 in 41] + Pr [e = 0,m = 0 in 42]

= Pr [b = 0, e = 0,m = 0 in 43] + Pr
[
b = 1, e = −1,m = 2M − 1 in 43

]
=

1

2
× Pr [e = 0,m = 0 in 40] +

1

2
× Pr

[
e = −1,m = 2M − 1 in 40

]
=

1

2
× Pr [e = 0,m = 0 in 10] +

1

2
× Pr

[
e = −1,m = 2M − 1 in 10

]
=

1

2
× 2−(M+emax−1) +

1

2
× 0

=
1

2
× 21−(M+emax)

=
1

2
× 21−(N+M+2E−1−1).
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Besides, we have

PF (x) =
1

2
× 21−(N+M+2E−1−1)

in the Section 4.2.3. Therefore, P (x) = PF (x) holds.

(2) Case: valF (0, 0, 1) ≤ x < 2N .

In this case, we have

2N = 2emax−(2E−1−1)

=
(
0 + 2M+emax−1 × 2−M

)
× 21−(2

E−1−1).

Hence, we can express x by

x = valF
(
0, 0,m′)

for an integer m′ that satisfies 0 < m′ < 2M+emax−1. Thus, we obtain

P (x) = Pr
[
e = 0,m = m′ in 50

]
= Pr

[
e = 0,m = m′ in 41

]
+ Pr

[
e = 0,m = m′ in 42

]
= Pr

[
b = 0, e = 0,m = m′ in 43

]
+ Pr

[
b = 1, e = 0,m = m′ − 1 in 43

]
=

1

2
× Pr

[
e = 0,m = m′ in 40

]
+

1

2
× Pr

[
e = 0,m = m′ − 1 in 40

]
=

1

2
× Pr

[
e = 0,m = m′ in 10

]
+

1

2
× Pr

[
e = 0,m = m′ − 1 in 10

]
=

1

2
× 2−(M+emax−1) +

1

2
× 2−(M+emax−1)

= 2−(M+emax−1)

= 21−(M+emax)

= 21−(N+M+2E−1−1).

Besides, we have

PF (x) = 21−(N+M+2E−1−1)

by the Section 4.2.3. Therefore, P (x) = PF (x) holds.

(3) Case: x = 2N .

Consider the case where emax = 0 and the other case, that is, the case where N = 1−
(
2E−1 − 1

)
and the case where

N < 1−
(
2E−1 − 1

)
.

• Case: N = 1−
(
2E−1 − 1

)
.

In this case, we can express x as follows.

x = 2N

=
(
1 + 0× 2−M

)
× 21−(2

E−1−1)

= valF (0, 1, 0) .

Hence, we have

P (x) = Pr [e = 1,m = 0 in 50]

= Pr [e = 1,m = 0 in 41] + Pr [e = 1,m = 0 in 42]

= Pr [b = 0, e = 1,m = 0 in 43] + Pr
[
b = 1, e = 0,m = 2M − 1 in 43

]
=

1

2
× Pr [e = 1,m = 0 in 40] +

1

2
× Pr

[
e = 0,m = 2M − 1 in 40

]
=

1

2
× Pr [e = 1,m = 0 in 10] +

1

2
× Pr

[
e = 0,m = 2M − 1 in 10

]
=

1

2
× 0 +

1

2
× 2−(M+emax−1)

=
1

2
× 21−(M+emax)

=
1

2
× 21−(N+M+2E−1−1).
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• Case: N < 1−
(
2E−1 − 1

)
.

In this case, we can express x as follows.

x = 2N

= 2emax−(2E−1−1)

= 2emax−1 × 21−(2
E−1−1)

=
(
0 + 2M+emax−1 × 2−M

)
× 21−(2

E−1−1)

= valF
(
0, 0, 2M+emax−1

)
.

Hence, we have

P (x) = Pr
[
e = 0,m = 2M+emax−1 in 50

]
= Pr

[
e = 0,m = 2M+emax−1 in 41

]
+ Pr

[
e = 0,m = 2M+emax−1 in 42

]
= Pr

[
b = 0, e = 0,m = 2M+emax−1 in 43

]
+ Pr

[
b = 1, e = 0,m = 2M+emax−1 − 1 in 43

]
=

1

2
× Pr

[
e = 0,m = 2M+emax−1 in 40

]
+

1

2
× Pr

[
e = 0,m = 2M+emax−1 − 1 in 40

]
=

1

2
× Pr

[
e = 0,m = 2M+emax−1 in 10

]
+

1

2
× Pr

[
e = 0,m = 2M+emax−1 − 1 in 10

]
=

1

2
× 2−(M+emax−1) +

1

2
× 0

=
1

2
× 21−(M+emax)

=
1

2
× 21−(N+M+2E−1−1).

Thus, we obtain

P (x) =
1

2
× 21−(N+M+2E−1−1)

in both cases. Besides, we have

PF (x) =
1

2
× 21−(N+M+2E−1−1)

by the Section 4.2.3. Therefore, P (x) = PF (x) holds.

Next, consider the case where

2−
(
2E−1 − 1

)
≤ N.

Now, we have 3 cases according to roundF, that is, the case where roundF is Directed-Rounding (Toward −∞), the case

where roundF is Directed-Rounding(Toward +∞), and the case where

(i) Case: roundF is Directed-Rounding(Toward −∞).

(1) Case: valF (0, 0, 0) ≤ x < valF (0, 1, 0).

In this case, we can express x by

x = valF
(
0, 0,m′)

for an integer m′ that satisfies 0 ≤ m′ < 2M . Hence, we obtain
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P (x) = Pr
[
e = 0,m = m′ in 50

]
= Pr

[
e = 0,m = m′ in 41

]
= Pr

[
e = 0,m = m′ in 40

]
= Pr

[
e = 0,m = m′ in 30

]
= Pr [e = 0 in 20]× Pr

[
e = 0,m = m′ in 30

]
= Pr [e = 0 in 20]× Pr

[
m = m′ in 30

]
= Pr [n = emax in 20]× Pr

[
m = m′ in 30

]
= 21−emax × 2−M

= 21−(N+M+2E−1−1).

Besides, we have

PF (x) = 21−(N+M+2E−1−1)

by the Section 4.2.3. Therefore, P (x) = PF (x) holds.

(2) Case: valF
(
0, e′, 0

)
≤ x < valF

(
0, e′ + 1, 0

)
where

(
1 ≤ e′ ≤ N + 2E−1 − 2

)
.

In this case, we can express x by

x = valF
(
0, e′,m′)

for an integer m′ that satisfies 0 ≤ m′ < 2M . Hence, we obtain

P (x) = Pr
[
e = e′,m = m′ in 50

]
= Pr

[
e = e′,m = m′ in 41

]
= Pr

[
e = e′,m = m′ in 40

]
= Pr

[
e = e′,m = m′ in 30

]
= Pr

[
e = e′ in 20

]
× Pr

[
e = e′,m = m′ in 30

]
= Pr

[
e = e′ in 20

]
× Pr

[
m = m′ in 30

]
= Pr

[
n = emax − e′ in 20

]
× Pr

[
m = m′ in 30

]
= 2e

′−emax × 2−M

= 2e
′−(N+M+2E−1−1).

Besides, we have

PF (x) = 2e
′−(N+M+2E−1−1)

by the Section 4.2.3. Therefore, P (x) = PF (x) holds.

(3) Case: x = valF
(
0, N + 2E−1 − 1, 0

)
= 2N .

In this case, we can express x by x = valF (0, emax, 0). Hence we obtain

P (x) = Pr [e = emax,m = 0 in 50]

= Pr [e = emax,m = 0 in 41]

= Pr [e = emax,m = 0 in 40]

= Pr [e = emax,m = 0 in 30]

= Pr [e = emax in 20]× Pr [e = emax,m = 0 in 30]

= Pr [e = emax in 20]× Pr [m = 0 in 30]

= Pr [n = 0 in 20]× Pr [m = 0 in 30]

= 0× Pr [m = 0 in 30]

= 0.

Besides, we have

PF (x) = 0
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by the Section 4.2.3. Therefore, P (x) = PF (x) holds.

(ii) Case: roundF is Directed-Rounding(Toward +∞).

(1) Case: x = 0.

In this case, we can express x by x = valF (0, 0, 0). Hence, we obtain

P (x) = Pr [e = 0,m = 0 in 50]

= Pr [e = 0,m = 0 in 42]

= Pr
[
e = −1,m = 2M − 1 in 40

]
= Pr

[
e = −1,m = 2M − 1 in 30

]
= Pr [e = −1 in 20]× Pr

[
e = −1,m = 2M − 1 in 30

]
= Pr [e = −1 in 20]× Pr

[
m = 2M − 1 in 30

]
= Pr [n = emax + 1 in 20]× Pr

[
m = 2M − 1 in 30

]
= 0× Pr

[
m = 2M − 1 in 30

]
= 0.

Besides, we have

PF (x) = 0

by the Section 4.2.3. Therefore, P (x) = PF (x) holds.

(2) Case: valF (0, 0, 1) ≤ x ≤ valF (0, 1, 0).

Consider the case where the mantissa of x is 0 and the case where the mantissa of x is not 0.

(a) Case: x = valF (0, 1, 0).

In this case, we have

P (x) = Pr [e = 1,m = 0 in 50]

= Pr [e = 1,m = 0 in 42]

= Pr
[
e = 0,m = 2M−1 in 40

]
= Pr

[
e = 0,m = 2M−1 in 30

]
= Pr [e = 0 in 20]× Pr

[
e = 0,m = 2M − 1 in 30

]
= Pr [e = 0 in 20]× Pr

[
m = 2M − 1 in 30

]
= Pr [n = emax in 20]× Pr

[
m = 2M − 1 in 30

]
= 21−emax × 2−M

= 21−(N+M+2E−1−1).

(b) Case: x = valF
(
0, 0,m′) where (1 ≤ m′ < 2M

)
.

In this case, we have

P (x) = Pr
[
e = 0,m = m′ in 50

]
= Pr

[
e = 0,m = m′ in 42

]
= Pr

[
e = 0,m = m′ − 1 in 40

]
= Pr

[
e = 0,m = m′ − 1 in 30

]
= Pr [e = 0 in 20]× Pr

[
e = 0,m = m′ − 1 in 30

]
= Pr [e = 0 in 20]× Pr

[
m = m′ − 1 in 30

]
= Pr [n = emax in 20]× Pr

[
m = m′ − 1 in 30

]
= 21−emax × 2−M

= 21−(N+M+2E−1−1).
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Thus, we obtain

P (x) = 21−(N+M+2E−1−1)

in both cases. Besides, we have

PF (x) = 21−(N+M+2E−1−1)

by the Section 4.2.3. Therefore, P (x) = PF (x) holds.

(3) Case: valF
(
0, e′, 1

)
≤ x ≤ valF

(
0, e′ + 1, 0

)
where

(
1 ≤ e′ ≤ N + 2E−1 − 2

)
.

Consider the case where the mantissa of x is 0 and the case where the mantissa of x is not 0.

(a) Case: x = valF
(
0, e′ + 1, 0

)
.

In this case, we have

P (x) = Pr
[
e = e′ + 1,m = 0 in 50

]
= Pr

[
e = e′ + 1,m = 0 in 42

]
= Pr

[
e = e′,m = 2M−1 in 40

]
= Pr

[
e = e′,m = 2M−1 in 30

]
= Pr

[
e = e′ in 20

]
× Pr

[
e = e′,m = 2M − 1 in 30

]
= Pr

[
e = e′ in 20

]
× Pr

[
m = 2M − 1 in 30

]
= Pr

[
e = emax − e′ in 20

]
× Pr

[
m = 2M − 1 in 30

]
= 2e

′−emax × 2−M

= 2e
′−(N+M+2E−1−1).

(b) Case x = valF
(
0, e′,m′) where (1 ≤ m′ < 2M

)
.

In this case, we have

P (x) = Pr
[
e = e′,m = m′ in 50

]
= Pr

[
e = e′,m = m′ in 42

]
= Pr

[
e = e′,m = m′ − 1 in 40

]
= Pr

[
e = e′,m = m′ − 1 in 30

]
= Pr

[
e = e′ in 20

]
× Pr

[
e = e′,m = m′ − 1 in 30

]
= Pr

[
e = e′ in 20

]
× Pr

[
m = m′ − 1 in 30

]
= Pr

[
n = emax − e′ in 20

]
× Pr

[
m = m′ − 1 in 30

]
= 2e

′−emax × 2−M

= 2e
′−(N+M+2E−1−1).

Thus, we obtain

P (x) = 2e
′−(N+M+2E−1−1)

in both cases. Besides, we have

PF (x) = 2e
′−(N+M+2E−1−1)

by the Section 4.2.3. Therefore, P (x) = PF (x) holds.

(iii) Case: roundF is Round-to-Nearest.

(1) Case: x = 0.

In this case, we can express x by x = valF (0, 0, 0). Hence, we obtain
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P (x) = Pr [e = 0,m = 0 in 50]

= Pr [e = 0,m = 0 in 41] + Pr [e = 0,m = 0 in 42]

= Pr [b = 0, e = 0,m = 0 in 43] + Pr
[
b = 1, e = −1,m = 2M − 1 in 43

]
=

1

2
× Pr [e = 0,m = 0 in 40] +

1

2
× Pr

[
e = −1,m = 2M − 1 in 40

]
=

1

2
× Pr [e = 0,m = 0 in 30] +

1

2
× Pr

[
e = −1,m = 2M − 1 in 30

]
=

1

2
× Pr [e = 0 in 20]× Pr [e = 0,m = 0 in 30]

+
1

2
× Pr [e = −1 in 20]× Pr

[
e = −1,m = 2M − 1 in 30

]
=

1

2
× Pr [e = 0 in 20]× Pr [m = 0 in 30]

+
1

2
× Pr [e = −1 in 20]× Pr

[
m = 2M − 1 in 30

]
=

1

2
× Pr [n = emax in 20]× Pr [m = 0 in 30]

+
1

2
× Pr [n = emax + 1 in 20]× Pr

[
m = 2M − 1 in 30

]
=

1

2
× 21−emax × 2−M +

1

2
× 0× Pr

[
m = 2M − 1 in 30

]
=

1

2
× 21−(N+M+2E−1−1).

Besides, we have

PF (x) =
1

2
× 21−(N+M+2E−1−1)

by the Section 4.2.3. Therefore, P (x) = PF (x) holds.

(2) Case: valF (0, 0, 1) ≤ x < valF (0, 1, 0).

In this case, we can express x by

x = valF
(
0, 0,m′)

for an integer m′ that satisfies 1 ≤ m′ < 2M . Hence, we obtain

P (x) = Pr
[
e = 0,m = m′ in 50

]
= Pr

[
e = 0,m = m′ in 41

]
+ Pr

[
e = 0,m = m′ in 42

]
= Pr

[
b = 0, e = 0,m = m′ in 43

]
+ Pr

[
b = 1, e = 0,m = m′ − 1 in 43

]
=

1

2
× Pr

[
e = 0,m = m′ in 40

]
+

1

2
× Pr

[
e = 0,m = m′ − 1 in 40

]
=

1

2
× Pr

[
e = 0,m = m′ in 30

]
+

1

2
× Pr

[
e = 0,m = m′ − 1 in 30

]
=

1

2
× Pr [e = 0 in 20]× Pr

[
e = 0,m = m′ in 30

]
+

1

2
× Pr [e = 0 in 20]× Pr

[
e = 0,m = m′ − 1 in 30

]
=

1

2
× Pr [e = 0 in 20]× Pr

[
m = m′ in 30

]
+

1

2
× Pr [e = 0 in 20]× Pr

[
m = m′ − 1 in 30

]
=

1

2
× Pr [n = emax in 20]× Pr

[
m = m′ in 30

]
+

1

2
× Pr [n = emax in 20]× Pr

[
m = m′ − 1 in 30

]
=

1

2
× 21−emax × 2−M +

1

2
× 21−emax × 2−M

= 21−(N+M+2E−1−1).

Besides, we have

PF (x) = 21−(N+M+2E−1−1)
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by the Section 4.2.3. Therefore, P (x) = PF (x) holds.

(3) Case: valF
(
0, e′, 1

)
≤ x < valF

(
0, e′ + 1, 0

)
where

(
1 ≤ e′ ≤ N + 2E−1 − 2

)
.

In this case, we can express x by

x = valF
(
0, e′,m′)

for an integer m′ that satisfies 1 ≤ m′ < 2M . Hence, we obtain

P (x) = Pr
[
e = e′,m = m′ in 50

]
= Pr

[
e = e′,m = m′ in 41

]
+ Pr

[
e = e′,m = m′ in 42

]
= Pr

[
b = 0, e = e′,m = m′ in 43

]
+ Pr

[
b = 1, e = e′,m = m′ − 1 in 43

]
=

1

2
× Pr

[
e = e′,m = m′ in 40

]
+

1

2
× Pr

[
e = e′,m = m′ − 1 in 40

]
=

1

2
× Pr

[
e = e′,m = m′ in 30

]
+

1

2
× Pr

[
e = e′,m = m′ − 1 in 30

]
=

1

2
× Pr

[
e = e′ in 20

]
× Pr

[
e = e′,m = m′ in 30

]
+

1

2
× Pr

[
e = e′ in 20

]
× Pr

[
e = e′,m = m′ − 1 in 30

]
=

1

2
× Pr

[
e = e′ in 20

]
× Pr

[
m = m′ in 30

]
+

1

2
× Pr

[
e = e′ in 20

]
× Pr

[
m = m′ − 1 in 30

]
=

1

2
× Pr

[
n = emax − e′ in 20

]
× Pr

[
m = m′ in 30

]
+

1

2
× Pr

[
n = emax − e′ in 20

]
× Pr

[
m = m′ − 1 in 30

]
=

1

2
× 2e

′−emax × 2−M +
1

2
× 2e

′−emax × 2−M

= 2e
′−(N+M+2E−1−1).

Besides, we have

PF (x) = 2e
′−(N+M+2E−1−1)

by the Section 4.2.3. Therefore, P (x) = PF (x) holds.

(4) Case: x = valF
(
0, e′, 0

)
where

(
2 ≤ e′ ≤ N + 2E−1 − 2

)
In this case, we obtain
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P (x) = Pr
[
e = e′,m = 0 in 50

]
= Pr

[
e = e′,m = 0 in 41

]
+ Pr

[
e = e′,m = 0 in 42

]
= Pr

[
b = 0, e = e′,m = 0 in 43

]
+ Pr

[
b = 1, e = e′ − 1,m = 2M − 1 in 43

]
=

1

2
× Pr

[
e = e′,m = 0 in 40

]
+

1

2
× Pr

[
e = e′ − 1,m = 2M − 1 in 40

]
=

1

2
× Pr

[
e = e′,m = 0 in 30

]
+

1

2
× Pr

[
e = e′ − 1 in 30

]
=

1

2
× Pr

[
e = e′ in 20

]
× Pr

[
e = e′,m = 0 in 30

]
+

1

2
× Pr

[
e = e′ − 1 in 20

]
× Pr

[
e = e′,m = 0 in 30

]
=

1

2
× Pr

[
e = e′ in 20

]
× Pr [m = 0 in 30]

+
1

2
× Pr

[
e = e′ − 1 in 20

]
× Pr [m = 0 in 30]

=
1

2
× Pr

[
n = emax − e′ in 20

]
× Pr [m = 0 in 30]

+
1

2
× Pr

[
n = emax − e′ + 1 in 20

]
× Pr

[
m = 2M − 1 in 30

]
=

1

2
× 2e

′−emax × 2−M +
1

2
× 2e

′−emax−1 × 2−M

=
2

4
× 2e

′−emax × 2−M +
1

4
× 2e

′−emax × 2−M

=
3

4
× 2e

′−(N+M+2E−1−1).

Besides, we have

PF (x) =
3

4
× 2e

′−(N+M+2E−1−1)

by the Section 4.2.3. Therefore, P (x) = PF (x) holds.

(5) Case: x = valF
(
0, N + 2E−1 − 1, 0

)
= 2N .

In this case, we can express x by x = valF (0, emax, 0). Hence, we obtain

P (x) = Pr [e = emax,m = 0 in 50]

= Pr [e = emax,m = 0 in 41] + Pr
[
e = emax − 1,m = 2M − 1 in 42

]
= Pr [b = 0, e = emax,m = 0 in 43] + Pr

[
b = 1, e = emax − 1,m = 2M − 1 in 43

]
=

1

2
× Pr [e = emax,m = 0 in 40] +

1

2
× Pr

[
e = emax − 1,m = 2M − 1 in 40

]
=

1

2
× Pr [e = emax,m = 0 in 30] +

1

2
× Pr

[
e = emax − 1,m = 2M − 1 in 30

]
=

1

2
× Pr [e = emax in 20]× Pr [e = emax,m = 0 in 30]

+
1

2
× Pr [e = emax − 1 in 20]× Pr

[
e = emax − 1,m = 2M − 1 in 30

]
=

1

2
× Pr [e = emax in 20]× Pr [m = 0 in 30]

+
1

2
× Pr [e = emax − 1 in 20]× Pr

[
m = 2M − 1 in 30

]
=

1

2
× Pr [n = 0 in 20]× Pr [m = 0 in 30]

+
1

2
× Pr [n = 1 in 20]× Pr

[
m = 2M − 1 in 33

]
=

1

2
× 0× Pr [m = 0 in 30] +

1

2
× 2−1 × 2−M

= 2−(M+2)

Besides, we have

PF (x) = 2−(M+2)

by the Section 4.2.3. Therefore, P (x) = PF (x) holds.
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Table 3 Environment

CPU IntelR⃝ CoreTM i7-4702MQ
OS Ubuntu 12.04 LTS 64-bit

Kernel Linux 3.13.4-031304-generic
Compiler g++ 4.6.3

Source code https://goo.gl/K1NAnE
Rounding mode Round-to-Nearest(Ties to Even)

5.3 Experiment for correctness

Now, we have proved that the modified algorithm is uniform in narrow sense. This section confirms that the algorithm can

remove the strange behaviors of Thoma’s method by some experiments.

5.3.1 Target

In this experiment, the target is the following floating point uniform random number generator.

• Ratio method.

The floating point uniform random number generator that outputs URNGW ()
2W .

• Moler’s method.

The floating point uniform random number generator proposed by Moler [25].

• Thoma’s method.

The floating point uniform random number generator proposed by Thoma [31].

• Modified method.

The modified floating point uniform random number generator proposed in the Section 5.1. Let N = 0 so that UR = [0, 1]

in the generator.

Here, the authors used Round-to-Nearest(Ties to Even) for flF and roundF*
20 and used the 32/64-bit Mersenne Twister [23]

for URNGW in each generator.

5.3.2 Environment

Table 6 shows the environment where the experiments was done.

5.3.3 Methodology

The experiment consists of the following 2 parts.

Part 1 Test for all the floating point numbers in [0, 1].

This part measures the random number generation probability for all the floating point numbers where (E,M) = (5, 4)

and then compares them with the values of PF calculated by the Formula (1).

In the concrete, generate 230 floating point uniform random numbers and calculate the generation probability for each

floating point number. Then, calculate PF by the Formula (1) and test the null hypothesis ”The random number gener-

ation probability is uniform in narrow sense” by χ2 test*21*22. Here, the authors let W = 7 in this part*23.

Part 2 Test for specific single precision floating point numbers.

This part makes the same experiment as part 1 for single precision*24 floating point numbers in[
2−8 − 2−25, 2−8 + 2−25

]
*25. In this part, the authors generated 240 floating point uniform random numbers so

that about 216 numbers fell within
[
2−8 − 2−25, 2−8 + 2−25

]
and let W = 32 because 1 single precision floating point

number consisted of 32 bits.

Here, the authors used Keisan Online Calculator(http://keisan.casio.jp/exec/system/1161228834) , which is provided

by CASIO COMPUTER CO., LTD., in order to calculate percent points in the χ2 test.

5.3.4 Result and discussion: Part 1

Table 4 shows the result of the χ2 value and Figure 4, Figure 6, Figure 8, and Figure 10 shows the random number genera-

tion probability of Ratio method, Moler’s method, Thoma’s method, and the modified method in [0, 1] respectively. Besides,

Figure 5, Figure 7, Figure 9, Figure 11 shows the random number generation probability in
[
0, 23−(2

E−1−1)
]
=
[
0, 2−12

]
.

First, the Figure 4 and Figure 8 shows that the probability of Ratio method and Thoma’s method waves and is different

from the ideal probability denoted by the red line for almost all random numbers. Here, the reason why the probability of

Ratio method and Thoma’s method is similar to the ideal one in
(
2−3, 2−2

)
is that we can calculate URNG7()

27 without any

rounding error because URNG7()
27 can be expressed by 5 (= M + 1) bits floating point number in this region.

Next, the Figure 6 and Figure 7 shows that the probability of Moler’s method is similar to the ideal one in whole random

numbers except near 0. The reason why the probability of Moler’s method near zero is like a hill is that Moler’s method can

generate 0 in the middle of the operation and output subnormal numbers by taking xor-mask of a uniform random integer to

*20 roundF is used for PF, which is ideal probability.
*21 The degree of freedom is

(
2E−1 − 1

)
× 2M + 1− 1 = 240.

*22 Strictly speaking, the authors tested the generation number of each floating point number.
*23 The authors used (E,M,W ) = (5, 4, 7) because more kinds of problem had been detected when E,M,W was coprime each other.
*24 That is, (E,M) = (8, 23).
*25 The degree of freedom of the χ2 test is

(
2E−1 − 1

)
× 2M + 1− 1 = 1065353216.
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the mantissa of this 0.

Last is the modified method. The Figure 10 shows that the probability of the modified method is similar to the ideal one

in whole random numbers and the Figure 11 shows that the probability near 0 is also similar to the ideal one.

As if the Table 4 supports these, it shows that the χ2 value is quite greater than that of 99.9% point in each generator

except the modified method and the χ2 test rejects the null-hypothesis that the random number generation probability is

uniform. On the other hand, the χ2 value of the modified method is less than that of 95% and the test does not reject the

null-hypothesis.

5.3.5 Result and discussion: Part 2

Table 5 shows the result of the χ2 value and Figure 12, Figure 13, Figure 14, and Figure 15 shows the random number gener-

ation probability of Ratio method, Moler’s method, Thoma’s method, and the modified method in
[
2−8 − 2−25, 2−8 + 2−25

]
respectively.

First, the Figure 12 and Figure 14 shows that Ratio method and Thoma’s method takes quite different behavior between

the left side of 2−8 = 2−(W−M−1) and the right side, which is far away from the ideal probability denoted by the red line.

The reason of this strange behavior is explained in the Section 3.2, and the result supports the explanation. On the other

hand, the reason of the ideal behavior in the left side can be explained in the same way as the Figure 4 and Figure 8. That

is, we can calculate URNGW ()
2W without any rounding error because URNGW ()

2W can be expressed by M + 1 bits floating point

number in
(
2−(W−M), 2−(W−M−1)

)
.

Next, we can not find any problems of Moler’s method and the modified method from the Figure 13 and Figure 15. How-

ever, the Table 5 shows that the χ2 value is quite greater than that of 99.9% point in each generator except the modified

method and the χ2 test rejects the null-hypothesis that the random number generation probability is uniform. On the other

hand, the χ2 value of the modified method is less than that of 95% and the test does not reject the null-hypothesis. Here,

the reason why the χ2 test rejects null-hypothesis of Moler’s method even if we can not find any problem from the figure is

that the generation probability of subnormal numbers is quite higher than the ideal probability.

5.4 Summary

This section has proposed the modified algorithm for Thoma’s method and proved its correctness. However, the modified

method has the following disadvantage.

(1) The random number generation range is only
[
0, 2N

]
.

For example, if we multiply the output of the modified method by t in order to obtain uniform random numbers in[
0, t× 2N

]
, the algorithm does not guarantee that we can obtain all the floating point numbers in

[
0, t× 2N

]
.

(2) We can not receive so much advantage on IEEE754 double precision.

For example, Moler’s method can generate almost all the floating point numbers*26 in
[
2−53, 1− 2−53

]
without any

problem*27*28. Thus, we can receive advantages by the modified method only when the generator outputs a floating

point number in
[
0, 2−53

)
∪
(
1− 2−53, 1

]
. However, the probability that we obtain such a floating point number is at

most 2−53 × 2 = 2−52. This probability is negligible for practical use.

Therefore, the next section proposes the method to improve the former*29.

Table 4 χ2 value for the random number generation probability where (E,M,W ) = (5, 4, 7).

Generator χ2 value(×102) P-value

Ratio method 3.4929120× 108 < 0.1%
Moler’s method 1.8232878× 108 < 0.1%
Thoma’s method 1.4334131× 106 < 0.1%
Modified method 2.2858594 n.s.

Point where P-value is 95.0%. 2.7713765
Point where P-value is 99.0%. 2.9388810
Point where P-value is 99.9%. 3.1343690

6. Arbitrary range floating point random number generator

This section aims to improve the modified method in the Section 5 so that we can change the random number generation

range with another floating point number. That is, this section proposes a floating point uniform random number generator

that can output all the floating point numbers in arbitrary range whose edge is a floating point number.

*26 All the floating point numbers except its mantissa is 0.
*27 The random number generation probability is uniform in narrow sense, that is, the Formula (1) is satisfied by roundF =Round-to-

Nearest(Ties to Even).
*28 The Formula (1) is also satisfied when the mantissa is 0, but roundF is not Round-to-Nearest(Ties to Even). That is, the random

number generation probability is uniform in wide sense.
*29 The latter one is one of the future work.
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Fig. 4 Random number generation probability of Ratio method in [0, 1].
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Fig. 5 Random number generation probability of Ratio method in
[
0, 2−12

]
.
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Fig. 6 Random number generation probability of Moler’s method in [0, 1].
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Fig. 7 Random number generation probability of Moler’s method in
[
0, 2−12

]
.
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Fig. 8 Random number generation probability of Thoma’s method in [0, 1].
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Fig. 9 Random number generation probability of Thoma’s method in
[
0, 2−12

]
.
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Fig. 10 Random number generation probability of modified method in [0, 1].
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Fig. 11 Random number generation probability of modified method in
[
0, 2−12

]
.
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Fig. 12 Random number generation probability of Ratio method on single precision floating point number.
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Fig. 13 Random number generation probability of Moler’s method on single precision floating point number.
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Fig. 14 Random number generation probability of Thoma’s method on single precision floating point number.
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Fig. 15 Random number generation probability of the modified method on single precision floating point number.
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Table 5 χ2 value for the random number generation probability on single precision floating point numbers((E,M,W ) = (8, 23, 32)).

Generator χ2 value(×109) P-value

Ratio method 7.98368× 1028 < 0.1%
Moler’s method 4.30389× 1028 < 0.1%
Thoma’s method 2.49297 < 0.1%
Modified method 0.339975 n.s.

Point where P-value is 95.0%. 1.065429143
Point where P-value is 99.0%. 1.065460602
Point where P-value is 99.9%. 1.065495866

6.1 Algorithm

This section explains algorithm of FURNG (a, b, roundF)*
30. Here, if a = b then we just output a (= b) with the probabil-

ity 1. Hence, we consider only the case where a < b. Beside, if a < b ≤ 0 then we can consider FURNG (−b,−a,−roundF)

instead. Therefore, we need to consider the following 5 cases.

(1) Case: 0 ≤ a < b ≤ 21−(2
E−1−1).

In this case, the interval of a floating point number in [a, b] is the same as each other. Besides, that of a floating point

number in [0, (b− a)] is also the same. Therefore, we can generate a floating point uniform random number in [0, (b− a)]

and output (x+ a) in this case. Here, the authors use acceptance-rejection method [33] for generating a floating point

uniform random number in [0, (b− a)].

The following is the concrete pseudocode.

00: Initialize.

Find the minimal k ∈ N that satisfies b− a ≤ 2k.

10: Generate a uniform random number.

Generate a floating point uniform random number x ∈ F on
[
0, 2k

]
by using the modified algorithm in the Section 5.1.

x = FURNG
(
0, 2k, roundF

)
.

20: Judge Acceptance or Rejection.

Judge whether accept or reject x by the following rules.

(Reject) Case: b− a < x.

Reject x and go back to 10.

(Judge) Case: x = b− a < 2k.

(i) Case: roundF is Toward −∞ or Toward 0.

Reject x and go back to 10.

(ii) Case: roundF is Round-to-Nearest.

Generate a random bit by URNG1 (). If the bit is 0, then reject x and go back to 10. Otherwise, accept x and

go to 30.

(iii) Case: roundF is Toward +∞ or Toward ±∞.

Accept x and go to 30.

(Accept) Case: x < b− a or x = b− a = 2k.

Accept x and go to 30.

30: Output the result.

Output (x+ a).

(2) Case: 2n−1 ≤ a < b ≤ 2n where (2−
(
2E−1 − 1

)
≤ n ∈ N ≤ 2E−1).

In this case, the interval of a floating point number in [a, b] is the same as each other. Therefore, we can generate a

floating point uniform random number in the same way as (1).

In the concrete, by letting p, q ∈ F be{
p =

(
a− 2n−1

)
× 2−(n−1) × 21−(2

E−1−1)

q =
(
b− 2n−1

)
× 2−(n−1) × 21−(2

E−1−1)

then we have

0 ≤ p < q ≤ 21−(2
E−1−1).

Thus, we can generate a floating point uniform random number x ∈ F in [p, q] by the same way as (1) and output

x× 2(2
E−1−1)−1 × 2n−1 + 2n−1.

*30 This paper just considers the case where a, b ∈ F in order to simplify the problem. Of course, a ≤ b.
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(3) Case: a < 0 < b.

In this case, the sign of a is opposite to that of b. Therefore, we can output a floating point uniform random number in

[a, 0] with the probability of −a
b−a and output a floating point uniform random number in [0, b] with the probability of

b
b−a . Here, we need to flip roundF horizontally when we generate a uniform random number in [a, 0] because a < 0. The

authors use acceptance-rejection method for generating a floating point uniform random number in [a, 0] and [0, b].

The following is the concrete pseudocode.

00: Initialize.

Find the minimal k ∈ N that satisfies max (−a, b) ≤ 2k.

10: Select the range.

Generate a random bit by URNG1 (). If the bit is 0, then set I =
[
−2k, 0

]
. Otherwise, set I =

[
0, 2k

]
.

20: Generate a uniform random number.

Generate a floating point uniform random number x ∈ F in I by using the algorithm in the Section 5.1. Here, if

I =
[
−2k, 0

]
, then generate a floating point uniform random number x′ ∈ F in

[
0, 2k

]
and then let x = −x′.

• Case: I =
[
0, 2k

]
.

x = FURNG
(
0, 2k, roundF

)
.

• Case: I =
[
−2k, 0

]
.

x = −FURNG
(
0, 2k,−roundF

)
.

30: Judge Acceptance or Rejection.

(Reject) Case: x < a or b < x.

Reject x and go back to 10.

(Judge) Case: x = a > −2k.

(i) Case: roundF is Toward +∞ or Toward 0.

Reject x and go back to 10.

(ii) Case: roundF is Round-to-Nearest.

• Case: The mantissa of a is not 0.

Generate a random bit by URNG1 (). If the bit is 0, then reject x and go back to 10. Otherwise, accept

x and go to 40.

• Case: The mantissa of a is 0.

If a = −21−(2
E−1−1), then the operation is the same as the case where the mantissa of a is not 0. Other-

wise, generate 2 random bits by URNG2 (). If the bits is 00, then reject x and go back to 10. If the bits

is 01 or 10, then accept x and go to 40. If the bits is 11, then generate 2 random bits and judge again.

(iii) Case: roundF is Toward −∞ or Toward ±∞.

Accept x and go to 40.
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(Judge) x = b < 2k

(i) Case: roundF is Toward −∞ or Toward 0.

Reject x and go back to 10.

(ii) Case: roundF is Round-to-Nearest.

• Case: The mantissa of b is not 0.

Generate a random bit by URNG1 (). If the bit is 0, then reject x and go back to 10. Otherwise, accept

x and go to 40.

• Case: The mantissa of b is 0.

If b = 21−(2
E−1−1), then the operation is the same as the case where the mantissa of b is not 0. Otherwise,

generate 2 random bits by URNG2 (). If the bits is 00 or 01, then reject x and go back to 10. If the bits

is 10, then accept x and go to 40. If the bits is 11, then generate 2 random bits and judge again.

(iii) Case: roundF is Toward +∞ or Toward ±∞.

Accept x and go to 40.

(Accept) x = a = −2k or a < x < b or x = b = 2k

Accept x and go to 40.

40: Output the result.

Output x.

43ⓒ 2016 Information Processing Society of Japan

Vol.2016-HPC-153 No.35
2016/3/3



IPSJ SIG Technical Report

(4) Case: 2n−2 ≤ a < 2n−1 < b ≤ 2n where (2−
(
2E−1 − 1

)
≤ n ∈ N ≤ 2E−1).

In this case, the interval of a floating point number in
[
a, 2n−1

]
is the same as each other. Besides, the interval of a

floating point number in
[
2n−1, b

]
is also the same as each other *31. Therefore, we can generate a floating point uniform

random number in
[
a, 2n−1

]
and

[
2n−1, b

]
in the same way as (1). Here, we need to choose

[
a, 2n−1

]
with the probability

of 2n−1−a
b−a and choose

[
2n−1, b

]
with the probability of b−2n−1

b−a .

The following is the concrete pseudocode.

00: Initialize.

Let p, q ∈ F be {
p =

(
a− 2n−1

)
× 2−(n−2) × 21−(2

E−1−1)

q =
(
b− 2n−1

)
× 2−(n−1) × 21−(2

E−1−1)
.

Since 2n−1 ≤ a < 2n−1 < b ≤ 2n, we obtain

−21−(2
E−1−1) ≤ p < 0 < q ≤ 21−(2

E−1−1).

Next, find the minimal k ∈ N that satisfies max (−p, q) ≤ 2k.

10: Select the range.

Generate 2 random bits by URNG2 (). If the bits is 00, then set I =
[
−2k, 0

]
. If the bits is 01 or 10, then set I =

[
0, 2k

]
.

If the bits is 11, then generate 2 random bits and judge again.

20: Generate a uniform random number.

Generate a floating point uniform random number x ∈ F in I by using the algorithm in the Section 5.1. Here, if

I =
[
−2k, 0

]
, then generate a floating point uniform random number x′ ∈ F in

[
0, 2k

]
and then let x = −x′.

• Case: I =
[
0, 2k

]
.

x = FURNG
(
0, 2k, roundF

)
• Case: I =

[
−2k, 0

]
.

In this case, we need to regard roundF as Toward −∞ when roundF is Toward 0 and regard roundF as Toward

+∞ when roundF is Toward ±∞.

x = −FURNG
(
0, 2k,−roundF

)
30: Judge Acceptance or Rejection.

(Reject) Case: x < p or q < x.

Reject x and go back to 10.

(Judge) Case: x = p > −2k

(i) Case: roundF is Toward +∞ or Toward ±∞.

Reject x and go back to 10.

(ii) Case: roundF is Round-to-Nearest.

Generate a random bit by URNG1 (). If the bit is 0, then reject x and go back to 10. Otherwise, accept x and

go to 30.

(iii) Case: roundF is Toward −∞ or Toward 0.

Accept x and go to 30.

*31 Here, the interval of a floating point number in
[
2n−1, b

]
is twice as wide as

[
a, 2n−1

]
.
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(Judge) Case: x = q < 2k.

(i) Case: roundF is Toward −∞ or Toward 0.

Reject x and go back to 10.

(ii) Case: roundF is Round-to-Nearest.

Generate a random bit by URNG1 (). If the bit is 0, then reject x and go back to 10. Otherwise, accept x and

go to 30.

(iii) Case: roundF is Toward +∞ or Toward ±∞.

Accept x and go to 30.

(Accept) Case: x = p = −2k or p < x < q or x = q = 2k.

Accept x and go to 40.

40: Output the result.

• Case: I =
[
−2k, 0

]
.

Output

x× 2(2
E−1−1)−1 × 2n−2 + 2n−1.

• Case: I =
[
0, 2k

]
.

Output

x× 2(2
E−1−1)−1 × 2n−1 + 2n−1.
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(5) Case: 0 ≤ a < 2n−2 < 2n−1 < b ≤ 2n where (2−
(
2E−1 − 1

)
≤ n ∈ N ≤ 2E−1).

In this case, we can generate a floating point uniform random number in [a, b] by using acceptance-rejection method.

The following is the concrete pseudocode.

10: Generate a uniform random number.

Generate a floating point uniform random number x ∈ F in [0, 2n] by using the modified algorithm in the Section 5.1.

x = FURNG (0, 2n, roundF) .

20: Judge Acceptance or Rejection.

(Reject) Case: x < a or b < x.

Reject x and go back to 10.

(Judge) Case: x = a > 0.

(i) Case: roundF is Toward +∞ or Toward ±∞.

Reject x and go back to 10.

(ii) Case: roundF is Round-to-Nearest.

• Case: The mantissa of a is not 0.

Generate a random bit by URNG1 (). If the bit is 0, then reject x and go back to 10. Otherwise, accept

x and go to 30.

• Case: The mantissa of a is 0.

If a = 21−(2
E−1−1), then the operation is the same as the case where the mantissa of a is not 0. Otherwise,

generate 2 random bits by URNG2 (). If the bits is 00, then reject x and go back to 10. If the bits is 01

or 10, then accept x and go to 30. If the bits is 11, then generate 2 random bits and judge again.

(iii) Case: roundF is Toward −∞ or Toward 0.

Accept x and go to 30.

(Judge) Case: x = b < 2n.

(i) Case: roundF is Toward −∞ or Toward 0.

Reject x and go back to 10.

(ii) Case: roundF is Round-to-Nearest.

Generate a random bit by URNG1 (). If the bit is 0, then reject x and go back to 10. Otherwise, accept x and

go to 30.

(iii) Case: roundF is Toward +∞ or Toward ±∞.

Accept x and go to 30.

(Accept) Case: x = a = 0 or a < x < b or x = b = 2n.

Accept x and go to 30.

30: Output the result.

Output x.

6.2 Acceptance ratio

This section calculates the acceptance ratio γ of FURNG (a, b, roundF) in the Section 7.1 according to a, b, roundF. Of

course, we have 0 ≤ γ ≤ 1.

(1) Case: 0 ≤ a < b ≤ 22−(2
E−1−1).

• Case: b− a = 2k.

In this case, FURNG
(
0, 2k, roundF

)
needs to generate a floating point uniform random number x that satisfies

0 ≤ x ≤ b − a at the line 10 in the pseudocode so that x is accepted. Here, since FURNG
(
0, 2k, roundF

)
satis-

fies the Formula (1), we obtain
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γ =
∑

0≤x≤b−a

∫
{t∈[0,2k]|roundF(t)=x}

1

2k − 0
dt

=
∑

0≤x≤2k

∫
{t∈[0,2k]|roundF(t)=x}

1

2k − 0
dt

=

∫
{t∈[0,2k]|0≤roundF(t)≤2k}

1

2k − 0
dt

=

∫ 2k

0

1

2k − 0
dt

=
2k

2k

=
b− a

2k
.

• Case: b− a < 2k.

(i) Case: roundF is Toward −∞ or Toward 0.

In this case, FURNG
(
0, 2k, roundF

)
needs to generate a floating point uniform random number x that satisfies

0 ≤ x < b− a at the line 10 in the pseudocode so that x is accepted. Hence, we obtain

γ =
∑

0≤x<b−a

∫
{t∈[0,2k]|roundF(t)=x}

1

2k − 0
dt

=

∫
{t∈[0,2k]|0≤roundF(t)<b−a}

1

2k − 0
dt

=

∫ b−a

0

1

2k
dt

=
b− a

2k
.

(ii) Case: roundF is Round-to-Nearest.

In this case, FURNG
(
0, 2k, roundF

)
needs to generate a floating point uniform random number x that satisfies

0 ≤ x < b − a at the line 10 in the pseudocode, or FURNG
(
0, 2k, roundF

)
needs to generate a floating point

uniform random number x = b− a at the line 10 in the pseudocode and URNG1 () needs to generate 1 at the line

20 in the pseudocode so that x is accepted. Hence, by letting (b− a)l be the left adjacent floating point number to

(b− a) and (b− a)r be the right adjacent one, we have

γ =
∑

0≤x<b−a

∫
{t∈[0,2k]|roundF(t)=x}

1

2k − 0
dt+

∫
{t∈[0,2k]|roundF(t)=b−a}

1

2k − 0
dt× 1

2

=

∫
{t∈[0,2k]|0≤roundF(t)<b−a}

1

2k − 0
dt+

∫
{t∈[0,2k]|roundF(t)=b−a}

1

2k − 0
dt× 1

2

=

∫ (b−a)l+(b−a)

2

0

1

2k − 0
dt+

∫ (b−a)+(b−a)r
2

(b−a)l+(b−a)

2

1

2k − 0
dt× 1

2

=
(b− a)l + (b− a)

2k+1
+

(b− a)r − (b− a)l
2× 2k+1

=
1

2k+1

(
(b− a) +

(b− a)l + (b− a)r
2

)
.

Here, since b− a ̸= 2k, we have

(b− a)l + (b− a)r
2

= (b− a) .

Thus, we obtain

γ =
1

2k+1

(
(b− a) +

(b− a)l + (b− a)r
2

)
=

2 (b− a)

2k+1

=
b− a

2k
.

(iii) Case: roundF is Toward +∞ or Toward ±∞.
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In this case, FURNG
(
0, 2k, roundF

)
needs to generate a floating point uniform random number x that satisfies

0 ≤ x ≤ b− a at the line 10 in the pseudocode so that x is accepted. Hence, we obtain

γ =
∑

0≤x≤b−a

∫
{t∈[0,2k]|roundF(t)=x}

1

2k − 0
dt

=

∫
{t∈[0,2k]|0≤roundF(t)≤b−a}

1

2k − 0
dt

=

∫ b−a

0

1

2k
dt

=
b− a

2k
.

Therefore, we obtain

γ =
b− a

2k

in all the cases. Here, since 2k−1 < b− a ≤ 2k, we have

1

2
< γ ≤ 1.

(2) Case: 2n−1 ≤ a < b ≤ 2n where (2−
(
2E−1 − 1

)
≤ n ∈ N ≤ 2E).

In this case, we can calculate γ by substituting a with p and b with q in (1). Therefore, we obtain

γ =
q − p

2k
.

Here, since 2k−1 < q − p ≤ 2k, we have

1

2
< γ ≤ 1.

(3) Case: a < 0 < b.

First, calculate the probability that x takes each floating point number at the line 20 in the pseudocode.

• Case: +0 ∈ F ≤ x ≤ 2k.

In this case, I =
[
0, 2k

]
is selected at the line 10 in the pseudocode. Here, since FURNG

(
0, 2k, roundF

)
satisfies the

Formula (1), we obtain the probability as

1

2
×
∫
{t∈[0,2k]|roundF(t)=x}

1

2k − 0
dt =

∫
{t∈[0,2k]|roundF(t)=x}

1

2k+1 − 0
dt

=

∫
{t∈[0,2k]|roundF(t)=x}

1

2k − (−2k)
dt

=

∫
{t∈[−2k,2k]|roundF(t)=x}

1

2k − (−2k)
dt.

• Case: −2k ≤ x ≤ −0 ∈ F.
In this case, I =

[
−2k, 0

]
is selected at the line 10 in the pseudocode. Here, since FURNG

(
0, 2k,−roundF

)
satisfies

the Formula (1), we obtain the probability as

1

2
×
∫
{t∈[0,2k]|(−roundF)(t)=−x}

1

2k − 0
dt =

∫
{t∈[0,2k]|(−roundF)(t)=−x}

1

2k+1 − 0
dt

=

∫
{t∈[0,2k]|(−roundF)(t)=−x}

1

2k − (−2k)
dt

=

∫
{−t∈[0,2k]|(−roundF)(−t)=−x}

1

2k − (−2k)
dt

=

∫
{−t∈[0,2k]|roundF(t)=x}

1

2k − (−2k)
dt

=

∫
{t∈[−2k,0]|roundF(t)=x}

1

2k − (−2k)
dt

=

∫
{t∈[−2k,2k]|roundF(t)=x}

1

2k − (−2k)
dt.
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Therefore, the probability that x takes each floating point number at the line 20 in the pseudocode satisfies the Formula

(1).

Next, calculate the acceptance ratio γ according to whether a = −2k and whether b = 2k.

• Case: a = −2k and b = 2k.

In this case, FURNG
(
−2k, 2k, roundF

)
needs to generate a floating point uniform random number x that satisfies

a ≤ x ≤ b at the line 20 in the pseudocode so that x is accepted. Hence, we obtain

γ =
∑

a≤x≤b

∫
{t∈[−2k,2k]|roundF(t)=x}

1

2k − (−2k)
dt

=
∑

−2k≤x≤2k

∫
{t∈[−2k,2k]|roundF(t)=x}

1

2k − (−2k)
dt

=

∫
{t∈[−2k,2k]|−2k≤roundF(t)≤2k}

1

2k − (−2k)
dt

=

∫ 2k

−2k

1

2k − (−2k)
dt

=
2k −

(
−2k

)
2k+1

=
b− a

2k+1
.

• Case: a = −2k and b < 2k.

(i) Case: roundF is Toward −∞ or Toward 0.

In this case, FURNG
(
−2k, 2k, roundF

)
needs to generate a floating point uniform random number x that satisfies

a ≤ x < b at the line 20 in the pseudocode so that x is accepted. Hence, we obtain

γ =
∑

a≤x<b

∫
{t∈[−2k,2k]|roundF(t)=x}

1

2k − (−2k)
dt

=
∑

−2k≤x<b

∫
{t∈[−2k,2k]|roundF(t)=x}

1

2k − (−2k)
dt

=

∫
{t∈[−2k,2k]|−2k≤roundF(t)<b}

1

2k − (−2k)
dt

=

∫ b

−2k

1

2k − (−2k)
dt

=
b−

(
−2k

)
2k+1

=
b− a

2k+1
.

(ii) Case: roundF is Round-to-Nearest.

– Case: The mantissa of b is not 0.

In this case, FURNG
(
−2k, 2k, roundF

)
needs to generate a floating point uniform random number x that

satisfies a ≤ x < b at the line 20 in the pseudocode, or FURNG
(
−2k, 2k, roundF

)
needs to generate a floating

point uniform random number x = b at the line 20 in the pseudocode and URNG1 () needs to generate 1 at

the line 30 in the pseudocode so that x is accepted. Hence, by letting bl be the left adjacent floating point

number to b and br be the right adjacent one, we have
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γ =
∑

a≤x<b

∫
{t∈[−2k,2k]|roundF(t)=x}

1

2k − (−2k)
dt

+

∫
{t∈[−2k,2k]|roundF(t)=b}

1

2k − (−2k)
dt× 1

2

=
∑

−2k≤x<b

∫
{t∈[−2k,2k]|roundF(t)=x}

1

2k − (−2k)
dt

+

∫
{t∈[−2k,2k]|roundF(t)=b}

1

2k − (−2k)
dt× 1

2

=

∫
{t∈[−2k,2k]|−2k≤roundF(t)<b}

1

2k − (−2k)
dt

+

∫
{t∈[−2k,2k]|roundF(t)=b}

1

2k − (−2k)
dt× 1

2

=

∫ bl+b

2

−2k

1

2k − (−2k)
dt+

∫ b+br
2

bl+b

2

1

2k − (−2k)
dt× 1

2

=
bl + b− 2×

(
−2k

)
2k+2

+
br − bl
2× 2k+2

=
bl + b− 2a

2k+2
+

br − bl
2× 2k+2

=
1

2k+2

(
b− 2a+

bl + br
2

)
.

Here, since the mantissa of b is not 0, we have

bl + br
2

= b.

Thus, we obtain

γ =
1

2k+2

(
b− 2a+

bl + br
2

)
=

2 (b− a)

2k+2

=
b− a

2k+1
.

– Case: The mantissa of b is 0.

Since we can calculate γ in the case where b = 21−(2
E−1−1) by the same way as the case where the mantissa

of b is not 0, we can consider only the case where b ̸= 21−(2
E−1−1). In this case, FURNG

(
−2k, 2k, roundF

)
needs to generate a floating point uniform random number x that satisfies a ≤ x < b at the line 20 in the

pseudocode, or FURNG
(
−2k, 2k, roundF

)
needs to generate a floating point uniform random number x = b

at the line 20 in the pseudocode and URNG2 () needs to generate 10 at the line 30 in the pseudocode so that

x is accepted. Hence, by letting bl be the left adjacent floating point number to b and br be the right adjacent

one, we have
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γ =
∑

a≤x<b

∫
{t∈[−2k,2k]|round℧(t)=x}

1

2k − (−2k)
dt

+

∫
{t∈[−2k,2k]|round℧(t)=b}

1

2k − (−2k)
dt× 1

3

=
∑

−2k≤x<b

∫
{t∈[−2k,2k]|round℧(t)=x}

1

2k − (−2k)
dt

+

∫
{t∈[−2k,2k]|round℧(t)=b}

1

2k − (−2k)
dt× 1

3

=

∫
{t∈[−2k,2k]|−2k≤round℧(t)<b}

1

2k − (−2k)
dt

+

∫
{t∈[−2k,2k]|round℧(t)=b}

1

2k − (−2k)
dt× 1

3

=

∫ bl+b

2

−2k

1

2k − (−2k)
dt+

∫ b+br
2

bl+b

2

1

2k − (−2k)
dt× 1

3

=
bl + b− 2×

(
−2k

)
2k+2

+
br − bl
3× 2k+2

=
bl + b− 2a

2k+2
+

br − bl
3× 2k+2

=
1

2k+2

(
b− 2a+

2bl + br
3

)
Here, since the mantissa of b is 0, we have

2bl + br
3

= b

Thus, we obtain

γ =
1

2k+2

(
b− 2a+

2bl + br
3

)
=

2 (b− a)

2k+2

=
b− a

2k+1
.

(iii) Case: roundF is Toward +∞ or Toward ±∞.

In this case, FURNG
(
−2k, 2k, roundF

)
needs to generate a floating point uniform random number x that satisfies

a ≤ x ≤ b at the line 20 in the pseudocode so that x is accepted. Hence, we obtain

γ =
∑

a≤x≤b

∫
{t∈[−2k,2k]|roundF(t)=x}

1

2k − (−2k)
dt

=
∑

−2k≤x≤b

∫
{t∈[−2k,2k]|roundF(t)=x}

1

2k − (−2k)
dt

=

∫
{t∈[−2k,2k]|−2k≤roundF(t)≤b}

1

2k − (−2k)
dt

=

∫ b

−2k

1

2k − (−2k)
dt

=
b−

(
−2k

)
2k+1

=
b− a

2k+1
.

• Case: −2k < a and b = 2k.

(i) Case: roundF is Toward +∞ or Toward 0.

In this case, FURNG
(
−2k, 2k, roundF

)
needs to generate a floating point uniform random number x that satisfies

a < x ≤ b at the line 20 in the pseudocode so that x is accepted. Hence, we obtain

51ⓒ 2016 Information Processing Society of Japan

Vol.2016-HPC-153 No.35
2016/3/3



IPSJ SIG Technical Report

γ =
∑

a<x≤b

∫
{t∈[−2k,2k]|roundF(t)=x}

1

2k − (−2k)
dt

=
∑

a<x≤2k

∫
{t∈[−2k,2k]|roundF(t)=x}

1

2k − (−2k)
dt

=

∫
{t∈[−2k,2k]|a<roundF(t)≤2k}

1

2k − (−2k)
dt

=

∫ 2k

a

1

2k − (−2k)
dt

=
2k − a

2k+1

=
b− a

2k+1
.

(ii) Case: roundF is Round-to-Nearest.

– Case: The mantissa of a is not 0.

In this case, FURNG
(
−2k, 2k, roundF

)
needs to generate a floating point uniform random number x = a

at the line 20 in the pseudocode and URNG1 () needs to generate 1 at the line 30 in the pseudocode,

or FURNG
(
−2k, 2k, roundF

)
needs to generate a floating point uniform random number x that satisfies

a < x ≤ b at the line 20 in the pseudocode so that x is accepted. Hence, by letting al be the left adjacent

floating point number to a and ar be the right adjacent one, we have

γ =

∫
{t∈[−2k,2k]|roundF(t)=a}

1

2k − (−2k)
dt× 1

2

+
∑

a<x≤b

∫
{t∈[−2k,2k]|roundF(t)=x}

1

2k − (−2k)
dt

∫
{t∈[−2k,2k]|roundF(t)=a}

1

2k − (−2k)
dt× 1

2

+
∑

a<x≤2k

∫
{t∈[−2k,2k]|roundF(t)=x}

1

2k − (−2k)
dt

∫
{t∈[−2k,2k]|roundF(t)=a}

1

2k − (−2k)
dt× 1

2

+

∫
{t∈[−2k,2k]|a<roundF(t)≤2k}

1

2k − (−2k)
dt

=

∫ a+ar
2

al+a

2

1

2k − (−2k)
dt× 1

2
+

∫ 2k

a+ar
2

1

2k − (−2k)
dt

=
ar − al
2× 2k+2

+
2× 2k − (a+ ar)

2k+2

=
ar − al
2× 2k+2

+
2b− (a+ ar)

2k+2

=
1

2k+2

(
2b− a− al + ar

2

)
Here, since the mantissa of a is not 0, we have

al + ar
2

= a.

Thus, we obtain

γ =
1

2k+2

(
2b− a− al + ar

2

)
=

2 (b− a)

2k+2

=
b− a

2k+1
.

– Case: The mantissa of a is 0.

Since we can calculate γ in the case where a = −21−(2
E−1−1) by the same way as the case where the mantissa

of a is not 0, we can consider only the case where a ̸= −21−(2
E−1−1). In this case, FURNG

(
−2k, 2k, roundF

)
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needs to generate a floating point uniform random number x = a at the line 20 in the pseudocode and

URNG2 () needs to generate 10 at the line 30 in the pseudocode, or FURNG
(
−2k, 2k, roundF

)
needs to

generate a floating point uniform random number x that satisfies a < x ≤ b at the line 20 in the pseudocode

so that x is accepted. Hence, by letting al be the left adjacent floating point number to a and ar be the right

adjacent one, we have

γ =

∫
{t∈[−2k,2k]|roundF(t)=a}

1

2k − (−2k)
dt× 2

3

+
∑

a<x≤b

∫
{t∈[−2k,2k]|roundF(t)=x}

1

2k − (−2k)
dt

∫
{t∈[−2k,2k]|roundF(t)=a}

1

2k − (−2k)
dt× 2

3

+
∑

a<x≤2k

∫
{t∈[−2k,2k]|roundF(t)=x}

1

2k − (−2k)
dt

∫
{t∈[−2k,2k]|roundF(t)=a}

1

2k − (−2k)
dt× 2

3

+

∫
{t∈[−2k,2k]|a<roundF(t)≤2k}

1

2k − (−2k)
dt

=

∫ a+ar
2

al+a

2

1

2k − (−2k)
dt× 2

3
+

∫ 2k

a+ar
2

1

2k − (−2k)
dt

=
2 (ar − al)

3× 2k+2
+

2× 2k − (a+ ar)

2k+2

=
2 (ar − al)

3× 2k+2
+

2b− (a+ ar)

2k+2

=
1

2k+2

(
2b− a− 2al + ar

3

)
.

Here, since the mantissa of a is 0, we have

2al + ar
3

= a.

Thus, we obtain

γ =
1

2k+2

(
2b− a− 2al + ar

3

)
=

2 (b− a)

2k+2

=
b− a

2k+1
.

(iii) Case: roundF is Toward −∞ or Toward ±∞.

In this case, FURNG
(
−2k, 2k, roundF

)
needs to generate a floating point uniform random number x that satisfies

a ≤ x ≤ b at the line 20 in the pseudocode so that x is accepted. Hence, we obtain

γ =
∑

a≤x≤b

∫
{t∈[−2k,2k]|roundF(t)=x}

1

2k − (−2k)
dt

=
∑

a≤x≤2k

∫
{t∈[−2k,2k]|roundF(t)=x}

1

2k − (−2k)
dt

=

∫
{t∈[−2k,2k]|a≤roundF(t)≤2k}

1

2k − (−2k)
dt

=

∫ 2k

a

1

2k − (−2k)
dt

=
2k − a

2k+1

=
b− a

2k+1
.

• Case: −2k < a and b < 2k.
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(i) Case: roundF is Toward +∞.

In this case, FURNG
(
−2k, 2k, roundF

)
needs to generate a floating point uniform random number x that satisfies

a < x ≤ b at the line 20 in the pseudocode so that x is accepted. Hence, we obtain

γ =
∑

a<x≤b

∫
{t∈[−2k,2k]|roundF(t)=x}

1

2k − (−2k)
dt

=

∫
{t∈[−2k,2k]|a<roundF(t)≤b}

1

2k − (−2k)
dt

=

∫ b

a

1

2k − (−2k)
dt

=
b− a

2k+1
.

(ii) Case: roundF is Toward 0.

In this case, FURNG
(
−2k, 2k, roundF

)
needs to generate a floating point uniform random number x that satisfies

a < x < b at the line 20 in the pseudocode so that x is accepted. Hence, we obtain

γ =
∑

a<x<b

∫
{t∈[−2k,2k]|roundF(t)=x}

1

2k − (−2k)
dt

=

∫
{t∈[−2k,2k]|a<roundF(t)<b}

1

2k − (−2k)
dt

=

∫ b

a

1

2k − (−2k)
dt

=
b− a

2k+1
.

(iii) Case: roundF is Round-to-Nearest.

– Case: The mantissa of a is not 0 and that of b is not 0.

In this case, FURNG
(
−2k, 2k, roundF

)
needs to generate a floating point uniform random number x = a

at the line 20 in the pseudocode and URNG1 () needs to generate 1 at the line 30 in the pseudocode,

or FURNG
(
−2k, 2k, roundF

)
needs to generate a floating point uniform random number x that satisfies

a < x < b at the line 20 in the pseudocode, or FURNG
(
−2k, 2k, roundF

)
needs to generate a floating point

uniform random number x = b at the line 20 in the pseudocode and URNG1 () needs to generate 1 at the line

30 in the pseudocode so that x is accepted. Hence, by letting al be the left adjacent floating point number to

a, ar be the right adjacent one, bl be the left adjacent floating point number to b, and br be the right adjacent

one, we have

γ =

∫
{t∈[−2k,2k]|roundF(t)=a}

1

2k − (−2k)
dt× 1

2

+
∑

a<x<b

∫
{t∈[−2k,2k]|roundF(t)=x}

1

2k − (−2k)
dt

+

∫
{t∈[−2k,2k]|roundF(t)=b}

1

2k − (−2k)
dt× 1

2

=

∫
{t∈[−2k,2k]|roundF(t)=a}

1

2k − (−2k)
dt× 1

2

+

∫
{t∈[−2k,2k]|a<roundF(t)<b}

1

2k − (−2k)
dt

+

∫
{t∈[−2k,2k]|roundF(t)=b}

1

2k − (−2k)
dt× 1

2

=

∫ a+ar
2

al+a

2

1

2k − (−2k)
dt× 1

2
+

∫ bl+b

2

a+ar
2

1

2k − (−2k)
dt

+

∫ b+br
2

bl+b

2

1

2k − (−2k)
dt× 1

2

=
ar − al
2× 2k+2

+
b− a+ bl − ar

2k+2
+

br − bl
2× 2k+2

=
1

2k+2

(
b− a+

bl + br
2

− al + ar
2

)
.
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Here, since the mantissa of a is not 0, we have

al + ar
2

= a.

Besides, since the mantissa of b is not 0, we have

bl + br
2

= b.

Thus, we obtain

γ =
1

2k+2

(
b− a+

bl + br
2

− al + ar
2

)
=

2 (b− a)

2k+2

=
b− a

2k+1
.

– Case: The mantissa of a is not 0 and that of b is 0.

Since we can calculate γ in the case where b = 21−(2
E−1−1) by the same way as the case where the mantissa

of b is not 0, we can consider only the case where b ̸= 21−(2
E−1−1). In this case, FURNG

(
−2k, 2k, roundF

)
needs to generate a floating point uniform random number x = a at the line 20 in the pseudocode and

URNG1 () needs to generate 1 at the line 30 in the pseudocode, or FURNG
(
−2k, 2k, roundF

)
needs to gen-

erate a floating point uniform random number x that satisfies a < x < b at the line 20 in the pseudocode, or

FURNG
(
−2k, 2k, roundF

)
needs to generate a floating point uniform random number x = b at the line 20 in

the pseudocode and URNG2 () needs to generate 10 at the line 30 in the pseudocode so that x is accepted.

Hence, by letting al be the left adjacent floating point number to a, ar be the right adjacent one, bl be the left

adjacent floating point number to b, and br be the right adjacent one, we have

γ =

∫
{t∈[−2k,2k]|roundF(t)=a}

1

2k − (−2k)
dt× 1

2

+
∑

a<x<b

∫
{t∈[−2k,2k]|roundF(t)=x}

1

2k − (−2k)
dt

+

∫
{t∈[−2k,2k]|roundF(t)=b}

1

2k − (−2k)
dt× 1

3

=

∫
{t∈[−2k,2k]|roundF(t)=a}

1

2k − (−2k)
dt× 1

2

+

∫
{t∈[−2k,2k]|a<roundF(t)<b}

1

2k − (−2k)
dt

+

∫
{t∈[−2k,2k]|roundF(t)=b}

1

2k − (−2k)
dt× 1

3

=

∫ a+ar
2

al+a

2

1

2k − (−2k)
dt× 1

2
+

∫ bl+b

2

a+ar
2

1

2k − (−2k)
dt

+

∫ b+br
2

bl+b

2

1

2k − (−2k)
dt× 1

3

=
ar − al
2× 2k+2

+
b− a+ bl − ar

2k+2
+

br − bl
3× 2k+2

=
1

2k+2

(
b− a+

2bl + br
3

− al + ar
2

)
.

Here, since the mantissa of a is not 0, we have

al + ar
2

= a.

Besides, since the mantissa of b is 0, we have

2bl + br
3

= b.

Thus, we obtain
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γ =
1

2k+2

(
b− a+

2bl + br
3

− al + ar
2

)
=

2 (b− a)

2k+2

=
b− a

2k+1
.

– Case: The mantissa of a is 0 and that of b is not 0.

Since we can calculate γ in the case where a = −21−(2
E−1−1) by the same way as the case where the mantissa

of a is not 0, we can consider only the case where a ̸= −21−(2
E−1−1). In this case, FURNG

(
−2k, 2k, roundF

)
needs to generate a floating point uniform random number x = a at the line 20 in the pseudocode and

URNG2 () needs to generate 01 or 10 at the line 30 in the pseudocode, or FURNG
(
−2k, 2k, roundF

)
needs to

generate a floating point uniform random number x that satisfies a < x < b at the line 20 in the pseudocode,

or FURNG
(
−2k, 2k, roundF

)
needs to generate a floating point uniform random number x = b at the line 20

in the pseudocode and URNG1 () needs to generate 1 at the line 30 in the pseudocode so that x is accepted.

Hence, by letting al be the left adjacent floating point number to a, ar be the right adjacent one, bl be the left

adjacent floating point number to b, and br be the right adjacent one, we have

γ =

∫
{t∈[−2k,2k]|roundF(t)=a}

1

2k − (−2k)
dt× 2

3

+
∑

a<x<b

∫
{t∈[−2k,2k]|roundF(t)=x}

1

2k − (−2k)
dt

+

∫
{t∈[−2k,2k]|roundF(t)=b}

1

2k − (−2k)
dt× 1

2

=

∫
{t∈[−2k,2k]|roundF(t)=a}

1

2k − (−2k)
dt× 2

3

+

∫
{t∈[−2k,2k]|a<roundF(t)<b}

1

2k − (−2k)
dt

+

∫
{t∈[−2k,2k]|roundF(t)=b}

1

2k − (−2k)
dt× 1

2

=

∫ a+ar
2

al+a

2

1

2k − (−2k)
dt× 2

3
+

∫ bl+b

2

a+ar
2

1

2k − (−2k)
dt

+

∫ b+br
2

bl+b

2

1

2k − (−2k)
dt× 1

2

=
2 (ar − al)

3× 2k+2
+

b− a+ bl − ar
2k+2

+
br − bl
2× 2k+2

=
1

2k+2

(
b− a+

bl + br
2

− 2al + ar
3

)
.

Here, since the mantissa of a is 0, we have

2al + ar
2

= a

Besides, since the mantissa of b is not 0, we have

bl + br
2

= b.

Thus, we obtain

γ =
1

2k+2

(
b− a+

2bl + br
3

− 2al + ar
3

)
=

2 (b− a)

2k+2

=
b− a

2k+1
.

– Case: The mantissa of a is 0 and that of b is 0.

Since we can calculate γ in the case where a = −21−(2
E−1−1) by the same way as the case where the mantissa

of a is not 0, we can consider only the case where a ̸= −21−(2
E−1−1). Besides, since we can calculate γ in the
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case where b = 21−(2
E−1−1) by the same way as the case where the mantissa of b is not 0, we can consider only

the case where b ̸= 21−(2
E−1−1). In this case, FURNG

(
−2k, 2k, roundF

)
needs to generate a floating point

uniform random number x = a at the line 20 in the pseudocode and URNG2 () needs to generate 01 or 10 at

the line 30 in the pseudocode, or FURNG
(
−2k, 2k, roundF

)
needs to generate a floating point uniform random

number x that satisfies a < x < b at the line 20 in the pseudocode, or FURNG
(
−2k, 2k, roundF

)
needs to

generate a floating point uniform random number x = b at the line 20 in the pseudocode and URNG2 () needs

to generate 10 at the line 30 in the pseudocode so that x is accepted. Hence, by letting al be the left adjacent

floating point number to a, ar be the right adjacent one, bl be the left adjacent floating point number to b, and

br be the right adjacent one, we have

γ =

∫
{t∈[−2k,2k]|roundF(t)=a}

1

2k − (−2k)
dt× 2

3

+
∑

a<x<b

∫
{t∈[−2k,2k]|roundF(t)=x}

1

2k − (−2k)
dt

+

∫
{t∈[−2k,2k]|roundF(t)=b}

1

2k − (−2k)
dt× 1

3

=

∫
{t∈[−2k,2k]|roundF(t)=a}

1

2k − (−2k)
dt× 2

3

+

∫
{t∈[−2k,2k]|a<roundF(t)<b}

1

2k − (−2k)
dt

+

∫
{t∈[−2k,2k]|roundF(t)=b}

1

2k − (−2k)
dt× 1

3

=

∫ a+ar
2

al+a

2

1

2k − (−2k)
dt× 2

3
+

∫ bl+b

2

a+ar
2

1

2k − (−2k)
dt

+

∫ b+br
2

bl+b

2

1

2k − (−2k)
dt× 1

3

=
2 (ar − al)

3× 2k+2
+

b− a+ bl − ar
2k+2

+
br − bl
3× 2k+2

=
1

2k+2

(
b− a+

2bl + br
3

− 2al + ar
3

)
Here, since the mantissa of a is 0, we have

2al + ar
3

= a.

Besides, since the mantissa of b is 0, we have

2bl + br
3

= b.

Thus, we obtain

γ =
1

2k+2

(
b− a+

2bl + br
3

− 2al + ar
3

)
=

2 (b− a)

2k+2

=
b− a

2k+1
.

(iv) Case: roundF is Toward −∞.

In this case, FURNG
(
−2k, 2k, roundF

)
needs to generate a floating point uniform random number x that satisfies

a ≤ x < b at the line 20 in the pseudocode so that x is accepted. Hence, we obtain

γ =
∑

a≤x<b

∫
{t∈[−2k,2k]|roundF(t)=x}

1

2k − (−2k)
dt

=

∫
{t∈[−2k,2k]|a≤roundF(t)<b}

1

2k − (−2k)
dt

=

∫ b

a

1

2k − (−2k)
dt

=
b− a

2k+1
.
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(v) Case: roundF is Toward ±∞.

In this case, FURNG
(
−2k, 2k, roundF

)
needs to generate a floating point uniform random number x that satisfies

a ≤ x ≤ b at the line 20 in the pseudocode so that x is accepted. Hence, we obtain

γ =
∑

a≤x≤b

∫
{t∈[−2k,2k]|roundF(t)=x}

1

2k − (−2k)
dt

=

∫
{t∈[−2k,2k]|a≤roundF(t)≤b}

1

2k − (−2k)
dt

=

∫ b

a

1

2k − (−2k)
dt

=
b− a

2k+1
.

Therefore, we obtain

γ =
b− a

2k+1

in all the cases. Here, since 2k−1 < max (−a, b) ≤ 2k and a < 0 < b, we have

2k−1 < max (−a, b)

≤ b+ (−a) = b− a

≤ max (−a, b) + max (−a, b)

≤ 2k+1.

Therefore, we obtain

1

4
< γ ≤ 1.

(4) Case: 2n−2 ≤ a < 2n−1 < b ≤ 2n where (2−
(
2E−1 − 1

)
≤ n ∈ N ≤ 2E−1).

In this case, we can calculate γ by the similar way as (3). Then, we obtain

γ =
1

3
× −p

2k
+

2

3
× q

2k

=
2q − p

3× 2k

Here, since 2k−1 < max (−p, q) ≤ 2k and p < 0 < q, we have

2k−1 < max (−p, q)

< q +max (−p, q)

≤ q + (q + (−p)) = 2q − p

≤ 2×max (−p, q) + max (−p, q)

≤ 3× 2k.

Therefore, we obtain

1

6
< γ ≤ 1.

(5) Case: 0 ≤ a < 2n−2 < 2n−1 < b ≤ 2n where (2−
(
2E−1 − 1

)
≤ n ∈ N ≤ 2E−1).

• Case: a = 0 and b = 2n.

In this case, FURNG (0, 2n, roundF) needs to generate a floating point uniform random number x that satisfies

a ≤ x ≤ b at the line 10 in the pseudocode so that x is accepted. Hence, we have
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γ =
∑

a≤x≤b

∫
{t∈[0,2n]|roundF(t)=x}

1

2n − 0
dt

=
∑

0≤x≤2n

∫
{t∈[0,2n]|roundF(t)=x}

1

2n − 0
dt

=

∫
{t∈[0,2n]|0≤roundF(t)≤2n}

1

2n − 0
dt

=

∫ 2n

0

1

2n − 0
dt

=
2n − 0

2n

=
b− a

2n
.

• Case: a = 0 and b < 2n.

(i) Case: roundF is Toward −∞ or Toward 0.

In this case, FURNG (0, 2n, roundF) needs to generate a floating point uniform random number x that satisfies

a ≤ x < b at the line 10 in the pseudocode so that x is accepted. Hence, we have

γ =
∑

a≤x<b

∫
{t∈[0,2n]|roundF(t)=x}

1

2n − 0
dt

=
∑

0≤x<b

∫
{t∈[0,2n]|roundF(t)=x}

1

2n − 0
dt

=

∫
{t∈[0,2n]|0≤roundF(t)<b}

1

2n − 0
dt

=

∫ b

0

1

2n
dt

=
b− 0

2n

=
b− a

2n
.

(ii) Case: roundF is Round-to-Nearest.

In this case, FURNG (0, 2n, roundF) needs to generate a floating point uniform random number x that satisfies

a ≤ x < b at the line 10 in the pseudocode, or FURNG (0, 2n, roundF) needs to generate a floating point uniform

random number x = b at the line 10 in the pseudocode and URNG1 () needs to generate 1 at the line 20 in the

pseudocode so that x is accepted. Hence, by letting bl be the left adjacent floating point number to b and br be the

right adjacent one, we have
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γ =
∑

a≤x<b

∫
{t∈[0,2n]|roundF(t)=x}

1

2n − 0
dt

+

∫
{t∈[0,2n]|roundF(t)=b}

1

2n − 0
dt× 1

2

=
∑

0≤x<b

∫
{t∈[0,2n]|roundF(t)=x}

1

2n − 0
dt

+

∫
{t∈[0,2n]|roundF(t)=b}

1

2n − 0
dt× 1

2

=

∫
{t∈[0,2n]|0≤roundF(t)<b}

1

2n − 0
dt

+

∫
{t∈[0,2n]|roundF(t)=b}

1

2n − 0
dt× 1

2

=

∫ bl+b

2

0

1

2n − 0
dt+

∫ b+br
2

bl+b

2

1

2n − 0
dt× 1

2

=
bl + b− 0

2n+1
+

br − bl
2× 2k+1

=
bl + b− a

2n+1
+

br − bl
2× 2k+1

=
1

2n+1

(
b− a+

bl + br
2

)
.

Here, since the mantissa of b is not 0, we have

bl + br
2

= b.

Thus, we obtain

γ =
1

2n+1

(
b− a+

bl + br
2

)
=

2 (b− a)

2n+1

=
b− a

2n
.

(iii) Case: roundF is Toward +∞ or Toward ±∞.

In this case, FURNG (0, 2n, roundF) needs to generate a floating point uniform random number x that satisfies

a ≤ x ≤ b at the line 10 in the pseudocode so that x is accepted. Hence, we have

γ =
∑

a≤x≤b

∫
{t∈[0,2n]|roundF(t)=x}

1

2n − 0
dt

=
∑

0≤x≤b

∫
{t∈[0,2n]|roundF(t)=x}

1

2n − 0
dt

=

∫
{t∈[0,2n]|0≤roundF(t)≤b}

1

2n − 0
dt

=

∫ b

0

1

2n
dt

=
b− 0

2n

=
b− a

2n
.

• Case: 0 < a and b = 2n.

(i) Case: roundF is Toward −∞ or Toward 0.

In this case, FURNG (0, 2n, roundF) needs to generate a floating point uniform random number x that satisfies

a ≤ x ≤ b at the line 10 in the pseudocode so that x is accepted. Hence, we have
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γ =
∑

a≤x≤b

∫
{t∈[0,2n]|roundF(t)=x}

1

2n − 0
dt

=
∑

a≤x≤2n

∫
{t∈[0,2n]|roundF(t)=x}

1

2n − 0
dt

=

∫
{t∈[0,2n]|a≤roundF(t)≤2n}

1

2n − 0
dt

=

∫ 2n

a

1

2n
dt

=
2n − a

2n

=
b− a

2n
.

(ii) Case: roundF is Round-to-Nearest.

– Case: The mantissa of a is not 0.

In this case, FURNG (0, 2n, roundF) needs to generate a floating point uniform random number x = a

at the line 10 in the pseudocode and URNG1 () needs to generate 1 at the line 20 in the pseudocode, or

FURNG (0, 2n, roundF) needs to generate a floating point uniform random number x that satisfies a < x ≤ b

at the line 10 in the pseudocode so that x is accepted. Hence, by letting al be the left adjacent floating point

number to a and ar be the right adjacent one, we have

γ =

∫
{t∈[0,2n]|roundF(t)=a}

1

2n − 0
dt× 1

2

+
∑

a<x≤b

∫
{t∈[0,2n]|roundF(t)=x}

1

2n − 0
dt

=

∫
{t∈[0,2n]|roundF(t)=a}

1

2n − 0
dt× 1

2

+
∑

a<x≤2n

∫
{t∈[0,2n]|roundF(t)=x}

1

2n − 0
dt

=

∫
{t∈[0,2n]|roundF(t)=a}

1

2n − 0
dt× 1

2

+

∫
{t∈[0,2n]|a<roundF(t)≤2n}

1

2n − 0
dt

=

∫ a+ar
2

al+a

2

1

2n − 0
dt× 1

2
+

∫ 2n

a+ar
2

1

2n − 0
dt

=
ar − al
2× 2n+1

+
2× 2n − (a+ ar)

2n+1

=
ar − al
2× 2n+1

+
2b− (a+ ar)

2n+1

=
1

2n+1

(
2b− a− al + ar

2

)
.

Here, since the mantissa of a is not 0, we have

al + ar
2

= a.

Thus, we obtain

γ =
1

2n+1

(
2b− a− al + ar

2

)
=

2 (b− a)

2n+1

=
b− a

2n
.

– Case: The mantissa of a is 0.

Since we can calculate γ in the case where a = 21−(2
E−1−1) by the same way as the case where the mantissa of

a is not 0, we can consider only the case where a ̸= 21−(2
E−1−1). In this case, FURNG (0, 2n, roundF) needs

to generate a floating point uniform random number x = a at the line 10 in the pseudocode and URNG2 ()
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needs to generate 01 or 10 at the line 20 in the pseudocode, or FURNG (0, 2n, roundF) needs to generate a

floating point uniform random number x that satisfies a < x ≤ b at the line 10 in the pseudocode so that x

is accepted. Hence, by letting al be the left adjacent floating point number to a and ar be the right adjacent

one, we have

γ =

∫
{t∈[0,2n]|roundF(t)=a}

1

2n − 0
dt× 2

3

+
∑

a<x≤b

∫
{t∈[0,2n]|roundF(t)=x}

1

2n − 0
dt

=

∫
{t∈[0,2n]|roundF(t)=a}

1

2n − 0
dt× 2

3

+
∑

a<x≤2n

∫
{t∈[0,2n]|roundF(t)=x}

1

2n − 0
dt

=

∫
{t∈[0,2n]|roundF(t)=a}

1

2n − 0
dt× 2

3

+

∫
{t∈[0,2n]|a<roundF(t)≤2n}

1

2n − 0
dt

=

∫ a+ar
2

al+a

2

1

2n − 0
dt× 2

3
+

∫ 2n

a+ar
2

1

2n − 0
dt

=
2 (ar − al)

3× 2n+1
+

2× 2n − (a+ ar)

2n+1

=
2 (ar − al)

3× 2n+1
+

2b− (a+ ar)

2n+1

=
1

2n+1

(
2b− a− 2al + ar

3

)
.

Here, since the mantissa of a is 0, we have

2al + ar
3

= a.

Thus, we obtain

γ =
1

2n+1

(
2b− a− 2al + ar

3

)
=

2 (b− a)

2n+1

=
b− a

2n
.

(iii) Case: roundF is Toward +∞ or Toward ±∞.

In this case, FURNG (0, 2n, roundF) needs to generate a floating point uniform random number x that satisfies

a < x ≤ b at the line 10 in the pseudocode so that x is accepted. Hence, we have

γ =
∑

a<x≤b

∫
{t∈[0,2n]|roundF(t)=x}

1

2n − 0
dt

=
∑

a<x≤2n

∫
{t∈[0,2n]|roundF(t)=x}

1

2n − 0
dt

=

∫
{t∈[0,2n]|a<roundF(t)≤2n}

1

2n − 0
dt

=

∫ 2n

a

1

2n
dt

=
2n − a

2n

=
b− a

2n
.

• Case: 0 < a and b < 2n.

(i) Case: roundF is Toward −∞ or Toward 0.
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In this case, FURNG (0, 2n, roundF) needs to generate a floating point uniform random number x that satisfies

a ≤ x < b at the line 10 in the pseudocode so that x is accepted. Hence, we have

γ =
∑

a≤x<b

∫
{t∈[0,2n]|roundF(t)=x}

1

2n − 0
dt

=

∫
{t∈[0,2n]|a≤roundF(t)<b}

1

2n − 0
dt

=

∫ b

a

1

2n
dt

=
b− a

2n
.

(ii) Case: roundF is Round-to-Nearest.

– Case: The mantissa of a is not 0.

In this case, FURNG (0, 2n, roundF) needs to generate a floating point uniform random number x = a

at the line 10 in the pseudocode and URNG1 () needs to generate 1 at the line 20 in the pseudocode, or

FURNG (0, 2n, roundF) needs to generate a floating point uniform random number x that satisfies a < x < b

at the line 10 in the pseudocode, or FURNG (0, 2n, roundF) needs to generate a floating point uniform ran-

dom number x = b at the line 10 in the pseudocode and URNG1 () needs to generate 1 at the line 20 in the

pseudocode so that x is accepted. Hence, by letting al be the left adjacent floating point number to a, ar be

the right adjacent one, bl be the left adjacent floating point number to b, and br be the right adjacent one, we

have

γ =

∫
{t∈[0,2n]|roundF(t)=a}

1

2n − 0
dt× 1

2

+
∑

a<x<b

∫
{t∈[0,2n]|roundF(t)=x}

1

2n − 0
dt

+

∫
{t∈[0,2n]|roundF(t)=b}

1

2n − 0
dt× 1

2

=

∫
{t∈[0,2n]|roundF(t)=a}

1

2n − 0
dt× 1

2

+

∫
{t∈[0,2n]|a<roundF(t)<b}

1

2n − 0
dt

+

∫
{t∈[0,2n]|roundF(t)=b}

1

2n − 0
dt× 1

2

=

∫ a+ar
2

al+a

2

1

2n − 0
dt× 1

2
+

∫ bl+b

2

a+ar
2

1

2n − 0
dt

+

∫ b+br
2

bl+b

2

1

2n − 0
dt× 1

2

=
ar − al
2× 2n+1

+
b− a+ bl − ar

2n+1
+

br − bl
2× 2n+1

=
1

2n+1

(
b− a+

bl + br
2

− al + ar
2

)
.

Here, since the mantissa of a not is 0, we have

al + ar
2

= a.

Besides, since the mantissa of b is not 0, we have

bl + br
2

= b.

Thus, we obtain

γ =
1

2n+1

(
b− a+

bl + br
2

− al + ar
2

)
=

2 (b− a)

2n+1

=
b− a

2n
.
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– Case: The mantissa of a is 0.

Since we can calculate γ in the case where a = 21−(2
E−1−1) by the same way as the case where the mantissa of

a is not 0, we can consider only the case where a ̸= 21−(2
E−1−1). In this case, FURNG (0, 2n, roundF) needs

to generate a floating point uniform random number x = a at the line 10 in the pseudocode and URNG2 ()

needs to generate 01 or 10 at the line 20 in the pseudocode, or FURNG (0, 2n, roundF) needs to generate

a floating point uniform random number x that satisfies a < x < b at the line 10 in the pseudocode, or

FURNG (0, 2n, roundF) needs to generate a floating point uniform random number x = b at the line 10 in

the pseudocode and URNG1 () needs to generate 1 at the line 20 in the pseudocode so that x is accepted.

Hence, by letting al be the left adjacent floating point number to a, ar be the right adjacent one, bl be the left

adjacent floating point number to b, and br be the right adjacent one, we have

γ =

∫
{t∈[0,2n]|roundF(t)=a}

1

2n − 0
dt× 2

3

+
∑

a<x<b

∫
{t∈[0,2n]|roundF(t)=x}

1

2n − 0
dt

+

∫
{t∈[0,2n]|roundF(t)=b}

1

2n − 0
dt× 1

2

=

∫
{t∈[0,2n]|roundF(t)=a}

1

2n − 0
dt× 2

3

+

∫
{t∈[0,2n]|a<roundF(t)<b}

1

2n − 0
dt

+

∫
{t∈[0,2n]|roundF(t)=b}

1

2n − 0
dt× 1

2

=

∫ a+ar
2

al+a

2

1

2n − 0
dt× 2

3
+

∫ bl+b

2

a+ar
2

1

2n − 0
dt

+

∫ b+br
2

bl+b

2

1

2n − 0
dt× 1

2

=
2 (ar − al)

3× 2n+1
+

b− a+ bl − ar
2n+1

+
br − bl
2× 2n+1

=
1

2n+1

(
b− a+

bl + br
2

− 2al + ar
3

)
.

Here, since the mantissa of a is 0, we have

2al + ar
3

= a.

Besides, since the mantissa of b is not 0, we have

bl + br
2

= b.

Thus, we obtain

γ =
1

2n+1

(
b− a+

bl + br
2

− 2al + ar
3

)
=

2 (b− a)

2n+1

=
b− a

2n
.

(iii) Case: roundF is Toward +∞ or Toward ±∞.

In this case, FURNG (0, 2n, roundF) needs to generate a floating point uniform random number x that satisfies

a < x ≤ b at the line 10 in the pseudocode so that x is accepted. Hence, we have

64ⓒ 2016 Information Processing Society of Japan

Vol.2016-HPC-153 No.35
2016/3/3



IPSJ SIG Technical Report

γ =
∑

a<x≤b

∫
{t∈[0,2n]|roundF(t)=x}

1

2n − 0
dt

=

∫
{t∈[0,2n]|a<roundF(t)≤b}

1

2n − 0
dt

=

∫ b

a

1

2n
dt

=
b− a

2n
.

Therefore, we obtain

γ =
b− a

2n

in all the cases. Here, since 0 ≤ a < 2n−2 < 2n−1 < b ≤ 2n, we have

2n−1 − 2n−2 < b− a ≤ 2n − 0.

Therefore, we obtain

1

4
< γ ≤ 1.

In summary, we obtain the following result.

(1) Case: 0 ≤ a < b ≤ 22−(2
E−1−1).

1

2
< γ =

b− a

2k
≤ 1

for the minimal k ∈ N that satisfies b− a ≤ 2k.

(2) Case: 2n−1 ≤ a < b ≤ 2n where (2−
(
2E−1 − 1

)
≤ n ∈ N ≤ 2E−1).

1

2
< γ =

q − p

2k
≤ 1

for the minimal k ∈ N that satisfies q − p ≤ 2k where

p =
(
a− 2n−1

)
× 2−(n−1) × 21−(2

E−1−1)

q =
(
a− 2n−1

)
× 2−(n−1) × 21−(2

E−1−1).

(3) Case: a < 0 < b.

1

4
< γ =

b− a

2k+1
≤ 1

for the minimal k ∈ N that satisfies max (−a, b) ≤ 2k.

(4) Case: 2n−2 ≤ a < 2n−1 < b ≤ 2n where (2−
(
2E−1 − 1

)
≤ n ∈ N ≤ 2E−1).

1

6
< γ =

2q − p

3× 2k
≤ 1

for the minimal k ∈ N that satisfies q − p ≤ 2k where

p =
(
a− 2n−1

)
× 2−(n−2) × 21−(2

E−1−1)

q =
(
b− 2n−1

)
× 2−(n−1) × 21−(2

E−1−1).

(5) Case: 0 ≤ a < 2n−2 < 2n−1 < b ≤ 2n where (2−
(
2E−1 − 1

)
≤ n ∈ N ≤ 2E−1).

1

4
< γ =

b− a

2n
≤ 1.
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6.3 Proof for correctness

This section proves that the random number generation probability of the proposed algorithm in the Section 7.1 satisfies

the Formula 1. First, calculate the probability that the algorithm outputs f ∈ F, P (f), for each floating point number. Next,

compare P (f) with

PF (f) = Pr [roundF (URNGR ()) = f ]

=

∫
{t∈[a,b]|roundF(t)=f}

1

b− a
dt,

which is calculated by the Formula (1), and confirm that P (f) = PF (f) holds. In the proof, let

Pr [”constraint of variables” in ”line number in the pseudocode”]

be the probability that the constraint is satisfied at the end of the line in the pseudocode.

(1) Case: 0 ≤ a < b ≤ 21−(2
E−1−1).

(i) Case: f < a or b < f .

Since f − a < 0 or b− a < f − a, we have

P (f) = Pr [x = f − a in 30]

= Pr [x = f − a in 20]

= 0.

Next, we have

{t ∈ [a, b] |roundF (t) = f} = ∅

because f < a or b < f . Hence, we obtain

PF (f) =

∫
{t∈[a,b]|roundF(t)=f}

1

b− a
dt

=

∫
∅

1

b− a
dt

= 0.

Therefore, P (f) = PF (f) holds.

(ii) Case: a ≤ f < b.

In this case, since f − a ∈ F < b− a ≤ 2k, we have

{
t ∈

[
0, 2k

]
|roundF (t) = f − a

}
= {t ∈ [0, b− a] |roundF (t) = f − a} .

Besides, since a, f − a, b is a subnormal number, we have

sup {t ∈ [0, b− a] |roundF (t) = f − a} − inf {t ∈ [0, b− a] |roundF (t) = f − a}

= sup {t ∈ [a, b] |roundF (t) = f} − inf {t ∈ [a, b] |roundF (t) = f} .

Hence, we obtain
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P (f) = Pr [x = f − a in 30]

= Pr [x = f − a in 20]

=

∞∑
l=0

(1− γ)l
∫
{t∈[0,2k]|roundF(t)=f−a}

1

2k − 0
dt

=
1

γ

∫
{t∈[0,2k]|roundF(t)=f−a}

1

2k − 0
dt

=
2k

b− a

∫
{t∈[0,2k]|roundF(t)=f−a}

1

2k − 0
dt

=

∫
{t∈[0,2k]|roundF(t)=f−a}

1

b− a
dt

=

∫
{t∈[0,b−a]|roundF(t)=f−a}

1

b− a
dt

=

∫
{t∈[a,b]|roundF(t)=f}

1

b− a
dt

= PF (f) .

Therefore, P (f) = PF (f) holds.

(iii) Case: f = b.

• Case: b− a = 2k.

In this case, we have

P (f) = P (b)

= Pr [x = b− a in 30]

= Pr
[
x = 2k in 30

]
= Pr

[
x = 2k in 20

]
=

∞∑
l=0

(1− γ)l
∫
{t∈[0,2k]|roundF(t)=2k}

1

2k − 0
dt

=
1

γ

∫
{t∈[0,2k]|roundF(t)=2k}

1

2k − 0
dt

=
2k

b− a

∫
{t∈[0,2k]|roundF(t)=2k}

1

2k − 0
dt

=

∫
{t∈[0,2k]|roundF(t)=2k}

1

b− a
dt

=

∫
{t∈[0,b−a]|roundF(t)=b−a}

1

b− a
dt

=

∫
{t∈[a,b]|roundF(t)=b}

1

b− a
dt

= PF (b)

= PF (f) .

Therefore, P (f) = PF (f) holds.

• Case: b− a < 2k.

– Case: roundF is Toward −∞ or Toward 0.

In this case, we have

P (f) = P (b)

= Pr [x = b− a in 30]

= Pr [x = b− a in 20]

= 0.

Besides, we have
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PF (f) = PF (b)

= 0.

Therefore, P (f) = PF (f) holds.

– Case: roundF is Round-to-Nearest.

Let (b− a)l be the left adjacent floating point number to (b− a) and (b− a)r be the right adjacent one. Since

(b− a) is a subnormal number, we have

(b− a)− (b− a)l = (b− a)r − (b− a) .

Here, (b− a)r ≤ 2k because (b− a) < 2k. Hence, we have

sup
{
t ∈

[
0, 2k

]
|roundF (t) = b− a

}
− inf

{
t ∈

[
0, 2k

]
|roundF (t) = b− a

}
=

(b− a)r + (b− a)

2
−

(b− a) + (b− a)l
2

=
(b− a)r − (b− a)

2
+

(b− a)− (b− a)l
2

=
(b− a)− (b− a)l

2
× 2

=

(
(b− a)−

(b− a)l + (b− a)

2

)
× 2

= (sup {t ∈ [0, b− a] |roundF (t) = b− a}

− inf {t ∈ [0, b− a] |roundF (t) = b− a})× 2.

Thus, we obtain

P (f) = P (b)

= Pr [x = b− a in 30]

= Pr [x = b− a in 20]× 1

2

=

∞∑
l=0

(1− γ)l

2

∫
{t∈[0,2k]|roundF(t)=b−a}

1

2k − 0
dt

=
1

2γ

∫
{t∈[0,2k]|roundF(t)=b−a}

1

2k − 0
dt

=
2k

2 (b− a)

∫
{t∈[0,2k]|roundF(t)=b−a}

1

2k − 0
dt

=
1

2

∫
{t∈[0,2k]|roundF(t)=b−a}

1

b− a
dt

=

∫
{t∈[0,b−a]|roundF(t)=b−a}

1

b− a
dt

=

∫
{t∈[a,b]|roundF(t)=b}

1

b− a
dt

= PF (b)

= PF (f) .

Therefore, P (f) = PF (f) holds.

– Case: roundF is Toward +∞ or Toward ±∞.

In this case, we have
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P (f) = P (b)

= Pr [x = b− a in 30]

= Pr [x = b− a in 20]

=

∞∑
l=0

(1− γ)l
∫
{t∈[0,2k]|roundF(t)=b−a}

1

2k − 0
dt

=
1

γ

∫
{t∈[0,2k]|roundF(t)=b−a}

1

2k − 0
dt

=
2k

b− a

∫
{t∈[0,2k]|roundF(t)=b−a}

1

2k − 0
dt

=

∫
{t∈[0,2k]|roundF(t)=b−a}

1

b− a
dt

=

∫
{t∈[0,b−a]|roundF(t)=b−a}

1

b− a
dt

=

∫
{t∈[a,b]|roundF(t)=b}

1

b− a
dt

= PF (b)

= PF (f) .

Therefore, P (f) = PF (f) holds.

Therefore, P (f) = PF (f) holds in all the cases.

(2) Case: 2n−1 ≤ a < b ≤ 2n where (2−
(
2E−1 − 1

)
≤ n ∈ N ≤ 2E−1).

In this case, since f = x× 2(2
E−1−1)−1 × 2n−1 + 2n−1, we have

P (f) = P
(
x× 2(2

E−1−1)−1 × 2n−1 + 2n−1
)

=

∫
{t∈[p,q]|roundF(t)=x}

1

q − p
dt

=

∫
{t∈[p,q]|roundF(t)=x}

1

b− a
dt× 1

2−(n−1) × 21−(2E−1−1)
.

Here, since all the floating point numbers in [p, q] is a subnormal number, the interval between each floating point number

is the same. Besides, the interval of floating point numbers in[
p× 2(2

E−1−1)−1 × 2n−1 + 2n−1, q × 2(2
E−1−1)−1 × 2n−1 + 2n−1

]
is also the same as each other and is 1

2(2
E−1−1)−1×2n−1

times as wide as [p, q]. Hence, by letting α = 2(2
E−1−1)−1× 2n−1,

we have ∫
{t∈[p,q]|roundF(t)=x}

dt =
1

α

∫
{t∈[p×α+2n−1,q×α+2n−1]|roundF(t)=x×α+2n−1}

dt

=
1

α

∫
{t∈[a,b]|roundF(t)=f}

dt.

Thus, we obtain

P (f) =

∫
{t∈[p,q]|roundF(t)=x}

1

b− a
dt× 1

2−(n−1) × 21−(2E−1−1)

=

∫
{t∈[a,b]|roundF(t)=f}

1

b− a
dt× 1

α
× 1

2−(n−1) × 21−(2E−1−1)

=

∫
{t∈[a,b]|roundF(t)=f}

1

b− a
dt

= PF (f) .

Therefore, P (f) = PF (f) holds.

(3) Case: a < 0 < b.

(i) Case: f < a or b < f .

In this case, we have
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P (f) = Pr [x = f in 40]

= Pr [x = f in 30]

= 0.

Next, we have

{t ∈ [a, b] |roundF (t) = f} = ∅

because f < a or b < f . Hence, we obtain

PF (f) =

∫
{t∈[a,b]|roundF(t)=f}

1

b− a
dt

=

∫
∅

1

b− a
dt

= 0.

Therefore, P (f) = PF (f) holds.

(ii) Case: a < f < b.

In this case, we obtain

P (f) = Pr [x = f in 40]

= Pr [x = f in 30]

=

∞∑
l=0

(1− γ)l
∫
{t∈[−2k,2k]|roundF(t)=f}

1

2k − (−2k)
dt

=
1

γ

∫
{t∈[−2k,2k]|roundF(t)=f}

1

2k − (−2k)
dt

=
2k+1

b− a

∫
{t∈[−2k,2k]|roundF(t)=f}

1

2k − (−2k)
dt

=

∫
{t∈[−2k,2k]|roundF(t)=f}

1

b− a
dt

=

∫
{t∈[a,b]|roundF(t)=f}

1

b− a
dt

= PF (f) .

Therefore, P (f) = PF (f) holds.

(iii) Case: f = a.

• Case: a = −2k.

In this case, we obtain
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P (f) = P (a)

= Pr [x = a in 40]

= Pr
[
x = −2k in 40

]
= Pr

[
x = −2k in 30

]
=

∞∑
l=0

(1− γ)l
∫
{t∈[−2k,2k]|roundF(t)=−2k}

1

2k − (−2k)
dt

=
1

γ

∫
{t∈[−2k,2k]|roundF(t)=−2k}

1

2k − (−2k)
dt

=
2k+1

b− a

∫
{t∈[−2k,2k]|roundF(t)=−2k}

1

2k − (−2k)
dt

=

∫
{t∈[−2k,2k]|roundF(t)=−2k}

1

b− a
dt

=

∫
{t∈[a,2k]|roundF(t)=a}

1

b− a
dt

=

∫
{t∈[a,b]|roundF(t)=a}

1

b− a
dt

= PF (a)

= PF (f) .

Therefore, P (f) = PF (f) holds.

• Case: −2k < a.

– Case: roundF is Toward +∞ or Toward 0.

In this case, we have

P (f) = P (a)

= Pr [x = a in 40]

= Pr [x = a in 30]

= 0.

Besides, we have

PF (f) = PF (a)

= 0.

Therefore, P (f) = PF (f) holds.

– Case: roundF is Round-to-Nearest.

∗ Case: The mantissa of a is not 0.

In this case, by letting al be the left adjacent floating point number to a and ar be the right one, we have

a− al = ar − a.

Here, −2k ≤ al because −2k < a. Hence, we have

sup
{
t ∈

[
−2k, 2k

]
|roundF (t) = a

}
− inf

{
t ∈

[
−2k, 2k

]
|roundF (t) = a

}
=

ar + a

2
− a+ al

2

=
ar − a

2
+

a− al
2

=
ar − a

2
× 2

=
(ar + a

2
− a
)
× 2

= (sup {t ∈ [a, b] |roundF (t) = a} − inf {t ∈ [a, b] |roundF (t) = a})× 2.

Thus, we obtain
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P (f) = P (a)

= Pr [x = a in 40]

= Pr [x = a in 30]× 1

2

=

∞∑
l=0

(1− γ)l

2

∫
{t∈[−2k,2k]|roundF(t)=a}

1

2k − (−2k)
dt

=
1

2γ

∫
{t∈[−2k,2k]|roundF(t)=a}

1

2k − (−2k)
dt

=
2k+1

2 (b− a)

∫
{t∈[−2k,2k]|roundF(t)=a}

1

2k − (−2k)
dt

=
1

2

∫
{t∈[−2k,2k]|roundF(t)=a}

1

b− a
dt

=

∫
{t∈[a,b]|roundF(t)=a}

1

b− a
dt

= PF (a)

= PF (f) .

Therefore, P (f) = PF (f) holds.

∗ Case: The mantissa of a is 0.

Since we can prove in the case where a = −21−(2
E−1−1) by the same way as the case where the mantissa

of a is not 0, we can consider only the case where a ̸= −21−(2
E−1−1). In this case, by letting al be the left

adjacent floating point number to a and ar be the right one, we have

a− al =
ar − a

2
.

Here, −2k ≤ al because −2k < a. Hence, we have

sup
{
t ∈

[
−2k, 2k

]
|roundF (t) = a

}
− inf

{
t ∈

[
−2k, 2k

]
|roundF (t) = a

}
=

ar + a

2
− a+ al

2

=
ar − a

2
+

a− al
2

=
ar − a

2
× 3

2

=
(ar + a

2
− a
)
× 3

2

= (sup {t ∈ [a, b] |roundF (t) = a} − inf {t ∈ [a, b] |roundF (t) = a})× 3

2
.

Thus, we obtain

P (f) = P (a)

= Pr [x = a in 40]

= Pr [x = a in 30]× 2

3

=

∞∑
l=0

2 (1− γ)l

3

∫
{t∈[−2k,2k]|roundF(t)=a}

1

2k − (−2k)
dt

=
2

3γ

∫
{t∈[−2k,2k]|roundF(t)=a}

1

2k − (−2k)
dt

=
2× 2k+1

3 (b− a)

∫
{t∈[−2k,2k]|roundF(t)=a}

1

2k − (−2k)
dt

=
2

3

∫
{t∈[−2k,2k]|roundF(t)=a}

1

b− a
dt

=

∫
{t∈[a,b]|roundF(t)=a}

1

b− a
dt

= PF (a)

= PF (f) .
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Therefore, P (f) = PF (f) holds.

– Case: roundF is Toward −∞ or Toward ±∞.

In this case, we obtain

P (f) = P (a)

= Pr [x = a in 40]

= Pr [x = a in 30]

=

∞∑
l=0

(1− γ)l
∫
{t∈[−2k,2k]|roundF(t)=a}

1

2k − (−2k)
dt

=
1

γ

∫
{t∈[−2k,2k]|roundF(t)=a}

1

2k − (−2k)
dt

=
2k+1

b− a

∫
{t∈[−2k,2k]|roundF(t)=a}

1

2k − (−2k)
dt

=

∫
{t∈[−2k,2k]|roundF(t)=a}

1

b− a
dt

=

∫
{t∈[a,b]|roundF(t)=a}

1

b− a
dt

= PF (a)

= PF (f) .

Therefore, P (f) = PF (f) holds.

(iv) Case: f = b.

• Case: b = 2k.

In this case, we obtain

P (f) = P (b)

= Pr [x = b in 40]

= Pr
[
x = 2k in 40

]
= Pr

[
x = 2k in 30

]
=

∞∑
l=0

(1− γ)l
∫
{t∈[−2k,2k]|roundF(t)=2k}

1

2k − (−2k)
dt

=
1

γ

∫
{t∈[−2k,2k]|roundF(t)=2k}

1

2k − (−2k)
dt

=
2k+1

b− a

∫
{t∈[−2k,2k]|roundF(t)=2k}

1

2k − (−2k)
dt

=

∫
{t∈[−2k,2k]|roundF(t)=2k}

1

b− a
dt

=

∫
{t∈[−2k,b]|roundF(t)=b}

1

b− a
dt

=

∫
{t∈[a,b]|roundF(t)=b}

1

b− a
dt

= PF (b)

= PF (f) .

Therefore, P (f) = PF (f) holds.

• Case: b < 2k.

– Case: roundF is Toward −∞ or Toward 0.

In this case, we have

P (f) = P (b)

= Pr [x = b in 40]

= Pr [x = b in 30]

= 0.
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Besides, we have

PF (f) = PF (b)

= 0.

Therefore, P (f) = PF (f) holds.

– Case: roundF is Round-to-Nearest.

∗ Case: The mantissa of b is not 0.

In this case, by letting bl be the left adjacent floating point number to b and br be the right one, we have

b− bl = br − b

Here, br ≤ 2k because b < 2k. Hence, we have

sup
{
t ∈

[
−2k, 2k

]
|roundF (t) = b

}
− inf

{
t ∈

[
−2k, 2k

]
|roundF (t) = b

}
=

br + b

2
− b+ al

2

=
br − b

2
+

b− al
2

=
b− bl
2

× 2

=

(
b− b+ bl

2

)
× 2

= (sup {t ∈ [a, b] |roundF (t) = b} − inf {t ∈ [a, b] |roundF (t) = b})× 2.

Thus, we obtain

P (f) = P (b)

= Pr [x = b in 40]

= Pr [x = b in 30]× 1

2

=

∞∑
l=0

2 (1− γ)l

2

∫
{t∈[−2k,2k]|roundF(t)=b}

1

2k − (−2k)
dt

=
1

2γ

∫
{t∈[−2k,2k]|roundF(t)=b}

1

2k − (−2k)
dt

=
2k+1

2 (b− a)

∫
{t∈[−2k,2k]|roundF(t)=b}

1

2k − (−2k)
dt

=
1

2

∫
{t∈[−2k,2k]|roundF(t)=b}

1

b− a
dt

=

∫
{t∈[a,b]|roundF(t)=b}

1

b− a
dt

= PF (b)

= PF (f) .

Therefore, P (f) = PF (f) holds.

∗ Case: The mantissa of b is 0.

Since we can prove in the case where b = 21−(2
E−1−1) by the same way as the case where the mantissa

of b is not 0, we can consider only the case where b ̸= 21−(2
E−1−1). In this case, by letting bl be the left

adjacent floating point number to b and br be the right one, we have

b− bl =
br − b

2
.

Here, br ≤ 2k because b < 2k. Hence, we have
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sup
{
t ∈

[
−2k, 2k

]
|roundF (t) = b

}
− inf

{
t ∈

[
−2k, 2k

]
|roundF (t) = b

}
=

br + b

2
− b+ bl

2

=
br − b

2
+

b− bl
2

=
b− bl
2

× 3

=

(
b− b+ bl

2

)
× 3

= (sup {t ∈ [a, b] |roundF (t) = b} − inf {t ∈ [a, b] |roundF (t) = b})× 3.

Thus, we obtain

P (f) = P (b)

= Pr [x = b in 40]

= Pr [x = b in 30]× 1

3

=

∞∑
l=0

(1− γ)l

3

∫
{t∈[−2k,2k]|roundF(t)=b}

1

2k − (−2k)
dt

=
1

3γ

∫
{t∈[−2k,2k]|roundF(t)=b}

1

2k − (−2k)
dt

=
2k+1

3 (b− a)

∫
{t∈[−2k,2k]|roundF(t)=b}

1

2k − (−2k)
dt

=
1

3

∫
{t∈[−2k,2k]|roundF(t)=b}

1

b− a
dt

=

∫
{t∈[a,b]|roundF(t)=b}

1

b− a
dt

= PF (b)

= PF (f) .

Therefore, P (f) = PF (f) holds.

– Case: roundF is Toward −∞ or Toward ±∞.

In this case, we obtain

P (f) = P (a)

= Pr [x = a in 40]

= Pr [x = a in 30]

=

∞∑
l=0

(1− γ)l
∫
{t∈[−2k,2k]|roundF(t)=a}

1

2k − (−2k)
dt

=
1

γ

∫
{t∈[−2k,2k]|roundF(t)=a}

1

2k − (−2k)
dt

=
2k+1

b− a

∫
{t∈[−2k,2k]|roundF(t)=a}

1

2k − (−2k)
dt

=

∫
{t∈[−2k,2k]|roundF(t)=a}

1

b− a
dt

=

∫
{t∈[a,b]|roundF(t)=a}

1

b− a
dt

= PF (a)

= PF (f) .

Therefore, P (f) = PF (f) holds.

Therefore, P (f) = PF (f) holds in all the cases.

(4) Case: 2n−2 ≤ a < 2n−1 < b ≤ 2n where (2−
(
2E−1 − 1

)
≤ n ∈ N ≤ 2E−1).

(i) Case: f < a.
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In this case, since f = x× 2(2
E−1−1)−1 × 2n−2 + 2n−1, we have

x <
(
a− 2n−1

)
× 2−(n−2) × 21−(2

E−1−1)

= p.

Hence, we obtain

P (f) = Pr
[
x =

(
f − 2n−1

)
× 2−(n−2) × 21−(2

E−1−1) in 40
]

≤ Pr [x < p in 30]

= 0.

Next, we have

{t ∈ [a, b] |roundF (t) = f} = ∅

because f < a. Hence, we obtain

PF (f) =

∫
{t∈[a,b]|roundF(t)=f}

1

b− a
dt

=

∫
∅

1

b− a
dt

= 0.

Therefore, P (f) = PF (f) holds.

(ii) Case: f = a.

In this case, since f = x× 2(2
E−1−1)−1 × 2n−2 + 2n−1, we have

x =
(
a− 2n−1

)
× 2−(n−2) × 21−(2

E−1−1)

= p.

Now, consider the case where p = −2k and the case where −2k < p.

• Case: p = −2k.

In this case, we obtain

P (f) = P (a)

= Pr [x = p in 40]

= Pr [x = p in 30]

= Pr
[
x = −2k in 30

]
=

∞∑
l=0

(1− γ)l

2

∫
{t∈[−2k,0]|roundF(t)=−2k}

1

0− (−2k)
dt

=
1

3γ

∫
{t∈[−2k,0]|roundF(t)=−2k}

1

0− (−2k)
dt

=
2k

2q − p

∫
{t∈[−2k,0]|roundF(t)=−2k}

1

0− (−2k)
dt

=

∫
{t∈[−2k,0]|roundF(t)=−2k}

1

2q − p
dt

=

∫
{t∈[p,0]|roundF(t)=p}

1

2q − p
dt

=

∫
{t∈[p,2q]|roundF(t)=p}

1

2q − p
dt

=

∫
{t∈[a,b]|roundF(t)=a}

1

b− a
dt

= PF (a)

= PF (f) .
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Therefore, P (f) = PF (f) holds.

• Case: −2k < p.

– Case: roundF is Toward +∞ or Toward ±∞.

In this case, we have

P (f) = P (a)

= Pr [x = p in 40]

= Pr [x = p in 30]

= 0.

Besides, we have

PF (f) = PF (b)

= 0.

Therefore, P (f) = PF (f) holds.

– Case: roundF is Round-to-Nearest.

Let pl be the left adjacent floating point number to p and pr be the right one. Since p is a subnormal number,

we have

p− pl = pr − p.

Here, −2k ≤ pl because −2k < p. Hence, we have

sup
{
t ∈

[
−2k, 0

]
|roundF (t) = p

}
− inf

{
t ∈

[
−2k, 0

]
|roundF (t) = p

}
=

pr + p

2
− p+ pl

2

=
pr − p

2
+

p− pl
2

=
pr − p

2
× 2

=
(pr + p

2
− p
)
× 2

= (sup {t ∈ [p, 0] |roundF (t) = p} − inf {t ∈ [p, 0] |roundF (t) = p})× 2.

Thus, we obtain

P (f) = P (a)

= Pr [x = p in 40]

= Pr [x = p in 30]× 1

2

=

∞∑
l=0

(1− γ)l

6

∫
{t∈[−2k,0]|roundF(t)=p}

1

0− (−2k)
dt

=
1

6γ

∫
{t∈[−2k,0]|roundF(t)=p}

1

0− (−2k)
dt

=
2k

2 (2q − p)

∫
{t∈[−2k,0]|roundF(t)=p}

1

0− (−2k)
dt

=
1

2

∫
{t∈[−2k,0]|roundF(t)=p}

1

2q − p
dt

=

∫
{t∈[p,0]|roundF(t)=p}

1

2q − p
dt

=

∫
{t∈[p,2q]|roundF(t)=p}

1

2q − p
dt

=

∫
{t∈[a,b]|roundF(t)=a}

1

b− a
dt

= PF (a)

= PF (f) .

77ⓒ 2016 Information Processing Society of Japan

Vol.2016-HPC-153 No.35
2016/3/3



IPSJ SIG Technical Report

Therefore, P (f) = PF (f) holds.

– Case: roundF is Toward −∞ or Toward 0.

In this case, we obtain

P (f) = P (a)

= Pr [x = p in 40]

= Pr [x = p in 30]

=

∞∑
l=0

(1− γ)l

3

∫
{t∈[−2k,0]|roundF(t)=p}

1

0− (−2k)
dt

=
1

3γ

∫
{t∈[−2k,0]|roundF(t)=p}

1

0− (−2k)
dt

=
2k

2q − p

∫
{t∈[−2k,0]|roundF(t)=p}

1

0− (−2k)
dt

=

∫
{t∈[−2k,0]|roundF(t)=p}

1

2q − p
dt

=

∫
{t∈[p,0]|roundF(t)=p}

1

2q − p
dt

=

∫
{t∈[p,2q]|roundF(t)=p}

1

2q − p
dt

=

∫
{t∈[a,b]|roundF(t)=a}

1

b− a
dt

= PF (a)

= PF (f) .

Therefore, P (f) = PF (f) holds.

(iii) Case: a < f < 2n−1.

In this case, since f = x× 2(2
E−1−1)−1 × 2n−2 + 2n−1, we have

P (f) = Pr
[
x =

(
f − 2n−1

)
× 2−(n−2) × 21−(2

E−1−1) in 40
]

= Pr
[
x =

(
f − 2n−1

)
× 2−(n−2) × 21−(2

E−1−1) in 30
]

=

∞∑
l=0

(1− γ)

3

∫
{
t∈[−2k,0]|roundF(t)=(f−2n−1)×2−(n−2)×21−(2E−1−1)

} 1

0− (−2k)
dt

=
1

3γ

∫
{
t∈[−2k,0]|roundF(t)=(f−2n−1)×2−(n−2)×21−(2E−1−1)

} 1

0− (−2k)
dt

=
2k

2q − p

∫
{
t∈[−2k,0]|roundF(t)=(f−2n−1)×2−(n−2)×21−(2E−1−1)

} 1

0− (−2k)
dt

=

∫
{
t∈[−2k,0]|roundF(t)=(f−2n−1)×2−(n−2)×21−(2E−1−1)

} 1

2q − p
dt

=

∫
{
t∈[−2k,2k]|roundF(t)=(f−2n−1)×2−(n−2)×21−(2E−1−1)

} 1

2q − p
dt

=

∫
{
t∈[p,q]|roundF(t)=(f−2n−1)×2−(n−2)×21−(2E−1−1)

} 1

2q − p
dt

=

∫
{
t∈[p,2q]|roundF(t)=(f−2n−1)×2−(n−2)×21−(2E−1−1)

} 1

2q − p
dt

=

∫
{t∈[a,b]|roundF(t)=f}

1

b− a
dt

= PF (f) .

Therefore, P (f) = PF (f) holds.

(iv) Case: f = 2n−1.

In this case, since f = x × 2(2
E−1−1)−1 × 2n−2 + 2n−1 or f = x × 2(2

E−1−1)−1 × 2n−1 + 2n−1, we have x = −0,+0.

Hence, we obtain
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P (f) = Pr [x = −0 in 40] + Pr [x = +0 in 40]

= Pr [x = −0 in 30] + Pr [x = +0 in 30]

=

∞∑
l=0

(1− γ)

3

∫
{t∈[−2k,0]|roundF(t)=−0}

1

0− (−2k)
dt

+

∞∑
l=0

2 (1− γ)

3

∫
{t∈[0,2k]|roundF(t)=+0}

1

2k − 0
dt

=
1

3γ

∫
{t∈[−2k,0]|roundF(t)=−0}

1

0− (−2k)
dt

+
2

3γ

∫
{t∈[0,2k]|roundF(t)=+0}

1

2k − 0
dt

=
2k

2q − p

∫
{t∈[−2k,0]|roundF(t)=−0}

1

0− (−2k)
dt

+
2k+1

2q − p

∫
{t∈[0,2k]|roundF(t)=+0}

1

2k − 0
dt

=

∫
{t∈[−2k,0]|roundF(t)=−0}

1

2q − p
dt+ 2

∫
{t∈[0,2k]|roundF(t)=+0}

1

2q − p
dt

=

∫
{t∈[p,0]|roundF(t)=−0}

1

2q − p
dt+ 2

∫
{t∈[0,q]|roundF(t)=+0}

1

2q − p
dt

=

∫
{t∈[a,2n−1]|roundF(t)=2n−1}

1

b− a
dt+

∫
{t∈[2n−1,b]|roundF(t)=2n−1}

1

b− a
dt

=

∫
{t∈[a,b]|roundF(t)=2n−1}

1

b− a
dt

= PF

(
2n−1

)
= PF (f) .

Therefore, P (f) = PF (f) holds.

(v) Case: 2n−1 < f < b.

In this case, since f = x× 2(2
E−1−1)−1 × 2n−1 + 2n−1, we have

P (f) = Pr
[
x =

(
f − 2n−1

)
× 2−(n−1) × 21−(2

E−1−1) in 40
]

= Pr
[
x =

(
f − 2n−1

)
× 2−(n−1) × 21−(2

E−1−1) in 30
]

=

∞∑
l=0

2 (1− γ)

3

∫
{
t∈[0,2k]|roundF(t)=(f−2n−1)×2−(n−1)×21−(2E−1−1)

} 1

2k − 0
dt

=
2

3γ

∫
{
t∈[0,2k]|roundF(t)=(f−2n−1)×2−(n−1)×21−(2E−1−1)

} 1

2k − 0
dt

=
2k+1

2q − p

∫
{
t∈[0,2k]|roundF(t)=(f−2n−1)×2−(n−1)×21−(2E−1−1)

} 1

2k − 0
dt

= 2

∫
{
t∈[0,2k]|roundF(t)=(f−2n−1)×2−(n−1)×21−(2E−1−1)

} 1

2q − p
dt

= 2

∫
{
t∈[−2k,2k]|roundF(t)=(f−2n−1)×2−(n−1)×21−(2E−1−1)

} 1

2q − p
dt

= 2

∫
{
t∈[ p2 ,q]|roundF(t)=(f−2n−1)×2−(n−1)×21−(2E−1−1)

} 1

2q − p
dt

=

∫
{
t∈[ p2 ,q]|roundF(t)=(f−2n−1)×2−(n−1)×21−(2E−1−1)

} 1

q − p
2

dt

=

∫
{t∈[a,b]|roundF(t)=f}

1

b− a
dt

= PF (f) .

Therefore, P (f) = PF (f) holds.
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(vi) Case: f = b.

In this case, since f = x× 2(2
E−1−1)−1 × 2n−1 + 2n−1, we have

x =
(
b− 2n−1

)
× 2−(n−1) × 21−(2

E−1−1)

= q.

Now, consider the case where q = 2k and the case where q < 2k.

• Case: q = 2k.

In this case, we obtain

P (f) = P (b)

= Pr [x = q in 40]

= Pr [x = q in 30]

= Pr
[
x = 2k in 30

]
=

∞∑
l=0

2 (1− γ)l

3

∫
{t∈[0,2k]|roundF(t)=2k}

1

2k − 0
dt

=
2

3γ

∫
{t∈[0,2k]|roundF(t)=2k}

1

2k − 0
dt

=
2k+1

2q − p

∫
{t∈[0,2k]|roundF(t)=2k}

1

2k − 0
dt

= 2

∫
{t∈[0,2k]|roundF(t)=2k}

1

2q − p
dt

= 2

∫
{t∈[0,q]|roundF(t)=q}

1

2q − p
dt

= 2

∫
{t∈[p,q]|roundF(t)=q}

1

2q − p
dt

=

∫
{t∈[ p2 ,q]|roundF(t)=q}

1

q − p
2

dt

=

∫
{t∈[a,b]|roundF(t)=b}

1

b− a
dt

= PF (b)

= PF (f) .

Therefore, P (f) = PF (f) holds.

• Case: q < 2k.

– Case: roundF is Toward −∞ or Toward 0.

In this case, we have

P (f) = P (b)

= Pr [x = q in 40]

= Pr [x = q in 30]

= 0.

Besides, we have

PF (f) = PF (q)

= 0.

Therefore, P (f) = PF (f) holds.

– Case: roundF is Round-to-Nearest.

Let ql be the left adjacent floating point number to q and qr be the right one. Since q is a subnormal number,

we have

q − ql = qr − q.
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Here, qr ≤ 2k because q < 2k. Hence, we have

sup
{
t ∈

[
0, 2k

]
|roundF (t) = q

}
− inf

{
t ∈

[
0, 2k

]
|roundF (t) = q

}
=

qr + q

2
− q + ql

2

=
qr − q

2
+

q − ql
2

=
q − ql

2
× 2

=
(
q − q + ql

2

)
× 2

= (sup {t ∈ [0, q] |roundF (t) = q} − inf {t ∈ [0, q] |roundF (t) = q})× 2.

Thus, we obtain

P (f) = P (b)

= Pr [x = q in 40]

= Pr [x = q in 30]× 1

2

=

∞∑
l=0

(1− γ)l

3

∫
{t∈[0,2k]|roundF(t)=q}

1

2k − 0
dt

=
1

3γ

∫
{t∈[0,2k]|roundF(t)=q}

1

2k − 0
dt

=
2k

2q − p

∫
{t∈[0,2k]|roundF(t)=q}

1

2k − 0
dt

=

∫
{t∈[0,2k]|roundF(t)=q}

1

2q − p
dt

= 2

∫
{t∈[0,q]|roundF(t)=q}

1

2q − p
dt

= 2

∫
{t∈[ p2 ,q]|roundF(t)=q}

1

2q − p
dt

=

∫
{t∈[ p2 ,q]|roundF(t)=q}

1

q − p
2

dt

=

∫
{t∈[a,b]|roundF(t)=b}

1

b− a
dt

= PF (b)

= PF (f) .

Therefore, P (f) = PF (f) holds.

– Case: roundF is Toward +∞ or Toward ±∞.

In this case, we obtain

81ⓒ 2016 Information Processing Society of Japan

Vol.2016-HPC-153 No.35
2016/3/3



IPSJ SIG Technical Report

P (f) = P (b)

= Pr [x = q in 40]

= Pr [x = q in 30]

=

∞∑
l=0

2 (1− γ)l

3

∫
{t∈[0,2k]|roundF(t)=q}

1

2k − 0
dt

=
2

3γ

∫
{t∈[0,2k]|roundF(t)=q}

1

2k − 0
dt

=
2k+1

2q − p

∫
{t∈[0,2k]|roundF(t)=q}

1

2k − 0
dt

= 2

∫
{t∈[0,2k]|roundF(t)=q}

1

2q − p
dt

= 2

∫
{t∈[ p2 ,q]|roundF(t)=q}

1

2q − p
dt

=

∫
{t∈[ p2 ,q]|roundF(t)=q}

1

q − p
2

dt

=

∫
{t∈[a,b]|roundF(t)=b}

1

b− a
dt

= PF (b)

= PF (f) .

Therefore, P (f) = PF (f) holds.

(vii) Case: b < f .

In this case, since f = x× 2(2
E−1−1)−1 × 2n−1 + 2n−1, we have

x >
(
b− 2n−1

)
× 2−(n−1) × 21−(2

E−1−1)

= q.

Hence, we obtain

P (f) = Pr
[
x =

(
f − 2n−1

)
× 2−(n−1) × 21−(2

E−1−1) in 40
]

≤ Pr [x > q in 30]

= 0.

Next, we have

{t ∈ [a, b] |roundF (t) = f} = ∅

because b < f . Hence, we obtain

PF (f) =

∫
{t∈[a,b]|roundF(t)=f}

1

b− a
dt

=

∫
∅

1

b− a
dt

= 0.

Therefore, P (f) = PF (f) holds.

Therefore, P (f) = PF (f) holds in all the cases.

(5) Case: 0 ≤ a < 2n−2 < 2n−1 < b ≤ 2n where (2−
(
2E−1 − 1

)
≤ n ∈ N ≤ 2E−1).

(i) Case: f < a or b < f .

In this case, we have

P (f) = Pr [x = f in 30]

= Pr [x = f in 20]

= 0.

Next, we have
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{t ∈ [a, b] |roundF (t) = f} = ∅

because f < a or b < f . Hence, we obtain

PF (f) =

∫
{t∈[a,b]|roundF(t)=f}

1

b− a
dt

=

∫
∅

1

b− a
dt

= 0.

Therefore, P (f) = PF (f) holds.

(ii) Case: a < f < b.

In this case, we obtain

P (f) = Pr [x = f in 30]

= Pr [x = f in 20]

=

∞∑
l=0

(1− γ)l
∫
{t∈[0,2n]|roundF(t)=f}

1

2n − 0
dt

=
1

γ

∫
{t∈[0,2n]|roundF(t)=f}

1

2n − 0
dt

=
2n

b− a

∫
{t∈[0,2n]|roundF(t)=f}

1

2n − 0
dt

=

∫
{t∈[0,2n]|roundF(t)=f}

1

b− a
dt

=

∫
{t∈[a,b]|roundF(t)=f}

1

b− a
dt

= PF (f) .

Therefore, P (f) = PF (f) holds.

(iii) Case: f = a.

• Case: a = 0.

In this case, we obtain

P (f) = P (a)

= Pr [x = a in 30]

= Pr [x = 0 in 30]

= Pr [x = 0 in 20]

=

∞∑
l=0

(1− γ)l
∫
{t∈[0,2n]|roundF(t)=0}

1

2n − 0
dt

=
1

γ

∫
{t∈[0,2n]|roundF(t)=0}

1

2n − 0
dt

=
2n

b− a

∫
{t∈[0,2n]|roundF(t)=0}

1

2n − 0
dt

=

∫
{t∈[0,2n]|roundF(t)=0}

1

b− a
dt

=

∫
{t∈[a,2n]|roundF(t)=a}

1

b− a
dt

=

∫
{t∈[a,b]|roundF(t)=a}

1

b− a
dt

= PF (a)

= PF (f) .

Therefore, P (f) = PF (f) holds.

• Case: 0 < a.

– Case: roundF is Toward +∞ or Toward ±∞.
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In this case, we have

P (f) = P (a)

= Pr [x = a in 30]

= Pr [x = a in 20]

= 0.

Besides, we have

PF (f) = PF (a)

= 0.

Therefore, P (f) = PF (f) holds.

– Case: roundF is Round-to-Nearest.

∗ Case: The mantissa of a is not 0.

In this case, by letting al be the left adjacent floating point number to a and ar be the right one, we have

a− al = ar − a.

Here, 0 ≤ al because 0 < a. Hence, we have

sup {t ∈ [0, 2n] |roundF (t) = a} − inf {t ∈ [0, 2n] |roundF (t) = a}

=
ar + a

2
− a+ al

2

=
ar − a

2
+

a− al
2

=
ar − a

2
× 2

=
(ar + a

2
− a
)
× 2

= (sup {t ∈ [a, b] |roundF (t) = a} − inf {t ∈ [a, b] |roundF (t) = a})× 2.

Thus, we obtain

P (f) = P (a)

= Pr [x = a in 30]

= Pr [x = a in 20]× 1

2

=

∞∑
l=0

(1− γ)l

2

∫
{t∈[0,2n]|roundF(t)=a}

1

2n − 0
dt

=
1

2γ

∫
{t∈[0,2n]|roundF(t)=a}

1

2n − 0
dt

=
2n

2 (b− a)

∫
{t∈[0,2n]|roundF(t)=a}

1

2n − 0
dt

=
1

2

∫
{t∈[0,2n]|roundF(t)=a}

1

b− a
dt

=

∫
{t∈[a,b]|roundF(t)=a}

1

b− a
dt

= PF (a)

= PF (f) .

Therefore, P (f) = PF (f) holds.

∗ Case: The mantissa of a is 0.

Since we can prove in the case where a = 21−(2
E−1−1) by the same way as the case where the mantissa

of a is not 0, we can consider only the case where a ̸= 21−(2
E−1−1). In this case, by letting al be the left

adjacent floating point number to a and ar be the right one, we have

a− al =
ar − a

2
.
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Here, 0 ≤ al because 0 < a. Hence, we have

sup {t ∈ [0, 2n] |roundF (t) = a} − inf {t ∈ [0, 2n] |roundF (t) = a}

=
ar + a

2
− a+ al

2

=
ar − a

2
+

a− al
2

=
ar − a

2
× 3

2

=
(ar + a

2
− a
)
× 3

2

= (sup {t ∈ [a, b] |roundF (t) = a} − inf {t ∈ [a, b] |roundF (t) = a})× 3

2
.

Thus, we obtain

P (f) = P (a)

= Pr [x = a in 30]

= Pr [x = a in 20]× 2

3

=

∞∑
l=0

2 (1− γ)l

3

∫
{t∈[0,2n]|roundF(t)=a}

1

2n − 0
dt

=
2

3γ

∫
{t∈[0,2n]|roundF(t)=a}

1

2n − 0
dt

=
2× 2n

3 (b− a)

∫
{t∈[0,2n]|roundF(t)=a}

1

2n − 0
dt

=
2

3

∫
{t∈[0,2n]|roundF(t)=a}

1

b− a
dt

=

∫
{t∈[a,b]|roundF(t)=a}

1

b− a
dt

= PF (a)

= PF (f) .

Therefore, P (f) = PF (f) holds.

– Case: roundF is Toward −∞ or Toward 0.

In this case, we obtain

P (f) = P (a)

= Pr [x = a in 30]

= Pr [x = a in 20]

=

∞∑
l=0

(1− γ)l
∫
{t∈[0,2n]|roundF(t)=a}

1

2n − 0
dt

=
1

γ

∫
{t∈[0,2n]|roundF(t)=a}

1

2n − 0
dt

=
2n

b− a

∫
{t∈[0,2n]|roundF(t)=a}

1

2n − 0
dt

=

∫
{t∈[0,2n]|roundF(t)=a}

1

b− a
dt

=

∫
{t∈[a,b]|roundF(t)=a}

1

b− a
dt

= PF (a)

= PF (f) .

Therefore, P (f) = PF (f) holds.

(iv) Case: f = b.

• Case: b = 2n.
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In this case, we obtain

P (f) = P (b)

= Pr [x = b in 30]

= Pr [x = 2n in 30]

= Pr [x = 2n in 20]

=

∞∑
l=0

(1− γ)l
∫
{t∈[0,2n]|roundF(t)=2n}

1

2n − 0
dt

=
1

γ

∫
{t∈[0,2n]|roundF(t)=2n}

1

2n − 0
dt

=
2n

b− a

∫
{t∈[0,2n]|roundF(t)=2n}

1

2n − 0
dt

=

∫
{t∈[0,2n]|roundF(t)=2n}

1

b− a
dt

=

∫
{t∈[0,b]|roundF(t)=b}

1

b− a
dt

=

∫
{t∈[a,b]|roundF(t)=b}

1

b− a
dt

= PF (b)

= PF (f) .

Therefore, P (f) = PF (f) holds.

• Case: b < 2n.

– Case: roundF is Toward −∞ or Toward 0.

In this case, we have

P (f) = P (b)

= Pr [x = b in 30]

= Pr [x = b in 20]

= 0.

Besides, we have

PF (f) = PF (b)

= 0.

Therefore, P (f) = PF (f) holds.

– Case: roundF is Round-to-Nearest.

In this case, by letting bl be the left adjacent floating point number to b and br be the right one, we have

b− bl = br − b

Here, br ≤ 2k because b < 2k. Hence, we have

sup {t ∈ [0, 2n] |roundF (t) = b} − inf {t ∈ [0, 2n] |roundF (t) = b}

=
br + b

2
− b+ al

2

=
br − b

2
+

b− al
2

=
b− bl
2

× 2

=

(
b− b+ bl

2

)
× 2

= (sup {t ∈ [a, b] |roundF (t) = b} − inf {t ∈ [a, b] |roundF (t) = b})× 2.

Thus, we obtain
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P (f) = P (b)

= Pr [x = b in 30]

= Pr [x = b in 20]× 1

2

=

∞∑
l=0

2 (1− γ)l

2

∫
{t∈[0,2n]|roundF(t)=b}

1

2n
dt

=
1

2γ

∫
{t∈[0,2n]|roundF(t)=b}

1

2n
dt

=
2n

2 (b− a)

∫
{t∈[0,2n]|roundF(t)=b}

1

2n
dt

=
1

2

∫
{t∈[0,2n]|roundF(t)=b}

1

b− a
dt

=

∫
{t∈[a,b]|roundF(t)=b}

1

b− a
dt

= PF (b)

= PF (f) .

Therefore, P (f) = PF (f) holds.

– Case: roundF is Toward +∞ or Toward ±∞.

In this case, we obtain

P (f) = P (a)

= Pr [x = a in 30]

= Pr [x = a in 20]

=

∞∑
l=0

(1− γ)l
∫
{t∈[0,2n]|roundF(t)=a}

1

2n − 0
dt

=
1

γ

∫
{t∈[0,2n]|roundF(t)=a}

1

2n − 0
dt

=
2n

b− a

∫
{t∈[0,2n]|roundF(t)=a}

1

2n − 0
dt

=

∫
{t∈[0,2n]|roundF(t)=a}

1

b− a
dt

=

∫
{t∈[a,b]|roundF(t)=a}

1

b− a
dt

= PF (a)

= PF (f) .

Therefore, P (f) = PF (f) holds.

Therefore, P (f) = PF (f) holds in all the cases.

7. Experiment

The Section 6 proved that the proposed algorithm satisfies the condition about uniform in narrow sense, which is defined

in the Section 4.1.2. Then, this section aims to confirm that the proposed algorithm is uniform in practical use and to show

its performance. For this aims, the section contains the following 2 experiments.

Experiment 1 Random number generation probability.

This experiment aims to confirm that the random number generation probability of the proposed method is uniform.

Experiment 2 Performance and acceptance ratio.

This experiment aims to show performance of the proposed method by comparison with that of the existing method and

to confirm that the acceptance ratio of the proposed method calculated in the Section 6.2 is correct.

7.1 Target and environment

In this experiment, the target is the following floating point uniform random number generator.

• Ratio method.

The floating point uniform random number generator that outputs
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Table 6 Environment

CPU IntelR⃝ CoreTM i7-4702MQ
OS Ubuntu 12.04 LTS 64-bit

Kernel Linux 3.13.4-031304-generic
Compiler g++ 4.6.3

Source code https://goo.gl/K1NAnE
Rounding mode Round-to-Nearest(Ties to Even)

a+ (b− a)× URNGW ()

2W
.

• Moler’s method.

The floating point uniform random number generator proposed by Moler [25]. The authors generate a uniform random

number x by Moler’s method and then outputs a+ (b− a)× x so that we can obtain a uniform random number in [a, b].

• Thoma’s method.

The floating point uniform random number generator proposed by Thoma [31]. The authors let c = (b− a) and generates

a uniform random number x by Thoma’s method and then outputs a+x so that we can obtain a uniform random number

in [a, b].

• Proposed method.

The modified floating point uniform random number generator proposed in the Section . Let N = 0 so that UR = [0, 1]

in the generator.

Here, the authors used Round-to-Nearest(Ties to Even) for flF and roundF*
32 and used the 32/64-bit Mersenne Twister [23]

for URNGW in each generator.

Table 6 shows the environment where the experiments was done.

7.2 Experiment 1: Probability

7.2.1 Methodology

This part measures the random number generation probability for all the floating point numbers where (E,M) = (5, 4) and

then compares them with the values of PF calculated by the Formula (1). In the concrete, generate 230 floating point uniform

random numbers and calculate the generation probability for each floating point number. Here, the authors let W = 7 in

this part*33.

In this experiment, the authors selected the following pairs for (a, b).

(1) (a, b) =
(
π × 10−5, 3

2π × 10−5
)
.

This range corresponds to the case (1) in the Section 7.1.

(2) (a, b) =
(
3
2π, 2π

)
.

This range corresponds to the case (2) in the Section 7.1.

(3) (a, b) = (−π, π).

This range corresponds to the case (3) in the Section 7.1.

(4) (a, b) = (π, 2π).

This range corresponds to the case (4) in the Section 7.1.

(5) (a, b) = (0, 2π).

This range corresponds to the case (5) in the Section 7.1.

7.2.2 Result and discussion

Figure 16, Figure 17, Figure 18, Figure 19 shows the result of (1), that is, the random number generation probability of

Ratio method, Moler’s method, Thoma’s method, and the proposed method where (a, b) =
(
π × 10−5, 3

2π × 10−5
)
respec-

tively. Figure 20, Figure 21, Figure 22, Figure 23 shows the result of (2). Figure 24, Figure 25, Figure 26, Figure 27 shows

the result of (3). Figure 28, Figure 29, Figure 30, Figure 31 shows the result of (4). Figure 32, Figure 33, Figure 34, Figure

35 shows the result of (5).

Here, all the Figures show that only the proposed method can satisfy the Formula 1. Here, the reason why another method

can not satisfy the Formula 1 is the following rounding errors. The first is Ratio method. In this case, first rounding error

occurs in URNGW ()
2W . This is shown in the Section 5.3.4. Then, b − a also causes a rounding error and the error is enlarged

by (b− a) × URNGW ()
2W . Besides, +a operation in a + (b− a) × URNGW ()

2W causes additional rounding errors. The next is

Moler’s method. This case is almost same as Ratio method. The only one difference is that x in a + (b− a) × x does not

contain rounding errors because the exponent and mantissa of x is generated separately. The last is Thoma’s method. In

this case, first rounding error occurs in c× x at the line 40 in the pseudocode of Thoma’s method. Besides, +a operation in

a+ x causes additional rounding errors.

*32 roundF is used for PF, which is ideal probability.
*33 The authors used (E,M,W ) = (5, 4, 7) because more kinds of problem had been detected when E,M,W was coprime each other.
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7.3 Experiment 2: Performance

7.3.1 Methodology

This part measures the time to generate 230 double precision*34 floating point uniform random numbers 16 times for each

generator and then calculates the average and standard deviation for the generation time and speed*35. In addition, the

acceptance ratio of the proposed method is also measured.

In this experiment, the authors selected the following pairs for (a, b).

(1) (a, b) =
(
π × 10−309, 3

2π × 10−309
)
.

This range corresponds to the case (1) in the Section 7.1.

(2) (a, b) =
(
3
2π, 2π

)
.

This range corresponds to the case (2) in the Section 7.1.

(3) (a, b) = (−π, π).

This range corresponds to the case (3) in the Section 7.1.

(4) (a, b) = (π, 2π).

This range corresponds to the case (4) in the Section 7.1.

(5) (a, b) = (0, 2π).

This range corresponds to the case (5) in the Section 7.1.

(6) (a, b) = (0, 1).

This range corresponds to the Section 5.1.1 where N = 1.

7.3.2 Result and discussion

Table 7 shows the acceptance ratio of the proposed method. Table 8, Table 9, Table 10, Table 11, Table 12, Table 13 shows

the measured time and speed of random number generation where (a, b) =
(
π × 10−309, 3

2π × 10−309
)
,
(
3
2π, 2π

)
, (−π, π),

(π, 2π), (0, 2π) , (0, 1) respectively.

First, the Table 7 shows that the acceptance ratio calculated by the experiment is quite similar to γ in the Section 6.2.

In addition, the generation speed is slower when the acceptance ratio is lower. This is quite natural because the iteration in

the algorithm wastes more time when the acceptance ratio is lower. Next, the Table 8, ..., Table 13 shows that the proposed

method kept the generation speed from 21.9% to 80.3% of Thoma’s method or kept the speed from 9.07% to 33.4% of 64-bit

Mersenne Twister. So we can say that the proposed method has at least the minimal speed for practical use but it is not

enough.

Therefore, we should increase the acceptance ratio in order to decrease the execution time for a future work.

Table 7 Acceptance ratio of the proposed method on double precision floating point number.

Generation range Acceptance Ratio(%)
a b Experiment Calculated γ

π × 10−309 3
2
π × 10−309 0.564763± 0.000012 0.564762

3
2
π 2π 0.785401± 0.000009 0.785398

−π π 0.785393± 0.000011 0.785398
π 2π 0.523597± 0.000008 0.523599
0 2π 0.785399± 0.000011 0.785398

Table 8 Random number generation time and speed on double precision floating point number where (W,a, b) =(
64, π × 10−309, 3

2
π × 10−309

)
.

Generator Time(nsec / cnt) Speed(108cnt / sec)

Mersenne Twister 6.117± 0.087 1.635± 0.022
Ratio method 6.097± 0.013 1.640± 0.004
Moler’s method 17.159± 0.179 0.583± 0.006
Thoma’s method 14.853± 0.243 0.673± 0.011
Proposed method 35.883± 0.179 0.279± 0.001

Table 9 Random number generation time and speed on double precision floating point number where (W,a, b) =
(
64, 3

2
π, 2π

)
.

Generator Time(nsec / cnt) Speed(108cnt / sec)

Mersenne Twister 6.098± 0.062 1.640± 0.016
Ratio method 6.099± 0.016 1.640± 0.004
Moler’s method 17.068± 0.096 0.586± 0.003
Thoma’s method 14.795± 0.053 0.676± 0.002
Proposed method 22.762± 0.097 0.439± 0.002

*34 (E,M) = (11, 52).
*35 ”speed” means how many random numbers are generated every seconds, that is, 230 divided by the generation time.
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Table 10 Random number generation time and speed on double precision floating point number where (W,a, b) = (64,−π, π).

Generator Time(nsec / cnt) Speed(108cnt / sec)

Mersenne Twister 6.118± 0.069 1.635± 0.018
Ratio method 6.102± 0.069 1.639± 0.018
Moler’s method 17.077± 0.136 0.586± 0.005
Thoma’s method 14.764± 0.036 0.677± 0.002
Proposed method 43.885± 0.365 0.228± 0.002

Table 11 Random number generation time and speed on double precision floating point number where (W,a, b) = (64, π, 2π).

Generator Time(nsec / cnt) Speed(108cnt / sec)

Mersenne Twister 6.164± 0.102 1.623± 0.027
Ratio method 6.249± 0.332 1.604± 0.079
Moler’s method 17.006± 0.063 0.588± 0.002
Thoma’s method 14.848± 0.114 0.674± 0.005
Proposed method 67.917± 0.264 0.147± 0.001

Table 12 Random number generation time and speed on double precision floating point number where (W,a, b) = (64, 0, 2π).

Generator Time(nsec / cnt) Speed(108cnt / sec)

Mersenne Twister 6.123± 0.107 1.634± 0.028
Ratio method 6.125± 0.084 1.633± 0.022
Moler’s method 16.971± 0.043 0.589± 0.001
Thoma’s method 14.816± 0.118 0.675± 0.005
Proposed method 36.673± 0.244 0.273± 0.002

Table 13 Random number generation time and speed on double precision floating point number where (W,a, b) = (64, 0, 1).

Generator Time(nsec / cnt) Speed(108cnt / sec)

Mersenne Twister 6.145± 0.095 1.628± 0.025
Ratio method 6.134± 0.124 1.631± 0.032
Moler’s method 16.976± 0.048 0.589± 0.002
Thoma’s method 14.789± 0.113 0.676± 0.005
Proposed method 18.420± 0.067 0.543± 0.002

Fig. 16 Random number generation probability of Ratio method in
[
π × 10−5, 3

2
π × 10−5

]
.
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Fig. 17 Random number generation probability of extended Moler’s method in
[
π × 10−5, 3

2
π × 10−5

]
.
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Fig. 18 Random number generation probability of extended Thoma’s method in
[
π × 10−5, 3

2
π × 10−5

]
.
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Fig. 19 Random number generation probability of the proposed method in
[
π × 10−5, 3

2
π × 10−5

]
.
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Fig. 20 Random number generation probability of Ratio method in
[
3
2
π, 2π

]
.

 0

 0.05

 0.1

 0.15

 0.2

 4.8  5  5.2  5.4  5.6  5.8  6  6.2

G
e

n
e

ra
ti
o

n
 P

ro
b

a
b

ili
ty

Value of Random Numbers

Round to Nearest(Ties to Even), (E, M, W, a, b) = (5, 4, 7,      4.750000000000000000 = 19 x 2
-
2,      6.250000000000000000 = 25 x 2

-
2)

Ideal
Ratio

92ⓒ 2016 Information Processing Society of Japan

Vol.2016-HPC-153 No.35
2016/3/3



IPSJ SIG Technical Report

Fig. 21 Random number generation probability of extended Moler’s method in
[
3
2
π, 2π

]
.
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Fig. 22 Random number generation probability of extended Thoma’s method in
[
3
2
π, 2π

]
.

 0

 0.05

 0.1

 0.15

 0.2

 4.8  5  5.2  5.4  5.6  5.8  6  6.2

G
e

n
e

ra
ti
o

n
 P

ro
b

a
b

ili
ty

Value of Random Numbers

Round to Nearest(Ties to Even), (E, M, W, a, b) = (5, 4, 7,      4.750000000000000000 = 19 x 2
-
2,      6.250000000000000000 = 25 x 2

-
2)

Ideal
Thoma

93ⓒ 2016 Information Processing Society of Japan

Vol.2016-HPC-153 No.35
2016/3/3



IPSJ SIG Technical Report

Fig. 23 Random number generation probability of the proposed method in
[
3
2
π, 2π

]
.
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Fig. 24 Random number generation probability of Ratio method in [−π, π].
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Fig. 25 Random number generation probability of extended Moler’s method in [−π, π].
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Fig. 26 Random number generation probability of extended Thoma’s method in [−π, π].
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8. Conclusion

In this paper, the authors defined what uniform meant and proposed such a generator, proved its correctness, and shows

Fig. 27 Random number generation probability of the proposed method in [−π, π].
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Fig. 28 Random number generation probability of Ratio method in [π, 2π].
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some experiments about its correctness and performance in order to modify the problem of Thoma’s method and construct a

generator that can output all the floating point numbers in arbitrary range. The advantages of the proposed method is that

Fig. 29 Random number generation probability of extended Moler’s method in [π, 2π].
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Fig. 30 Random number generation probability of extended Thoma’s method in [π, 2π].
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the proposed method can output all the floating point in arbitrary range whose edge is a floating point number, and that

FPU does not affect the random number generation probability by the proposed method, and that we can apply the proposed

Fig. 31 Random number generation probability of the proposed method in [π, 2π].
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Fig. 32 Random number generation probability of Ratio method in [0, 2π].
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method to another precision floating point number by changing (E,M).

However, the research also has the following limitations.

Fig. 33 Random number generation probability of extended Moler’s method in [0, 2π].
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Fig. 34 Random number generation probability of extended Thoma’s method in [0, 2π].
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The first example is that we can not receive so much advantage on IEEE754 double precision. For example, Moler’s method

Fig. 35 Random number generation probability of the proposed method in [0, 2π].
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can generate almost all the floating point numbers*36 in
[
2−53, 1− 2−53

]
without any problem*37*38. Thus, we can receive

advantages by the modified method only when the generator outputs a floating point number in
[
0, 2−53

)
∪
(
1− 2−53, 1

]
.

However, the probability that we obtain such a floating point number is at most 2−53 × 2 = 2−52. This probability is

negligible for practical use.

The next example is that the rejection ratio of the proposed method can be about 5
6 . Now, consider the case where

UF = [a, b]

=
[
valF

(
0, 2E−1 − 2, 2M−1 − 1

)
, valF

(
0, 2E−1 − 1, 1

)]
=
[
0.75− 2−(M+1), 1 + 2−M

]
.

In this case, the acceptance ratio γ is

γ =
2 (b− a)

3

=
2
(
0.25 + 3× 2−(M+1)

)
3

=
1

6
+ 2−M .

Therefore, about 5 out of 6 iterations in the algorithm just wastes the execution time.

The last example is that no test other than χ2 has been done. The authors confirmed that the proposed method passed the

χ2 test, but did not guarantee that the method also passed another test for uniform random number generator.

Now, our future work is as follows.

The first one is to apply the algorithm to double-double precision. One double-double [8] precision floating point number

consists of two double precision number, hi and lo, and expresses a value by hi + lo. Hence, both quadruple precision and

double-double precision requires 128 bits to express one value. Double-double precision, however, has a property that a value

near a double precision number has quite higher precision than quadruple precision. For example, the quantity 1− 2−1000 is

rounded to 1 on quadruple precision. On the other hand, double-double precision can express this by (hi, lo) =
(
1, 2−1000

)
.

This property is useful when we would like to increase precision of uniform random number because we need to take some

calculation, such as the inverse transformation method, to the random number.

The next future work is to increase the acceptance ratio or decreasing the execution time. As the result shown in the Section

7.3.2, the proposed method has at least the minimal speed for practical use but it can be more faster by increasing the

acceptance ratio. However, too complex operation for increasing the acceptance ratio might take long execution time and

then generation speed can be slower. So, we need to consider the best trade-off between increase of the acceptance ratio and

simplification of the algorithm.

The third future work is to inspect the proposed method by another text than χ2. There are several tests [6,9,10] for uniform

random number generator. The followings are examples.

• Kolmogorov-Smirnov test [15,30]

• Run-Length test [1]

• Autocorrelation test

• High-dimensionally equidistribution test

• Collision test

• Random-Walk test

The last future work is to find a concrete application of the proposed method. The proposed method can be useful for

transforming uniform random number into random number that follows another distribution [12, 16, 27] and for generating

random number from the tail region*39 [7].
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Appendix

A.1 Additional table

A.1.1 For Section 2.1

Table A·1 shows the number of bits of exponent and mantissa, minimal value of normal number*40, minimal value of

positive number, and maximal value for the most used IEEE754 format floating point number.

Table A·1 Detailed information about IEEE754 floating point number

Precision Single Double Quadruple

#bit of sign 1 1 1
#bit of exponent(E) 8 11 15
#bit of mantissa(M) 23 52 112

Total #bit 32 64 128
Minimal value of normal number 2−126 2−1022 2−16382

21−(2E−1−1) ∼ 10−38 ∼ 10−308 ∼ 10−4932

Minimal value of positive number 2−149 2−1074 2−16494

21−(M+2E−1−1) ∼ 10−45 ∼ 10−324 ∼ 10−4966

Maximal value ∼ 2127 ∼ 21023 ∼ 216383(
1− 2−M

)
× 22

E−1−1 ∼ 1038 ∼ 10307 ∼ 104931

*40 This value divides floating point numbers into subnormal numbers and normal numbers.
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A.1.2 For Section 3.2

Table A·2 shows the random number generation probability of Thoma’s method, that of uniform generator defined in

Section 4, and the ratio of these.

Table A·2 Random number generation probability of Thoma’s method and that of ideal generator where rounding mode is Round-to-
Nearest(Ties to Even) and (E,M,W ) = (4, 3, 5).

Value of random number Thoma’s method Ideal Ratio

0.000× 2−6 32/1024 1/1024 32.0
0.125× 2−6 0/1024 2/1024 0.00

.

.

.
.
.
.

.

.

.
.
.
.

1.875× 2−6 0/1024 2/1024 0.00
1.000× 2−5 4/1024 3/1024 1.33
1.125× 2−5 2/1024 4/1024 0.50
1.250× 2−5 6/1024 4/1024 1.50
1.375× 2−5 2/1024 4/1024 0.50
1.500× 2−5 6/1024 4/1024 1.50
1.625× 2−5 2/1024 4/1024 0.50
1.750× 2−5 6/1024 4/1024 1.50
1.875× 2−5 2/1024 4/1024 0.50
1.000× 2−4 10/1024 6/1024 1.67
1.125× 2−4 4/1024 8/1024 0.50
1.250× 2−4 12/1024 8/1024 1.50
1.375× 2−4 4/1024 8/1024 0.50
1.500× 2−4 12/1024 8/1024 1.50
1.625× 2−4 4/1024 8/1024 0.50
1.750× 2−4 12/1024 8/1024 1.50
1.875× 2−4 4/1024 8/1024 0.50
1.000× 2−3 20/1024 12/1024 1.67
1.125× 2−3 8/1024 16/1024 0.50
1.375× 2−3 8/1024 16/1024 0.50
1.500× 2−3 24/1024 16/1024 1.50
1.625× 2−3 8/1024 16/1024 0.50
1.750× 2−3 24/1024 16/1024 1.50
1.875× 2−3 8/1024 16/1024 0.50
1.000× 2−2 40/1024 24/1024 1.67
1.125× 2−2 32/1024 32/1024 1.00

.

.

.
.
.
.

.

.

.
.
.
.

1.875× 2−2 32/1024 32/1024 1.00
1.000× 2−1 64/1024 48/1024 1.33
1.125× 2−1 32/1024 64/1024 0.50
1.250× 2−1 96/1024 64/1024 1.50
1.375× 2−1 32/1024 64/1024 0.50
1.500× 2−1 96/1024 64/1024 1.50
1.625× 2−1 32/1024 64/1024 0.50
1.750× 2−1 96/1024 64/1024 1.50
1.875× 2−1 32/1024 64/1024 0.50
1.000× 2−0 32/1024 32/1024 1.00
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